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Abstract 
Background and aims Proteaceae are a prominent 
plant family in south-western Australia. Most Pro-
teaceae are ‘calcifuge’, occurring exclusively on old 
phosphorus (P)-impoverished acidic soils, with a few 
‘soil-indifferent’ species also found on young P-richer 
calcareous soils. Calcium (Ca)-enhanced P toxicity 
explains the calcifuge habit of Proteaceae. However, 
previous research has so far been focused exclusively 
on the roles of Ca and P in determining Proteaceae 
distribution, and consequently there is little knowl-
edge on how other soil-based strategies influence this 

distribution. We aimed to study the effects of young 
calcareous soils on four soil-grown Proteaceae and 
assess differences between calcifuge and soil-indif-
ferent Proteaceae to better understand their natural 
distribution.
Methods Two calcifuge and two soil-indifferent 
Proteaceae from south-western Australia were grown 
in six contrasting soils, including young calcareous, 
and old acidic soils.
Results When grown in calcareous soils all species 
showed root growth inhibition, micronutrient defi-
ciency, Ca-enhanced P toxicity, and negative impacts 
on physiology. Calcifuge species were more sensitive 
to calcareous soils than soil-indifferent ones, although 
this varied between genera. Soil-indifferent species 
tended to produce more cluster roots, release more 
carboxylates per root mass, and allocate less Ca to 
their leaves, compared with calcifuges; they also had 
smaller seeds and were less sensitive to Ca-enhanced 
P toxicity.
Conclusion We surmise that a combination of these 
traits allows soil-indifferent species to tolerate calcar-
eous soils. This study provides insight into how Pro-
teaceae respond to young calcareous soils and how 
this influences their distribution.
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Introduction

 Calcareous and alkaline soils cover more than 30% 
of the earth’s surface, contain up to 95% free calcium 
carbonate and have a high pH (Chen and Barak 1982; 
Marschner 2012). This creates an extremely harsh 
environment that excludes most plants, and, conse-
quently, calcareous soils have a strong influence on the 
distribution of species (Lee 1998). In fact, the role of 
calcareous soils in influencing species distribution is so 
apparent and important in ecology that it was one of 
the first systems to be studied in the field of experimen-
tal plant ecology; however, despite over a century of 
research it is still not fully understood (Tansley 1917; 
Burström 1968; Grubb et  al. 1969; Lee 1998; Bothe 
2015; Vélez-Bermúdez and Schmidt 2022).

Species that are unable to grow on calcareous soils 
are considered ‘calcifuge’, whilst those that prefer-
entially grow on calcium-rich or calcareous soils are 
‘calcicole’ (de Silva 1934). Species that occur on both 
acidic soils and calcareous soils are ‘soil-indifferent’ 
(Zohlen and Tyler 2000; Marschner 2012; Hayes et al. 
2019b). Edaphic factors including low soil phospho-
rus (P) availability, low micronutrient (iron (Fe), zinc 
(Zn), and  manganese (Mn))  availability at high pH, 
high bicarbonate concentrations, and high calcium 
(Ca) concentrations have all been shown to restrict 
calcifuge species from calcareous soils (Jefferies 
and Willis 1964; Lee and Woolhouse 1969; Grundon 
1972; Tyler 1992; Tyler and Olsson 1993; Zohlen and 
Tyler 1997, 2000; Zohlen 2002; Hayes et  al. 2019a, 
b; Kotula et al. 2020; Guilherme Pereira et al. 2021). 
Soil-indifferent and calcicole species show a range of 
strategies to overcome these edaphic factors (Tyler 
and Ström 1995; Ström 1997; Zohlen and Tyler 2000; 
Hayes et al. 2019a, b). However, most of our under-
standing of calcicole/soil-indifferent strategies has 
been developed in regions where older calcareous 
soils have a P availability that is lower than that of 
adjacent acidic soils (Tyler 1992). In these systems, 
the primary limitation for many calcifuges on cal-
careous soils is thought to be their inability to access 
enough P in P-poor calcareous soils (Tyler 1992; 
Tyler and Olsson 1993; Zohlen and Tyler 2000).

Recent studies have highlighted an exciting and 
novel system on the young calcareous soils of the 
Swan Coastal Plain, south-western Australia (Turner 
and Laliberté 2015; Hayes 2018; Hayes et al. 2019a, 
b; Kotula et al. 2020; Guilherme Pereira et al. 2021). 

Unlike other calcareous soils, these calcareous dunes 
(< 7,000 year old) exhibit relatively high total and 
plant-available soil P concentrations when compared 
with the immediately adjacent and much older acidic 
dunes (> 120,000 year) (McArthur and Bettenay 
1974; McArthur 2004; Hayes et al. 2014; Turner and 
Laliberté 2015; Turner et  al. 2018). These younger 
calcareous soils also exhibit very high carbonate con-
centrations, high Ca concentrations, and high soil pH 
(Turner and Laliberté 2015). This system is located 
within a biodiversity hotspot with an exceptional 
level of species diversity and species turnover, mak-
ing it a unique system to study species distributions 
across calcareous and acidic soils (Zemunik et  al. 
2015, 2016). The most dramatic shift in species com-
position occurs between the young calcareous soils 
and the older acidic ones (Zemunik et al. 2016).

Proteaceae are an iconic and prominent plant fam-
ily in south-western Australia, with > 650 species 
found in the region, representing almost 40% of all 
Proteaceae globally and contributing significantly to 
the region’s exceptional biodiversity (Cowling and 
Lamont 1998; George 1998; Myers et al. 2000; Hop-
per and Gioia 2004; Weston 2007; Brundrett 2021). 
Although Proteaceae are quite widespread in south-
western Australia, very few species occur on young 
calcareous dunes, with most only found on much 
older P-impoverished acidic dunes (Zemunik et  al. 
2015, 2016). Therefore, most Proteaceae are ‘calci-
fuge’, with only a few ‘soil-indifferent’ species that 
naturally occur on both calcareous and acidic dunes, 
and none known to occur exclusively on calcareous 
soils (Hayes 2018).

Many Proteaceae are highly P sensitive and exhibit 
Ca-enhanced P toxicity, with calcifuge species being 
more P sensitive than soil-indifferent ones (Hayes 
et  al. 2019b). It has, therefore, been proposed that 
it is the higher soil [P] of young calcareous soils, in 
combination with high soil [Ca] and low available 
micronutrients that excludes most Proteaceae from 
calcareous habitats, and that soil-indifferent species 
are able to overcome these limitations by tightly regu-
lating leaf cellular [Ca] and [P], and by strategies that 
increase leaf micronutrient concentrations (Hayes 
et al. 2019a, b; Guilherme Pereira et al. 2021).

Proteaceae produce carboxylate- and proton-
releasing cluster roots, allowing them to mobilise soil 
P and micronutrients, as well as acidifying the rhizo-
sphere (Dinkelaker et  al. 1995; Shane and Lambers 
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2005). These structures would, therefore, be expected 
to allow them to mobilise and take up micronutrients 
from calcareous soils. However, studies on this sys-
tem have so far been restricted to hydroponic experi-
ments, and it is, therefore, not yet known how roots of 
these species are impacted by calcareous soils. This 
leads to the question: are Proteaceae species able to 
produce functional cluster roots that are effective in 
calcareous soils and does this differ between calci-
fuge and soil-indifferent species?

We grew four Proteaceae species in six contrasting 
soils. These soils included three unamended field-col-
lected soils: two calcareous and one acidic, as well as 
three amended acidic soils, where combinations of P 
and  CaCO3 were added. Species included two calci-
fuge and two soil-indifferent Banksia and Hakea spe-
cies. Our aims were to: (1) study the effects of calcar-
eous soils on all species, (2) assess differences in the 
sensitivities of calcifuge and soil-indifferent species, 
and (3) compare traits of calcifuge and soil-indiffer-
ent species when grown in soil, to explain their differ-
ent natural distributions.

First, we hypothesised that all species would show 
reduced growth and micronutrient deficiency symp-
toms under calcareous conditions, driven by high pH, 
high bicarbonate, and high Ca concentrations. Sec-
ond, we hypothesised that calcifuge species would be 
more sensitive to calcareous soils than soil-indifferent 
ones, as demonstrated in previous hydroponic experi-
ments (Hayes et al. 2019b). Finally, a comparison of 
calcifuge and soil-indifferent traits would allow us to 
discover how soil-indifferent species tolerate calcar-
eous conditions, providing an ecologically relevant 
understanding of the calcifuge habit of Proteaceae.

Materials and methods

Species selection

We selected four Proteaceae from two genera, Hakea 
and Banksia, found along the Jurien Bay dune chron-
osequence on the Swan Coastal Plain, south-western 
Australia, ~ 200 km north of Perth (Hayes et al. 2014; 
Turner and Laliberté 2015; Zemunik et  al. 2015). 
We selected two calcifuge species (Hakea incras‑
sata R.Br. and Banksia menziesii R.Br.) and two 
soil-indifferent species (H. prostrata R.Br. and B. 
prionotes Lindl.). The distribution of these species 

and their sensitivities to Ca and P are known (Hayes 
et al. 2014, 2019a, b; Zemunik et al. 2015; Guilherme 
Pereira et al. 2021). All studied species can be consid-
ered to use Strategy I for Fe acquisition (Kobayashi 
and Nishizawa 2012); however, recent research has 
indicated that, unlike in other Strategy I species, the 
regulation of Fe uptake in Banksia may not be based 
on the regulation of root-mediated Fe reduction 
(Cawthray et al. 2021).

