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Abstract Phosphorus (P) deficiency is a major
problem for Australian agriculture. Development of
new perennial pasture legumes that acquire or use P
more efficiently than the current major perennial
pasture legume, lucerne (Medicago sativa L.), is
urgent. A glasshouse experiment compared the re-
sponse of ten perennial herbaceous legume species to
a series of P supplies ranging from 0 to 384 µg g−1

soil, with lucerne as the control. Under low-P
conditions, several legumes produced more biomass
than lucerne. Four species (Lotononis bainesii Baker,
Kennedia prorepens F.Muell, K. prostrata R.Br,
Bituminaria bituminosa (L.) C.H.Stirt) achieved max-
imum growth at 12 µg P g−1 soil, while other species

required 24 µg P g−1. In most tested legumes, biomass
production was reduced when P supply was
≥192 µg g−1, due to P toxicity, while L. bainesii and
K. prorepens showed reduced biomass when P was
≥24 µg g−1 and K. prostrata at ≥48 µg P g−1 soil. B.
bituminosa and Glycine canescens F.J.Herm required
less soil P to achieve 0.5 g dry mass than the other
species did. Lucerne performed poorly with low P
supply and our results suggest