Soil collection, treatments, and analyses

Plants were grown in soils collected from three stages 
of the Jurien Bay chronosequence; the young calcare-
ous Quindalup Medium (QM, stage 2) and Quindalup 
Old (QO, stage 3), and the oldest acidic Bassendean 
(B, stage 6) (Turner and Laliberté 2015; Zemunik 
et al. 2015). Bulk soil (0–20 cm) was collected from 
10 spatially distributed permanent plots in each stage 
(Turner and Laliberté 2015). Soil from each stage was 
air-dried, mixed, and sieved (2 mm), before being 
triple pasteurised at 80˚C for 2 h per day over seven 
days.

This study included six soil conditions. Three una-
mended (but pasteurised) field-collected soils: Bas-
sendean (B), Quindalup Medium (QM), and Quinda-
lup Old (QO), and three amended B soils. The three 
amended B soils were B with added P (B + P), B with 
added  CaCO3 (B + Ca), and B with added  CaCO3 and 
P (B + Ca + P). Phosphorus was added as dissolved 
 KH2PO4 (2.8 and 4.2 mg P  kg–1 dry soil, B + P and 
B + Ca + P, respectively) to achieve a resin-P (a meas-
ure of readily-available soil P) close to the average of 
QO and QM soils (Table 1). Calcium carbonate was 
added as powdered  CaCO3 (30 g  kg–1 dry soil) to 
increase soil pH to the average of QO and QM soils 
(Table  1). Calcium carbonate amendments involved 
mixing  CaCO3 into dry soil (end-over-end mixing, 
300 revolutions). Pots (2.8 L) containing soil were 
watered and after seven days, P was added. All pots 
were then left to stabilise for a further seven days 
before planting.

Three extra pots per soil type were collected 
immediately prior to planting and used to determine 
soil chemical properties (Table  1 and S1). The con-
tent of each pot was homogenised, air dried, and ana-
lysed for pH, carbonate, total P, exchangeable P, total 
N, and exchangeable and total cations at the Smith-
sonian Tropical Research Institute (Panamá, Repúblic 
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de Panamá). Soil pH was determined in deionised 
(DI) water, and in a 1:2 soil-to-solution ratio with 
10 mM  CaCl2 using a glass electrode. Carbonate 
content was determined by mass loss after the addi-
tion of 3 M HCl (Loeppert and Suarez 1996). Total 
P and total cations (Ca, Fe, Zn, Mg, Mn, Cu, K, and 
Al) were determined by nitric acid digestion followed 
by inductively coupled plasma optical-emission spec-
trometry (ICP-OES; Optima 7300DV; Perkin Elmer 
Inc, Wellesley, MA, USA). Readily-exchangeable 
phosphate (resin-P) was determined by extraction 
with anion-exchange membranes in DI water, fol-
lowed by molybdate colorimetry using a Lachat 
Quickchem 8500 (Hach Ltd, Loveland, CO, USA) 
(Turner and Romero 2009; Turner and Laliberté 
2015). Total N was measured by dry combustion and 
gas chromatography on a Thermo Flash 1112 ana-
lyser (CE Elantech, Lakewood, NJ, USA). Exchange-
able cations (Ca, Fe, Zn, Mg, Mn, Cu, K, and Al) 
were determined by Mehlich-III extraction and ICP-
OES (Optima 7300DV; Perkin Elmer Inc, Wellesley, 
MA, USA ) (Mehlich 1984).

Soil chemical properties are detailed in Table  1 
and Supplementary Table  S1. In brief, the control 
B soil and the amended B + P soil were acidic (pH 
5.7–5.9), whilst field-collected calcareous (QO and 

QM) and  CaCO3-amended soils (B + Ca + P and 
B + Ca) were alkaline (pH 8.2–8.6). Soil carbon-
ate concentration was highest in field-collected 
calcareous soils (QM and QO) and lowest in the 
acidic soils (B and B + P), while amended calcare-
ous soils (B + Ca + P and B + Ca) were intermedi-
ate. Soil total P concentration was highest in field-
collected calcareous soils (QM and QO) and was 
similarly low in all other soils. Resin-P concentra-
tion was highest in field-collected calcareous soils 
(QM and QO) and in P-amended soils (B + P, and 
B + Ca + P).

Plant growth

The study was split into two consecutive experiments, 
with a common control of B soil (all species naturally 
occur on B). The first experiment (December 2014 to 
September 2015) included only unamended field-col-
lected soils: B, QO, and QM. The second experiment 
(March to December 2015) included the control B 
and the amended soils: B + P, B + Ca + P, and B + Ca. 
As expected, results for plants grown in the control 
soil were consistent between experiments and were 
combined in the analyses.

Table 1  Key chemical properties for three unamended field-collected soils (B, QO, QM) and three amended soils (B + P, B + Ca + P, 
B + Ca)

All values are means (standard error, n = 3). Different letters indicate significant differences among treatments (Tukey post hoc test, 
P < 0.05)
* Resin-P, a measure of readily-exchangeable phosphate (P)
B = Bassendean, B + P = B with added P, B + Ca = B with added  CaCO3, B + Ca + P = B with added  CaCO3 and P, QO = Quindalup 
Old, QM = Quindalup Medium,  CO3 = carbonate concentration

B B + P B + Ca + P B + Ca QO QM

pH
(H2O)

5.7a (0.0) 5.9a (0.1) 8.6c (0.1) 8.5bc (0.1) 8.2b (0.1) 8.4bc (0.1)

CO3
(%)

0a (0.0) 0a (0.0) 4.1b (0.8) 3.2b (0.2) 42.1c (0.1) 85.2d (0.4)

Exchangeable Ca
(g  kg–1)

0.29a (0.01) 0.31a (0.01) 8.51b (0.30) 8.8b (0.09) 24.8c (0.33) 25.63c (0.39)

Exchangeable Fe
(mg  kg–1)

19.4d (0.3) 23.1d (0.8) 12.5c (0.4) 12.3c (0.8) 5.4a (0.1) 7.4b (0.3)

Resin-P*

(mg  kg–1)
0.43b (0.01) 2.3c (0.70) 1.68c (0.26) 0.08a (0.01) 1.53c (0.06) 2.52c (0.08)

Total P
(mg  kg–1)

15a (3) 20a (6) 13a (3) 13a (3) 253b (15) 390c (10)

Total N
(g  kg–1)

0.3a (0.03) 0.58b (0.02) 0.46ab (0.06) 0.5b (0.02) 0.97c (0.04) 1.26d (0.03)
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Plants were grown from seeds collected along the 
Jurien Bay chronosequence. Seeds were collected 
from two or more populations on either acidic (cal-
cifuge) or calcareous (soil-indifferent) soils (Hayes 
et  al. 2019b). Seeds were collected from 10 to 30 
individual mature healthy plants at each population 
in November 2013 and stored under cool, dry condi-
tions. Seeds from the same collection were also used 
in several other studies (Hayes 2018; Hayes et  al. 
2019a, b; Guilherme Pereira et al. 2021). Seeds were 
surface sterilised in 1% (w/v) sodium hypochlorite 
(20 s) and 70% (v/v) ethanol (20 s), rinsed with DI 
water between and after each treatment. Sterilised 
seeds were germinated on moist filter paper in Petri 
dishes, until the primary root began to emerge (~ three 
weeks, 15˚C, 12 h light : 12 h dark); they were then 
transferred to 64-cell seedling trays containing steri-
lised low-nutrient acidic Spearwood sand (Turner 
and Laliberté 2015). Seedlings were grown for ~ 10 
weeks in a glasshouse before seedlings of uniform 
size were selected and transferred after removing 
loose soil to 2.8 L sealed pots containing the final 
treatments. Each pot contained a single plant, with six 
pots per species*treatment combination (n = 6). Pots 
were watered with DI water to weight, three times 
per week, to 80% pot capacity. Plants were grown in 
a temperature-controlled glasshouse at the University 
of Western Australia; at a mean temperature/relative 
humidity of 18˚C / 57% (first experiment) and 19˚C / 
54% (second experiment).

Harvest measurements

Plants were grown for six months, after which light-
saturated net photosynthetic rates  (Asat) and chlo-
rophyll fluorescence were measured. Less than one 
week later, plants were harvested. Light-saturated net 
photosynthetic rates were measured using an infra-
red gas analysis system (LI-COR 6400, LI-COR Inc., 
Lincoln NE, USA). The two youngest fully-expanded 
leaves of each plant were measured separately (later 
averaged), using a 6  cm2 chamber (2 × 3 cm) under a 
saturating light level of 2,000 µmol photons  m–2  s–1 
(red-blue light source; 6400-02B) at 400 µmol  mol–1 
 CO2. The flow rate was set at 200–500 µmol  s–1, leaf 
temperature was controlled at 25˚C, and relative 
humidity maintained at 60–80%. Where the leaf area 
in the chamber was < 6  cm2, the measured area was 
marked and later removed during the harvest, traced 

onto graph paper, scanned, and the area determined 
using Fiji image analysis software (Schindelin et  al. 
2012).

Chlorophyll fluorescence was measured on the 
same two leaves as  Asat, using a Plant Efficiency 
Analyser fluorometer (PEA, Hansatech Instruments 
Ltd., King’s Lynn, Norfolk, UK). The variable over 
maximal fluorescence (Fv/Fm) reflects the maximum 
potential quantum efficiency of photosystem II and 
was measured on dark-adjusted leaves (30 min using 
leaf clips with shutter).

During harvest, plants were separated into mature 
leaves (ML; fully expanded leaves), immature leaves 
(IL; soft expanding leaves and shoots), stems (ST), 
cluster roots (CR), and non-cluster roots (NCR). 
Aboveground parts were separated into ML, IL and 
ST. All ML were rinsed in 0.1 M HCl and DI water, 
before patting dry and sub-sampling the two young-
est fully-mature leaves for chlorophyll concentration 
(described below). Root systems were then removed 
from the soil, and rhizosheath carboxylates collected 
(described below). Roots were thoroughly rinsed 
with DI water to remove all soil before separating 
them into CR and NCR. All plant parts were weighed 
fresh (FW) before being oven dried (70˚C, 72 h) and 
weighed dry (DW).

Plant nutrient analyses

Dried subsamples of mature leaves, stems, and non-
cluster roots were ground in a vertical ball-mill 
grinder using plastic vials and yttrium-stabilised zir-
conium ceramic beads (Geno/Grinder, SPEX Sam-
plePrep, Metuchen, NJ, USA). Samples were acid-
digested using concentrated  HNO3:HCl (1:1) and 
analysed for Ca, Cu, Fe, K, Mg, Mn, Na, P, S, and Zn 
by ICP-OES (National Measurements Institute, Perth, 
WA, Australia) using either an axially configured 
Varian Vista Pro (Varian Australia Pty Ltd, Mulgrave, 
Vic, Australia), or PlasmaQuant PQ9000 in radial 
view (Analytik Jena, Jena, Germany), depending on 
element concentrations.

Rhizosheath carboxylates

During the harvest, plants were removed from the 
soil and gently shaken to remove bulk soil. The soil 
left attached to the roots was defined as rhizosheath 
(Pang et  al. 2017). The entire root system was then 
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submerged in a beaker containing a known volume 
of 0.2 mM  CaSO4 (30 to 250 mL depending on plant 
size), and the majority of the rhizosheath removed by 
washing it away from the root mass with a syringe, 
taking care not to damage roots. A subsample of the 
rhizosheath extract was collected and filtered through 
a 0.22 μm syringe filter into a 10 mL tube and imme-
diately frozen at − 20˚C. This known volume of extract 
was freeze-dried and resuspended in a 95 : 5, 25 mM 
 KH2PO4 : methanol solution adjusted to pH 2.5 with 
orthophosphoric acid. Resuspension volumes ranged 
from 400 µL to 800 µL, depending on concentration 
of analytes. A 200 µL subsample was transferred to a 
full-recovery high-performance liquid chromatogra-
phy (HPLC) vial and analysed for carboxylates. Car-
boxylates, including oxalate, were determined using 
reverse phase high performance liquid chromatogra-
phy, RP-HPLC (600E pump, 717plus auto-injector, 
996 photodiode array detector (PAD); Waters, Milford, 
MA, USA) as described in detail in Cawthray (2003) 
and Uloth et  al. (2015). Organic acid standards were 
obtained from ICN Biomedicals (Aurora, Ohio, USA), 
of analytical quality. The carboxylates determined and 
their limits of detection (µM) were: citrate (5), malate 
(7), iso-citrate (10), oxalate (8), trans-aconitate (0.1), 
cis-aconitate (0.1), fumarate (0.06), maleate (0.05), 
shikimate (0.1), succinate (15), acetate (24), lactate 
(13), and malonate (8) (Cawthray 2003; Uloth et  al. 
2015). Acetate, lactate, and malonate were always 
below detection and removed from the analysis. Total 
carboxylates was the sum of all detected carboxylates, 
mainly citrate, malate, iso-citrate, oxalate, and trans-
aconitate. All carboxylate amounts were expressed per 
unit root FW.

Chlorophyll

During the harvest, we removed two 5-mm discs from 
each of the two youngest fully-mature leaves using a cork 
borer; they were weighed fresh, immediately frozen in 
liquid N, and stored in 2 mL cryovials at − 80˚C. Leaf 
discs were ground under cryo conditions using a verti-
cal ball mill grinder and ceramic beads (Geno/Grinder, 
SPEX SamplePrep, Metuchen, NJ, USA), and later 
homogenised in 2 mL methanol. Samples were then 
incubated for one hour on a platform mixer (230 rpm), 
before centrifugation at 14,462 g for 5 min. The super-
natant was then transferred to a fresh tube. Samples were 
diluted with methanol, if necessary, and the absorbance 

determined at 470, 653, and 666 nm. Samples were 
always kept in the dark and below 4˚C. Chlorophyll a 
and b concentrations were calculated using published 
equations (Wellburn 1994; Warren 2008).

Seedling emergence experiment

A separate experiment was conducted to assess the 
ability of the studied species to complete germination 
and emerge in calcareous versus acidic soils. Nine lots 
of 46 seeds were randomly selected for each species 
and surface sterilised as described above. Seeds were 
sown 10 mm deep into 64-cell seedling trays contain-
ing either B, QO, or QM soil (pasteurised). Two seeds 
were sown per cell, using a randomised block design. 
Trays were covered with a transparent plastic cover and 
lightly watered as necessary. All seeds and soil were the 
same as those used in the main experiment. Seedling 
emergence was recorded twice weekly over 98 days, 
with emergence recorded when seedlings emerged > 3 
mm above the soil surface, or when the cotyledons were 
fully expanded, whichever came first. The experiment 
was conducted in a temperature-controlled room (15˚C, 
12 h light : 12 h dark). This temperature was chosen 
because 15˚C is between the mean daily minimum 
(10˚C) and maximum (20˚C) temperatures in Jurien 
Bay in July (Australian Bureau of Meteorology, http:// 
www. bom. gov. au/ clima te/ data/), approximately when 
seeds of these species naturally germinate and this tem-
perature has been used successfully in previous experi-
ments (Hayes et al. 2019a, b; Guilherme Pereira et al. 
2021). Seeds from this experiment were previously 
analysed to determine seed mass, nutrient concentra-
tion, and nutrient content, see Hayes et al. (2019b) for 
further details.

Calculations and statistics

The relative growth rate (RGR, mg  g–1  week–1) was cal-
culated as

where DW
total

 and DW
seed

 are the total plant and 
seed DW, respectively, and T

1
 and T

2
 are the times of 

sowing and harvesting (in weeks), respectively. We 
acknowledge that using seed DW instead of an ini-
tial plant DW is not ideal and if species have different 

(1)RGR =

ln
(

DW
total

)

− ln
(

DW
seed

)

T
2
− T

1

http://www.bom.gov.au/climate/data/
http://www.bom.gov.au/climate/data/
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seed:seed coat weight ratios it can impact estimates of 
RGR (Pérez-Harguindeguy et al. 2013).

The Emergence Value (EV), an index combining 
speed and completeness of emergence, was deter-
mined from the seedling emergence experiment (Cza-
bator 1962).

where PV  is the peak value, derived from the cumu-
lative percent emergence on any day divided by the 
number of days since sowing, and MDE is the mean 
daily emergence, calculated as the percent emer-
gence divided by the number of days to the end of 
the experiment (98 days). Leaf nutrient allocation 
was calculated as the percentage of total plant nutri-
ent allocated to leaves, i.e. total mature leaf nutrient 
content divided by the sum of the total mature leaf, 
total stem, and total root nutrient content, reported as 
a percentage.

Differences in traits among treatments and species, 
including their interaction, were tested using general-
ised least squares models. Differences in leaf nutrient 
allocation among species were tested using general 
linear mixed-effects models with treatment set as the 
random effect (Pinheiro and Bates 2000). The residu-
als of each model were visually inspected for heter-
oskedasticity. In the presence of heteroskedasticity, 
appropriate variance structures were specified if they 
significantly improved the model based on Akaike’s 
Information Criterion corrected for finite sample 
sizes (AICc) (Pinheiro and Bates 2000). Differences 
among species and treatments were defined using 
Tukey HSD post-hoc tests (Hothorn et al. 2008).

Principal Component Analysis (PCA) was used to 
visually illustrate separation of species based on key 
traits (Clarke 1993). These traits were leaf Zn allo-
cation, leaf Ca allocation, total rhizosheath carboxy-
lates per unit root FW, percent iso-citrate, root : shoot 
DW ratio, percent DW allocated to cluster roots, and 
RGR. PCAs were performed on Banksia or Hakea 
plants grown in field-collected calcareous soils (QO 
and QM combined). There was a small number of 
missing values for Hakea (8 of 312) due to random 
factors. To create complete data sets, missing values 
were imputed using an iterative PCA approach (Josse 
and Husson 2016). PCA was then performed on full 
data sets using the R function ‘prcomp’; results were 
extracted using ‘get_pca’ and plotted using ‘ggbiplot’ 
(Vu 2011; Kassambara and Mundt 2020).

(2)EV = PV ×MDE

All statistical analyses were performed using the R 
software platform (R Core Team 2021) with the pack-
ages: ‘emmeans’ (Lenth 2022), ‘factoextra’ (Kassam-
bara and Mundt 2020), ‘missMDA’ (Josse and Hus-
son 2016), ‘multcomp’ (Hothorn et al. 2008), ‘nlme’ 
(Pinheiro et  al. 2021), ‘stats’ (R Core Team 2021), 
and ‘tidyverse’ (Wickham et al. 2019).

Results

Visual symptoms

Visual symptoms were most severe for plants grown 
in field-collected calcareous soils (QO and QM), with 
similar, but less severe symptoms in the amended cal-
careous soils (B + Ca + P and B + Ca) (Fig.  1). There 
were no visual symptoms in acidic soils (B and B + P). 
In field-collected calcareous soils, all species showed 
signs of chlorosis and necrosis, indicating severe nutri-
ent imbalance but the degree of response was different 
among species and particularly between genera. In all 
species except H. prostrata, the B + Ca + P treatment 
tended to show slightly more severe visual symptoms 
than B + Ca, while there were no visual symptoms 
in H. prostrata in either soil. In summary, all species 
grew best in acidic soils and worst in calcareous soils, 
and H. prostrata appeared least sensitive.

When comparing within each genus calcifuges 
showed more severe visual symptoms than the soil-
indifferent species of the same genus (Fig.  1). In 
the calcifuge H. incrassata, the main visual symp-
toms were severe chlorosis and mild leaf-tip necro-
sis, whilst soil-indifferent H. prostrata showed only 
minor interveinal chlorosis. The calcifuge B. men‑
ziesii showed the most severe symptoms of all spe-
cies: almost complete chlorosis, severe necrosis 
leading to leaf loss, stunted leaf development and 
rosetting of terminal leaves in some plants. Soil-
indifferent B. prionotes, however, showed less severe 
chlorosis and necrosis, and began developing slightly 
greener leaves without rosetting (Fig. 1).

Biomass response

The RGR was slower in calcareous soils by an aver-
age of 39% in Banksia plants and 10% in Hakea 
plants than in the control (P < 0.05, Fig. 2a). In gen-
eral, soil-indifferent species had a faster RGR than 
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calcifuge species (Fig.  2a). Soil-indifferent B. pri‑
onotes had, on average, a 22% faster RGR than calci-
fuge B. menziesii (P < 0.05, Fig. 2a). Similarly, soil-
indifferent H. prostrata had a 12% faster RGR on QM 
soil than calcifuge H. incrassata (P < 0.001).

Except for H. prostrata, plants grown in field-
collected calcareous soils showed a lower percent-
age biomass allocated to cluster roots compared with 
the control, and lower total root biomass, (P < 0.05, 
Fig.  2b–c). For example, in calcifuge H. incrassata 
the investment in cluster roots was halved (Fig. 2b), 
whilst in soil-indifferent H. prostrata biomass invest-
ment in cluster roots was maintained across all soils 
(P > 0.05). In soil-indifferent B. prionotes cluster-
root biomass was lower in calcareous soils, but some 
investment was maintained; 2% cluster-root biomass 

in QO/QM compared to 18% in B (Figs. 2b–c, S1a). 
By contrast, calcifuge B. menziesii produced almost 
no cluster roots in calcareous soils compared with an 
investment in cluster-root biomass of 11% in acidic 
soils down to 0% in most calcareous soils (Figs. 2b–c, 
S1a).

All species had lower total biomass in calcare-
ous soils than in acidic ones (Figs.  2c, S1b). The 
acidic B + P treatment produced the largest bio-
mass in almost all species, followed by the control. 
There were no consistent differences in total biomass 
between distribution types (Fig. S1b). Soil-indifferent 
H. prostrata had a greater root : shoot ratio than H. 
incrassata in all calcareous soils (P < 0.01, Fig. S1c). 
This was largely accounted for by a greater allocation 
of biomass to cluster roots in H. prostrata (Figs. 2b–c, 

Fig. 1  Visual symptoms of four Proteaceae from two genera 
(Hakea and Banksia) grown in six contrasting soils for six 
months. Soils included one unamended acidic soil (Bassen-
dean, B), two unamended calcareous soils (Quindalup Old, 
QO; Quindalup Medium, QM), and three amended Bassend-
ean soils with added phosphorus (P) and/or calcium carbonate 
(Ca). Bassendean was considered the control. Calcifuge (CF) 

species do not naturally occur on calcareous soils, whilst soil-
indifferent (SI) species occur on both calcareous and acidic 
soils. Inset images illustrate typical leaf symptoms in calcare-
ous soils (insets not to scale). Black lines were added to some 
leaves during the experiment to determine areas for photosyn-
thetic measurements. See Table 1 for soil chemical properties. 
Bars, 10 cm
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S1a). Banksia distribution types had similar root : 
shoot ratios (P > 0.05). In summary, calcareous soils 
reduced RGR, cluster-root investment and total root 
biomass, while soil-indifferent species showed a 
greater cluster-root investment and faster RGR than 
calcifuges.

Rhizosheath carboxylates

Rhizosheath carboxylate amounts per unit root FW 
differed significantly among soils within Hakea 
plants but were consistently low among Banksia 
plants (Fig.  3a). Importantly, in H. prostrata, total 
rhizosheath carboxylate amounts were greater in cal-
careous soils than in acidic soils (P < 0.05, Fig. 3a). 
By contrast, Banksia plants showed no clear differ-
ence between calcareous and acidic soils. Soil-indif-
ferent H. prostrata showed by far the highest amount 
of carboxylates, 34 µmol  g–1 root FW when grown in 
QM. This amount was 45-fold greater than in the con-
trol and 6.5-fold greater than for H. incrassata in the 
same soil. In Banksia plants, both distribution types 
generally had similar amounts of rhizosheath carbox-
ylates; however, soil-indifferent B. prionotes showed 
greater amounts than B. menziesii in the most carbon-
ate-rich soil (QM, P < 0.05).

The composition of rhizosheath carboxylates dif-
fered to a major extent between calcareous and acidic 
soils. All species released iso-citrate almost exclu-
sively in calcareous soils, with amounts of about 3% 
of all carboxylates in acidic soils, and 42% in calcar-
eous soils (Figs.  3b, S2). By contrast, oxalate was 
released in acidic soils, but barely detected in calcare-
ous ones (Fig. 3b). Furthermore, soil-indifferent spe-
cies tended to show a slightly higher percentage of 
iso-citrate than calcifuges (Figs.  3b, S2). For exam-
ple, iso-citrate accounted for, on average, 13% more 
of the total carboxylates in B. prionotes than in B. 
menziesii, and, on average 8%, more in H. prostrata 
than in H. incrassata in calcareous soils.

In summary, Hakea plants had a higher rhizos-
heath carboxylate amount than Banksia plants. Both 
Hakea species released more carboxylates in calcare-
ous soils than in acidic ones, with soil-indifferent H. 
prostrata releasing substantially more than calcifuge 
H. incrassata. All species in calcareous soils had 
higher iso-citrate and lower oxalate amounts than in 
acidic soils, with soil-indifferent species tending to 
release more iso-citrate than calcifuges.

Nutrient concentrations and allocations

Soil-indifferent species allocated less Ca to their 
leaves than calcifuges did (P < 0.05, Figs.  4a, S3b). 
For example, differences in Ca allocation were 46% 
(H. prostrata) versus 67% (H. incrassata), and 49% 
(B. prionotes) versus 56% (B. menziesii) (Fig.  S3b). 
Leaf Ca allocation tended to be lower in calcareous 
soils than in the acidic control soil (B), except for H. 
incrassata (Fig. 4a). The difference in leaf Ca alloca-
tion between soil types was greatest in soil-indifferent 
species, with H. prostrata and B. prionotes showing 
19% and 37% lower values in calcareous QM than in 
the control. Leaf and root [Ca] were generally higher 
in calcareous soils than in acidic ones, with the high-
est [Ca] in QO and QM (Fig. 4b–c). The [Ca] among 
soil types increased more in roots than in leaves. Leaf 
[Ca] showed no clear difference between distribution 
types in calcareous soils, whereas the root [Ca] was 
generally higher in soil-indifferent species. For exam-
ple, in QM, the root [Ca] was two-fold (H. prostrata) 
and 2.3-fold (B. prionotes) higher than in calcifuges.

All species showed a similarly low leaf [P] in 
the control, 244–317 µg  g–1 (Fig.  4d). As expected, 
the highest leaf [P] was in B + P, ranging from 598 
to 1035 µg  g–1, while B + Ca + P gave similar results 
to the other calcareous soils. There was no consist-
ent difference in leaf [P] between distribution types; 
however, H. prostrata did tend to have a higher leaf 
[P] than H. incrassata in calcareous soils. Leaf Ca : 
P ratios mainly reflected differences in leaf [Ca] and 
less so leaf [P] (Fig. S4).

In summary, soil-indifferent species allocated less 
Ca to their leaves than calcifuges. This was likely 
driven by a higher root [Ca] in soil-indifferent species 
in calcareous soils, compared with calcifuge species. 
Leaf [P] was highest in B + P, and there was no consist-
ent difference in leaf [P] between distribution types.

Banksia prionotes allocated a greater proportion 
of plant total Zn to leaves than B. menziesii did, 
36% versus 27% (P < 0.05) and had a higher leaf Zn 
allocation in calcareous soils, ranging from 23% in 
the acidic control (B) to 63% in the most carbon-
ate-rich soil (QM) (Figs. 5a, S3a). By contrast, the 
two Hakea species had similar leaf Zn-allocation 
patterns (P > 0.05). Leaf Mn and Fe allocation was 
also similar between distribution types (Fig.  S5). 
In comparison to what is considered adequate for 
crop growth (Bloom and Epstein 2005), leaf [Zn] 
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was very low in calcareous soils, ranging from 1 
to 21 µg  g–1 (Fig.  5b). The leaf [Zn] of soil-indif-
ferent species were similar to or greater than those 
in calcifuge species in calcareous soils. Leaf [Fe] 

was extremely low in calcareous soils (Bloom and 
Epstein 2005), ranging from 5 to 36 µg  g–1 (Fig. 5c). 
Soil-indifferent species generally had a higher leaf 
[Fe] than calcifuge species in calcareous soils. For 
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example, H. prostrata had a 2.3-fold higher leaf 
[Fe] than H. incrassata in the most carbonate-rich 
soil, QM, and it was similarly high in most calcare-
ous soils. Leaf [Mn] was lower in calcareous soils 
by about 74% in Hakea species and 93% in Bank‑
sia species, compared with the control (P < 0.05, 
Fig.  5d). Soil-indifferent species generally had a 
higher leaf [Mn] than calcifuge species in calcare-
ous soils. For example, H. prostrata had a 2.6-fold 
higher leaf [Mn] than H. incrassata in QM and its 
leaf [Mn] was higher than that of H. incrassata in 
most calcareous soils.

In summary, the soil-indifferent B. prionotes had 
a greater allocation of Zn to leaves than the calcifuge 
B. menziesii, increasing in more calcareous soils. 
Concentrations of key leaf micronutrients (Zn, Fe, 
and Mn) were all very low when grown in calcareous 
soils, and soil-indifferent species tended to have equal 
or higher concentrations than calcifuges. Hakea pros‑
trata had the most consistent and largest differences 
in leaf micronutrients (Zn, Fe, and Mn) compared 
with the calcifuge H. incrassata.

Soil-indifferent species had a seed P content that 
was less than half that of calcifuges (Table  2). This 
difference was mainly due to differences in seed mass, 
because seed [P] did not consistently differ between 
distribution types.

Chlorophyll and photosynthesis

Leaf chlorophyll (a + b) concentrations were lower in 
calcareous soils for all species, except H. prostrata 
(Fig. 6a). This reflected visual symptoms, as all spe-
cies except H. prostrata were severely chlorotic under 
calcareous conditions (Fig.  1). Soil-indifferent H. 
prostrata showed a 2.4-fold higher chlorophyll con-
centration than calcifuge H. incrassata in calcareous 
soils (P < 0.01; Fig. 6a). Both Banksia species showed 
similar chlorophyll concentrations, with a much lower 
concentration in calcareous soils compared with 
acidic ones, averaging ~ 10% (B. menziesii) and 12% 
(B. prionotes) of the those grown in the control.

Like chlorophyll concentrations, light-saturated 
net photosynthetic rates  (Asat) were also slower in 
calcareous soils for all species, except H. prostrata 
(Fig. 6b). Soil-indifferent H. prostrata showed equal 
to or higher values than calcifuge H. incrassata when 
grown in calcareous conditions, with H. prostrata 
showing a faster  Asat rate in the most carbonate-rich 
soil (QM, P < 0.01). Both Banksia species had simi-
lar  Asat rates, which were much slower in calcareous 
soils compared with acidic ones.

Chlorophyll fluorescence (Fv/Fm) was lower in 
H. incrassata across most calcareous soils than in 
the control, while H. prostrata did not show a differ-
ence across treatments (Fig.  6c). Soil-indifferent H. 
prostrata maintained a fairly high average Fv/Fm of 
0.77 across all soils. By contrast, Fv/Fm of calcifuge 
H. incrassata was lower in most calcareous soils than 

Fig. 2  a Relative growth rate (RGR), b percentage of total 
plant biomass allocated to cluster roots, and c leaf, stem, clus-
ter root, and non-cluster root dry weights of calcifuge (CF) 
and soil-indifferent (SI) Hakea and Banksia species, grown in 
six contrasting soils for six months. Soils included one una-
mended acidic soil (Bassendean, B), two unamended calcare-
ous soils (Quindalup Old, QO; Quindalup Medium, QM), and 
three amended Bassendean soils with added phosphorus (P) 
and/or calcium carbonate (Ca). Bassendean was considered the 
control. Soils B + Ca + P, B + Ca, QO, and QM are calcareous 
and B, and B + P are acidic. Bar heights show means and error 
bars show standard errors (n = 5–12). Different letters indi-
cate significant differences within (a, b) each species and (c) 
for above- and belowground total dry weights (post-hoc Tukey 
test, P < 0.05). P-values (*, < 0.05; **, < 0.01; ***, < 0.001) 
represent significant differences between species of contrasting 
distribution types (CF and SI) (post-hoc Tukey test)

◂

Table 2  Key seed traits of four Proteaceae; calcifuge (CF) and soil-indifferent (SI) Hakea and Banksia species, collected from plants 
growing in their natural habitat

DW = dry weight. Data from Hayes et al. (2019b)
Different letters indicate significant differences among treatments (Tukey post hoc test, P < 0.05)

Seed P content
(mg P  seed–1)

Seed P concentration
(mg P  g–1 DW)

Seed DW
(mg  seed–1)

H. incrassata (CF) 1.26b (0.14) 20.5b (2.4) 61.3c (2.1)
H. prostrata (SI) 0.47a (0.02) 11.2a (0.3) 41.8b (0.9)
B. menziesii (CF) 1.04b (0.08) 12.7ab (0.5) 81.9d (4)
B. prionotes (SI) 0.49a (0.02) 15b (0.8) 32.9a (0.6)
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in the control; average 0.73 (calcareous) versus 0.83 
(control). The Fv/Fm for H. prostrata was equal to 
or higher than that of H. incrassata when grown in 

calcareous soils. Both Banksia species showed simi-
lar Fv/Fm, with a large difference ranging from 0.81 
in the control to 0.45 in calcareous treatments.

Fig. 3  a Total amount of carboxylates per unit root fresh 
weight (FW), and b composition of rhizosheath carboxylates 
of calcifuge (CF) and soil-indifferent (SI) Hakea and Banksia 
species, grown in six contrasting soils for six months. Soils 
included one unamended acidic soil (Bassendean, B), two 
unamended calcareous soils (Quindalup Old, QO; Quinda-
lup Medium, QM), and three amended Bassendean soils with 
added phosphorus (P) and/or calcium carbonate (Ca). Bas-
sendean was considered the control. Soils B + Ca + P, B + Ca, 

QO, and QM are calcareous and B, and B + P are acidic. Car-
boxylates listed as ‘others’ included cis-aconitate, fumarate, 
maleate, shikimate, and succinate. Bar heights show means 
and error bars show standard errors (n = 5–12). Different let-
ters indicate significant differences within each species (post-
hoc Tukey test, P < 0.05). P-values (*, < 0.05; **, < 0.01; ***, 
< 0.001) represent significant differences between species of 
contrasting distribution types (CF and SI) (post-hoc Tukey test)
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In summary, all species showed lower chlorophyll 
concentrations,  Asat rates, and Fv/Fm when grown in 
calcareous soils, except for soil-indifferent H. pros‑
trata. Between distribution types, soil-indifferent H. 
prostrata showed higher chlorophyll concentrations 
and similar or higher  Asat and Fv/Fm than calcifuge 
H. incrassata in all calcareous soils. There were no 
differences between Banksia distribution types, with 
both species showing substantially lower values in 
calcareous soils.

Seedling emergence

Seedling emergence was similar or greater in calcar-
eous soils compared with acidic soils, except for H. 
incrassata, which had lower seedling emergence in 
QO (Figs. 7a, S6). In calcareous soils, soil-indifferent 
species tended to have the highest emergence. The 
Emergence Value (EV) is an index combining both 
the speed and completeness of emergence. Soil-indif-
ferent B. prionotes had a significantly higher EV than 
B. menziesii across all soils (P < 0.05), while that of 
H. prostrata tended to be higher than H. incrassata, 
but this was not significant (P > 0.05).

In summary, calcareous soils did not dramatically 
reduce seedling emergence. All species in QM were 
able to complete germination and emerge at rates simi-
lar to, or greater than on the control soil; emergence 
for all species was above 75%, and with no differences 
among species. Soil-indifferent species appeared to 
have a slight advantage in calcareous soils, tending to 
have a higher percent emergence and higher EVs.

Principal component analysis

Principal component analysis of key traits in plants 
grown in field-collected calcareous soils (QM and QO) 
revealed a clear separation of the two distribution types 
(Fig.  8). Soil-indifferent species were separated from 
calcifuges along the horizontal axes (PC 1), primar-
ily due to differences in the percentage biomass allo-
cated to cluster roots, rhizosheath carboxylate amount 
per unit root FW, and leaf Ca allocation (Figs. 8, S7). 
Soil-indifferent species were associated with a greater 
allocation of biomass to cluster roots, a higher rhizos-
heath carboxylate amount, and a greater allocation of 
Ca to leaves, while calcifuges showed the opposite. 
These three traits were common to the top four traits 
most contributing to PC 1 across both genera (Fig. S7).

Discussion

All species showed reduced growth and micronutri-
ent deficiency symptoms when grown in calcareous 
soils. The calcifuge Hakea species was far more sen-
sitive to calcareous soils than the soil-indifferent one, 
while Banksia species showed only minor differences 
in visual symptoms. Soil-indifferent species pro-
duced more cluster roots, released more carboxylates, 
and allocated less Ca to their leaves, compared with 
calcifuge species; they also tended to have smaller 
seeds and have been shown to be less sensitive to Ca-
enhanced P toxicity (Hayes et al. 2019b). We surmise 
that these traits allow soil-indifferent Proteaceae spe-
cies in south-western Australia to exhibit greater tol-
erance to calcareous soils. We first focus our discus-
sion on the responses to and consequences of growing 
in calcareous soils, and then present and discuss the 
strategies enabling soil-indifferent Proteaceae to tol-
erate calcareous soils.

Calcareous soils reduced growth in all species

All species were negatively impacted by calcareous 
soils. Symptoms included reduced biomass and RGR, 
as well as severe chlorosis and necrosis  (Fig.  9a). 
Such responses are typical for sensitive species and 
are due primarily to high soil pH, and high bicarbo-
nate and Ca concentrations (Tyler and Ström 1995; 
Lee 1998; Zohlen and Tyler 2000; Zohlen 2002; 
Giel and Bojarczuk 2011). These soil properties are 
typical of calcareous soils and directly and indirectly 
impact plant functioning.

Direct inhibition of roots

Cluster-root and total root biomass were severely 
reduced under calcareous conditions, reflecting an 
inhibition of root development and growth. High pH 
and high bicarbonate concentrations are typical of 
calcareous soils and directly inhibit root growth (Tang 
et al. 1993; Zohlen and Tyler 2000; Peiter et al. 2001; 
Cross et al. 2019; Liao et al. 2020; Wala et al. 2023). 
The impacts of high pH and high bicarbonate con-
centrations on root growth have been demonstrated 
in a range of species including calcifuge Lupinus 
species (e.g., L. angustifolius, L. cosentinii, L. albus) 
(Tang et al. 1993, 1996; Ding et al. 2019, 2020), cal-
cifuge grasses (e.g., Deschampsia flexuosa) (Lee 
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and Woolhouse 1969), Zn-inefficient rice genotypes 
(Oryza sativa) (Yang et  al. 2003), as well as barley 
(Hordeum vulgare), sorghum (Sorghum bicolor), 

and maize (Zea mays) (Alhendawi et al. 1997). Both 
high pH and high bicarbonate concentrations reduce 
root cell elongation (Lee and Woolhouse 1969; Tang 
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et al. 1993, 1996; Peiter et al. 2001; Ding et al. 2019, 
2020). High bicarbonate concentrations directly 
impact root elongation through interference of root 
cell metabolism, adverse effects on root plasma mem-
brane integrity, and through pH-buffering in the root 
apoplast preventing apoplastic acidification in the root 
elongation zone (Alhendawi et al. 1997; Peiter et al. 
2001). Similarly, high external pH interferes with the 
establishment and maintenance of the transmembrane 
pH gradient and the acidification of the apoplast, thus 
inhibiting root cell elongation (Tang et al. 1996; Mar-
schner 2012). Hence, both high pH and high bicarbo-
nate concentrations interfere with root cell elongation 
and consequently root growth, in accordance with the 
acid growth theory (Rayle and Cleland 1992).

Soil pH and bicarbonate concentrations are tightly 
interrelated in calcareous soils; it is, therefore, diffi-
cult to determine which is the primary cause of root 
inhibition (van Breemen 1991). Because soil bicar-
bonate concentrations increase at high pH and are 
a strong pH buffer, it is likely that at very high pH, 
such as that in young calcareous soils (pH > 8.2 in 
this study) both bicarbonate and pH will act together 
to inhibit root growth. This is supported by a recent 
study on Lupinus species where high pH inhibited 
root growth, while a high bicarbonate concentration 
was important in buffering pH and determining recov-
ery and survival in calcareous soils (Ding et al. 2019). 
All calcareous soils in our study had a similarly high 
pH (pH 8.2–8.6) but differed substantially in carbon-
ate content (3–85%) and thus bicarbonate concentra-
tion and buffering capacity. Interestingly, soils with 
the highest bicarbonate concentration (QO and QM) 
also showed the strongest inhibition of root growth, 

emphasising that not only soil pH, but also bicarbo-
nate concentration and buffering capacity, are impor-
tant in inhibiting root growth in calcareous soils.

Under calcareous conditions, both Banksia species 
and the calcifuge H. incrassata showed a much lower 
investment in cluster roots, with all species showing 
lower cluster-root biomass. The size of individual 
cluster roots appeared reduced under calcareous con-
ditions, compared with those grown in acidic soils, 
producing shorter stunted rootlets along the main 
cluster root axis (Hayes pers. obs.). This is likely 
associated with the combination of high soil pH and 
high bicarbonate concentration interfering with root 
elongation in the cluster roots and buffering against 
acidification of the rhizosphere.

Micronutrient deficiency

Plants grown in calcareous soils showed symptoms 
consistent with severe micronutrient deficiency 
(e.g., Fe, Zn, Mn). These symptoms included chlo-
rosis, necrosis, lower chlorophyll concentrations, 
lower biomass, and lower micronutrient concentra-
tions (Fe, Zn, Mn). Total concentrations of Mn and 
Zn decreased more than that of Fe when grown in 
calcareous soils. However, the concentrations of all 
micronutrients were exceptionally low under calcar-
eous conditions, compared with both plants grown 
in the control soil and concentrations considered 
adequate for crop growth (Fig.  5b–d; (Bloom and 
Epstein 2005). Without additional information on 
the physiological availability of these micronutrients, 
we refrain from further speculation of their relative 
importance in limiting growth (Cakmak and Mar-
schner 1987; Zohlen and Tyler 1997, 2000; Lambers 
et al. 2002). Micronutrient deficiency symptoms are 
common in sensitive species and may be caused indi-
rectly as a result of lower root biomass/elongation, 
which would lower the capacity to acquire micro-
nutrients, as well as directly, due to soil chemistry 
(Tyler and Ström 1995; Lee 1998; Zohlen and Tyler 
2000; Zohlen 2002).

Lower root growth and cluster-root invest-
ment would have resulted in a reduced capacity to 
acquire micronutrients. Reduced root elongation, 
caused by high pH and high bicarbonate concentra-
tions would reduce the ability of plants to explore 
the soil matrix and thus reduce their capacity to 
acquire micronutrients. We surmise that this would 

Fig. 4  a Calcium (Ca) allocation to leaves, b leaf Ca concen-
trations ([Ca]), c root [Ca], and d leaf phosphorus concentra-
tions ([P]) of calcifuge (CF) and soil-indifferent (SI) Hakea 
and Banksia species grown in six contrasting soils for six 
months. Leaf Ca allocation was calculated as the percentage 
of total plant Ca allocated to leaves. Soils included one una-
mended acidic soil (Bassendean, B), two unamended calcare-
ous soils (Quindalup Old, QO; Quindalup Medium, QM), and 
three amended Bassendean soils with added phosphorus (P) 
and/or calcium carbonate (Ca). Bassendean was considered the 
control. Soils B + Ca + P, B + Ca, QO, and QM are calcareous 
and B, and B + P are acidic. Bar heights show means and error 
bars show standard errors (n = 5–12). Different letters indicate 
significant differences within each species (post-hoc Tukey 
test, P < 0.05). P-values (*, < 0.05; **, < 0.01; ***, < 0.001) 
represent significant differences between species of contrasting 
distribution types (CF and SI) (post-hoc Tukey test)

◂
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have reduced the plants’ ability to mobilise spar-
ingly-available micronutrients, limiting micronutri-
ent uptake under calcareous conditions.

High soil pH would also have directly reduced 
the availability of micronutrients in calcareous soils. 
Reduced soil Fe availability at high pH often explains 
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the exclusion of calcifuge species from calcareous 
soils (Steele 1955; Zohlen 2002; Ding et  al. 2019). 
The strong buffering capacity of high soil bicarbo-
nate concentrations is also important in explaining 
why some species normally able to acidify the rhizo-
sphere still fail to function in calcareous habitats. For 
example, soil-indifferent H. prostrata only showed 
chlorosis under the most extreme calcareous soil, 
QM, which had a much higher carbonate content than 
other calcareous soils (85% vs. 3–42%). Amazingly, 
H. prostrata showed no chlorosis in other calcareous 
soils, despite those soils all having the same pH (pH 
8.2–8.6) and producing active cluster roots in all soils 
(Figs. 2b and 3a). We surmise that the higher bicarbo-
nate concentration in QM resulted in a much higher 
buffering capacity in the rhizosheath. This would 
have reduced the capacity of H. prostrata to acidify 
the rhizosphere, despite producing active cluster 
roots, and thus would have reduced the mobilisation 
and uptake of micronutrients, explaining why chloro-
sis only occurred in the most carbonate-rich soil.

Calcium‑enhanced P sensitivity

A high soil Ca concentration is characteristic of 
calcareous soils and negatively impacts certain 
species (Jefferies and Willis 1964; Grundon 1972; 
Nichols and Beardsell 1981; Ding et  al. 2018; 
Hayes et  al. 2019b). For example, Ca enhances P 
sensitivity in species that are P-sensitive, such as 

Proteaceae (Grundon 1972; Hayes et  al. 2019a, 
b). Species are susceptible to Ca-enhanced P tox-
icity if they: (1) lack the ability to strongly down-
regulate P-uptake capacity (Shane et  al. 2004; de 
Campos et  al. 2013), (2) preferentially allocate P 
to mesophyll cells as a strategy that improves P-use 
efficiency (Hayes et al. 2018), and (3) poorly regu-
late leaf cellular [Ca] and [P] (Hayes et al. 2019a). 
Alternatively, in other non-P-sensitive species 
Ca can stimulate P uptake (Robson et  al. 1970; 
McClure 1972; Nichols and Beardsell 1981; Hayes 
et al. 2019b), but this is not the case here.

High leaf [Ca] can enhance the relative distribu-
tion of leaf P to palisade mesophyll cells, resulting 
in a greater [P] within these cells, despite no change 
in whole leaf [P] (Hayes et  al. 2019a). This increase 
in cellular [P] can be substantial; for example, Hayes 
et  al. (2019a) showed a more than 10-fold increase 
(from 9 to 100 µmol  g–1) in the mesophyll [P] of H. 
incrassata between low- and high-Ca treatments, 
resulting in severe chlorosis and necrosis, despite no 
change in total leaf [P]. An increase in mesophyll 
[P] is thought to reduce the availability of essen-
tial micronutrients within photosynthetic cells, most 
likely through precipitation of sparingly soluble 
micronutrients with excess phosphate (Cakmak and 
Marschner 1987; Takagi et al. 2020). This P-induced 
reduction in the cellular availability of micronutrients 
results in micronutrient-deficiency symptoms that are 
often observed as a result of Ca-enhanced P toxicity 
(Cakmak and Marschner 1987; Lambers et  al. 2002; 
Broadley et al. 2012; Hayes et al. 2019a, b; Guilherme 
Pereira et al. 2021). All studied species experience Ca-
enhanced P toxicity, with variation among species of 
contrasting distribution types (Hayes et al. 2019a).

High leaf [P] alone does not necessarily cause 
or indicate P-induced micronutrient deficiency. For 
example, Hayes et al. (2019b) found that for a range 
of Proteaceae species grown in hydroponics, there 
was no difference in whole leaf [P] across all Ca treat-
ments, yet those under high Ca availability showed 
severe symptoms, and those under low Ca showed no 
symptoms. Similarly, in the current study the leaf [P] 
was consistently highest in B + P treatment, yet plants 
grown under this treatment showed no symptoms. 
Thus, in such situations it is important to also deter-
mine differences in cellular nutrient concentrations, 
as these may vary substantially from whole leaf nutri-
ent concentrations (Hayes et al. 2019b).

Fig. 5  a Zinc (Zn) allocation to leaves, b leaf Zn concentra-
tions ([Zn]), c leaf iron concentrations ([Fe]), and d leaf man-
ganese concentrations ([Mn]) of calcifuge (CF) and soil-indif-
ferent (SI) Hakea and Banksia species grown in six contrasting 
soils for six months. Leaf Zn allocation was calculated as the 
percentage of total plant Zn allocated to leaves. Soils included 
one unamended acidic soil (Bassendean, B), two unamended 
calcareous soils (Quindalup Old, QO; Quindalup Medium, 
QM), and three amended Bassendean soils with added phos-
phorus (P) and/or calcium carbonate (Ca). Bassendean was 
considered the control. Soils B + Ca + P, B + Ca, QO, and QM 
are calcareous and B, and B + P are acidic. Bar heights show 
means and error bars show standard errors (n = 5–12). Different 
letters indicate significant differences within each species (post-
hoc Tukey test, P < 0.05). P-values (*, < 0.05; **, < 0.01; ***, 
< 0.001) represent significant differences between species of 
contrasting distribution types (CF and SI) (post-hoc Tukey test). 
The grey dashed lines represent the nutrient concentrations con-
sidered adequate for crop growth (Epstein and Bloom 2005)

◂
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Impacts on physiology

We have shown that root inhibition, micronutri-
ent deficiency, and Ca-enhanced P sensitivity 
were common responses to calcareous soils. These 
calcareous-soil-induced responses had a signifi-
cant impact on plant physiology, and consequently 

growth, including lower chlorophyll concentra-
tions,  Asat rates and Fv/Fm. Reduced photosyn-
thetic rates and Fv/Fm may be linked to reduced 
cellular P or micronutrient availabilities, asso-
ciated with Ca-enhanced P toxicity, as noted in 
Guilherme Pereira et  al. (2021). This is the first 
study to demonstrate how calcareous soils impact 

Fig. 6  a Chlorophyll concentration (a + b), b light-saturated 
photosynthetic rate  (Asat), and c chlorophyll fluorescence (Fv/
Fm) of calcifuge (CF) and soil-indifferent (SI) Hakea and 
Banksia species grown in six contrasting soils for six months. 
Soils included one unamended acidic soil (Bassendean, B), 
two unamended calcareous soils (Quindalup Old, QO; Quinda-
lup Medium, QM), and three amended Bassendean soils with 
added phosphorus (P) and/or calcium carbonate (Ca). Bas-

sendean was considered the control. Soils B + Ca + P, B + Ca, 
QO, and QM are calcareous and B, and B + P are acidic. 
Bar heights show means and error bars show standard errors 
(n = 5–12). Different letters indicate significant differences 
within each species (post-hoc Tukey test, P < 0.05). P-values 
(*, < 0.05; **, < 0.01; ***, < 0.001) represent significant dif-
ferences between species of contrasting distribution types (CF 
and SI) (post-hoc Tukey test)
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Proteaceae species, thus helping to explain why 
most Proteaceae are excluded from calcareous 
habitats. Although all species in this study were 
exposed to the same conditions, and all exhibited 
a negative response to calcareous soils, the soil-
indifferent Hakea species was less sensitive than 
the calcifuge one.

Strategies common to soil-indifferent Proteaceae

When comparing within each genus, the soil-indif-
ferent species showed less severe visual symptoms 
and faster growth rates than calcifuges of the same 
genus, supporting previous findings (Hayes 2018; 
Hayes et  al. 2019a, b; Guilherme Pereira et  al. 

Fig. 7  a Percent emergence over time, and b Emergence 
Value (EV) of calcifuge (CF) and soil-indifferent (SI) Hakea 
and Banksia species grown in three contrasting field-collected 
soils for 98 days. The EV is an index combining speed and 
completeness of emergence (Eq.  2). Soils included one una-
mended acidic soil (Bassendean, B), and two unamended cal-
careous soils (Quindalup Old, QO; Quindalup Medium, QM). 
Bassendean was considered the control. Soils QO and QM are 

calcareous, and B is acidic. Bar heights show means and error 
bars show standard errors (n = 3). Different letters indicate sig-
nificant differences (a) within each soil type or (b) within each 
species (post-hoc Tukey test, P < 0.05). P-values (*, < 0.05; **, 
< 0.01; ***, < 0.001) represent significant differences between 
species of contrasting distribution types (CF and SI) (post-hoc 
Tukey test)
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2021). Differences between soil-indifferent and 
calcifuge species was most pronounced in Hak‑
eas. Here, we identified three traits common to 
soil-indifferent Proteaceae: (1) high allocation of 
biomass to cluster roots, (2) high rhizosheath car-
boxylate amounts, and (3) low allocation of Ca to 
leaves. Principal Component Analysis showed a 
clear separation of the two distribution types based 
mainly on these traits (Figs.  8, S7). We will also 
discuss two additional traits: seed size and cellu-
lar regulation of Ca and P, drawing on results from 
this study and previous work (Hayes et al. 2019b; 
Kotula et  al. 2020). We surmise that five traits, 
common to soil-indifferent species, are important 
in counteracting the negative impacts of calcare-
ous soils and thus explain how soil-indifferent spe-
cies tolerate calcareous habitats (Fig. 9b).

Greater investment in cluster roots

Soil-indifferent species allocated more biomass to 
cluster roots than calcifuges did. This was evident in 
plants grown under field-collected calcareous soils 
and was strongly associated with soil-indifferent 
species (Figs.  2 and 8, S7). For example, the soil-
indifferent H. prostrata showed a consistent invest-
ment in cluster roots across all soils, while invest-
ment in H. incrassata was halved under the most 
carbonate-rich soils compared with the control. 
Similarly, soil-indifferent B. prionotes showed some 
cluster-root investment across all soils, whereas the 
calcifuge B. menziesii produced no cluster roots 
under the most carbonate-rich soils. Given the abil-
ity of cluster roots to enhance nutrient acquisition, 
we surmise that a greater investment in cluster roots 

Fig. 8  Principal component analysis (PCA) biplot of key 
traits, comparing calcifuge (CF) and soil-indifferent (SI) a 
Hakea and b Banksia species grown in field-collected calcare-
ous soils (QM and QO). These traits include leaf calcium allo-
cation (%leafCa), leaf Zn allocation (%leafZn), total amount 
of rhizosheath carboxylates per unit root FW (Carboxylates), 

percent iso-citrate in the total rhizosheath carboxylate amount 
(%iso-citrate), percentage of biomass allocated to cluster roots 
(%CR), relative growth rate (RGR), and root : shoot ratio 
(R:S). Only 12.4% (Hakea) and 12.9% (Banksia) of variance 
was explained by PC 3
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under calcareous soils allows soil-indifferent spe-
cies to acquire more micronutrients and therefore 
exhibit greater tolerance to calcareous habitats, 
compared with calcifuges.

We have demonstrated that soil-indifferent species 
allocated more biomass to cluster roots under calcar-
eous conditions than calcifuge species which we sur-
mise confers an advantage in calcareous soils. Under-
standing how cluster roots function in calcareous 
habitats and the role(s) they play in pedogenic decar-
bonation and ecosystem development has significant 
implications for the selection and management of spe-
cies in rehabilitation of highly alkaline mine-site tail-
ings and limestone quarries, and for the restoration/sta-
bilisation of young calcareous dune systems worldwide 
(Diem et al. 2000; Hanslin and Kollmann 2016; Cross 
and Lambers 2017, 2021; Cross et al. 2018).

High rhizosheath carboxylate amount

A higher rhizosheath carboxylate amount was strongly 
associated with soil-indifferent Proteaceae (Figs.  3a 
and 8, S7). Soil-indifferent H. prostrata had by far the 
highest rhizosheath carboxylate amount per unit root 
FW and also appeared the most vigorous under cal-
careous treatments (Fig. 1). This species also showed 
an increase in carboxylate amount with increasingly 
calcareous soil types. Banksia species showed lower 
carboxylate amounts than Hakea species, but the 
rhizosheath carboxylate amount of soil-indifferent B. 
prionotes was still higher than that of calcifuge B. men‑
ziesii in the most carbonate-rich soil. Although, this 
difference between Banksia species may also be partly 
influenced by small differences in the low amount of 
root biomass used to calculate rhizosheath carboxylate 

Fig. 9  Schematic illustrat-
ing a key responses of cal-
cifuge Proteaceae to calcar-
eous soils and b five traits 
common to soil-indifferent 
versus calcifuge species that 
allow soil-indifferent spe-
cies to survive in calcareous 
habitats. Illustrated species 
are (a) Hakea incras‑
sata (calcifuge) grown in 
acidic versus calcareous 
soils, and (b) H. incrassata 
(calcifuge) and H. prostrata 
(soil-indifferent) grown 
in calcareous soils. These 
responses and strategies are 
common among the four 
studied species.  CO3 = soil 
carbonate content, Ex. = 
soil exchangeable cations, 
 Asat = light-saturated photo-
synthetic rate
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concentrations per unit root FW. The higher carboxy-
late amount associated with soil-indifferent species was 
presumably due to either faster rates of release per unit 
root, or longer cluster-root longevity, releasing more 
carboxylates over time. The ability of soil-indifferent 
species to allocate more biomass to cluster roots might 
also have influenced their total rhizosheath carboxy-
late amount as could have differences in the amount 
of rhizosheath recovered per unit root FW, but based 
on our data and additional personal observations, this 
appears unlikely (Figs. 3a, S1a).

Higher carboxylate amounts are associated with 
a greater ability to survive in calcareous habitats 
(Ström et al. 1994; Ström 1997; Wang et al. 2006; Shi 
et  al. 2020). For example, soil-indifferent B. sessilis 
produces more carboxylates per unit cluster root than 
B. attenuata and this is associated with its ability to 
acquire more P from limestone substrates, contribut-
ing to its soil-indifferent distribution (Shi et al. 2020). 
We surmise that increased rhizosheath carboxylate 
amounts, coupled with the ability to increase this 
in calcareous soils, as exemplified by H. prostrata, 
would allow soil-indifferent species to access more of 
the poorly-available nutrients, including Fe and Zn, 
allowing them to grow in calcareous habitats.

The composition of carboxylates also varied 
among treatments and between distribution types. All 
four species released iso-citrate almost exclusively in 
calcareous soils, and oxalate in acidic soils. Of eight 
common low-molecular-weight organic acids, Ström 
et al. (1994) showed that citric acid is by far the most 
effective at solubilising Fe (at 10 mM). Furthermore, 
Shi et al. (2020) showed that iso-citrate is even more 
effective than citrate at solubilising P from limestone, 
and therefore presumably also highly efficient at 
mobilising other micronutrients, such as Fe, Zn, and 
Mn (Shi et  al. 2020). Interestingly, these soil-indif-
ferent species tended to release proportionally more 
iso-citrate than calcifuge species in calcareous soils, 
suggesting that this strategy may be advantageous in 
calcareous soils.

Our results suggest that the release of iso-citrate 
is an adaptive response to calcareous soils. Further-
more, Ström et  al. (1994) showed that plants grown 
in calcareous soil continue to release iso-citrate up to 
48 h after having been removed from this substrate, 
suggesting that the process is due to changes within 

the roots and not to the external substrate alone. How-
ever, without determining the absorption kinetics 
and solubility of iso-citrate in the different soil types 
we are not able to exclude the possible influence of 
the external substrate. Further research is needed to 
determine the mechanism(s) responsible for the adap-
tive release of iso-citrate in calcareous soils, if it is 
directly beneficial, and if it is a widespread response 
among plants.

Low allocation of Ca to leaves

Soil-indifferent Proteaceae allocated less Ca to their 
leaves than calcifuge species. Calcifuge H. incras‑
sata had a 1.5-fold greater leaf Ca allocation than H. 
prostrata, while the two Banksia species only had a 
1.1-fold difference. Low leaf Ca allocation was mainly 
driven by higher root [Ca], at least in the most carbon-
ate-rich soils. This supports earlier work by Kotula 
et  al. (2020) showing that H. prostrata intercepts Ca 
by accumulating it in root cortical cells, thereby reduc-
ing transport of Ca to shoots and generally achieving 
lower leaf [Ca] than in H. incrassata (Lux et al. 2021). 
This Ca accumulation in root cortical cells is associ-
ated with the development of a strongly suberised 
endodermis in H. prostrata, a trait absent in H. incras‑
sata (Kotula et  al. 2020). Both Banksia species also 
lack a distinct suberised endodermis and consequently 
show no accumulation of Ca within the root cortex 
and generally similar leaf [Ca] when grown in hydro-
ponics (Kotula et  al. 2020). Differences in Banksia 
root [Ca] observed here may instead be due to the soil 
growth medium, as opposed to hydroponics in earlier 
studies (Hayes et al. 2019b; Kotula et al. 2020). It is 
also possible that plants grown in (bi)carbonate-rich 
soils may accumulate Ca in the form of Ca-carbonate 
in or on the root surface (Kinzel 1989; Jaillard et al. 
1991; Alhendawi et al. 1997).

In summary, soil-indifferent H. prostrata allocated 
less Ca to leaves by accumulating Ca in the root cor-
tex and thereby had generally lower leaf [Ca] than 
calcifuge H. incrassata. Although Banksia species 
also showed a slight difference in leaf Ca allocation, 
this difference did not appear to reduce leaf [Ca] of 
soil-indifferent B. prionotes, and therefore may sim-
ply be due to the precipitation of Ca-carbonate in or 
on the root surface.
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Low seed P content and early development of cluster 
roots

Soil-indifferent species had lower seed P content 
than calcifuges, primarily related to their much 
smaller seed mass. This supports previous work that 
included four additional Proteaceae species (Hayes 
et  al. 2019b). High seed P content is advantageous 
in P-impoverished acidic soils, as it reduces seedling 
reliance on external P and allows establishment in 
extremely low-P soils in seasonally-dry environments 
(Mustart and Cowling 1992; Kołodziejek 2017; 
Hayes et al. 2021). In P-richer calcareous soils, how-
ever, a larger seed P content may lead to higher leaf 
[P] in young seedlings that can systemically suppress 
the formation of cluster roots and consequently the 
uptake of poorly-available micronutrients (Shane and 
Lambers 2006). This was evident in calcifuge seed-
lings, which formed fewer cluster roots and later than 
soil-indifferent species did (Hayes pers. obs.) and 
often had lower micronutrient concentrations. The 
correlation between seed P content and calcifuge dis-
tribution likely only occurs within species that have 
evolved in severely P-impoverished environments, 
as nutrient-acquisition in these species is more likely 
to be determined by soil P availability (Bartelheimer 
and Poschlod 2016).

Tight regulation of cellular Ca and P

Higher leaf [Ca] can result in Ca-enhanced P toxic-
ity in P-sensitive Proteaceae, resulting in an increase 
in mesophyll [P] with no increase in total leaf [P] 
(Hayes et  al. 2019a, b). Soil-indifferent H. prostrata 
and B. prionotes can tightly regulate the allocation 
of Ca and P among leaf cell types, allowing them to 
maintain a constant mesophyll [P], despite increas-
ing Ca supplies. By contrast, the calcifuge H. incras‑
sata and B. menziesii have a low capacity to regulate 
allocation of these elements and, consequently, their 
mesophyll [P] increases under high Ca supply (Hayes 
et al. 2019a). This means that soil-indifferent species 
maintain the same mesophyll [P] regardless of leaf 
[Ca], whilst calcifuge species can exhibit increases 
of up to 10-fold under high Ca supplies, resulting in 
severe Ca-enhanced P toxicity.

We surmise that although total leaf [P] remains 
similar between calcareous soils and the control, the 
increased leaf [Ca] would induce Ca-enhanced P 

toxicity under calcareous conditions, and this would 
most severely impact the calcifuge species.

Why are most Proteaceae excluded from calcareous 
habitats?

All four Proteaceae responded negatively when grown 
in calcareous soil. This included an inhibition of root 
growth, symptoms of micronutrient deficiency, Ca-
enhanced P toxicity and subsequent negative impacts 
on physiology. The soil-indifferent Hakea species was 
less impacted by calcareous soils than the calcifuge 
one and although both Banksia species were severely 
impacted, the soil-indifferent Banksia species also 
exhibited less severe symptoms than the calcifuge 
one. Soil-indifferent species exhibited five common 
traits allowing them to counteract and, therefore, 
better tolerate calcareous soils. We surmise that low 
soil micronutrient availability, in combination with 
high soil Ca and P concentrations, prevents most Pro-
teaceae from establishing in calcareous habitats.

Low soil micronutrient availability and Ca-
enhanced P toxicity both result in a reduced concen-
tration/availability of essential micronutrients within 
leaves (i.e. Fe, Zn, Mn), resulting in micronutrient 
deficiency and reduced growth. High soil pH directly 
reduces the availability of micronutrients, while 
high soil bicarbonate/pH reduces root growth, and 
along with a strong soil buffering capacity indirectly 
reduces the capacity of plants to acquire sparingly 
available micronutrients.

High soil [Ca] can also cause micronutrient defi-
ciency symptoms, via Ca-enhanced P toxicity. Ca-
enhanced P toxicity increases mesophyll [P], reduc-
ing the physiological availability of micronutrients 
within the mesophyll, resulting in micronutrient 
deficiency. Previous work conducted in hydroponics 
highlighted the importance of Zn in the symptoms of 
Ca-enhanced P toxicity. By contrast, the current study 
reveals Fe to be important; this difference is likely 
due to the difference in growth media. In hydropon-
ics, all nutrients are readily available for uptake, 
including Fe, in a chelated form. Conversely, in soil, 
Fe and other micronutrients are far less available, 
especially under high-pH conditions. Further research 
is needed to determine the relative importance of 
micronutrients, Fe, Zn, and Mn, including concentra-
tions of their metabolically active forms within leaves 
(Cakmak and Marschner 1987; Zohlen 2000).
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Soil-indifferent Proteaceae can overcome the limi-
tations of calcareous soils by producing more cluster 
roots, releasing more carboxylates and protons, and 
allocating less Ca to their leaves. These same species 
also form cluster roots earlier, presumably related to 
their smaller seed P content and faster RGR, requiring 
external P uptake at an earlier stage. Previous research 
demonstrated that soil-indifferent species are also 
able to regulate leaf cellular Ca and P allocation more 
tightly, reducing their Ca-enhanced P sensitivity.

This study furthers our understanding of the factors 
influencing the distribution of this critically-important plant 
family, allowing for improved management of Proteaceae in 
restoration projects and in the horticultural industry (Bunn 
and Dixon 1992; Enright and Lamont 1992; Fuss et al. 
1992; Stephenson 2005; Cross and Lambers 2017, 2021; 
Cross et  al. 2018). More fundamentally, this research 
proposes novel strategies to explain the calcifuge/soil-
indifferent distribution of species, helping to understand 
the unique strategies that certain species have evolved 
to tolerate calcareous habitats. This has significant 
implications for mine-site rehabilitation, coastal dune 
restoration/stabilisation, and understanding pioneer 
species establishment in young calcareous habitats.
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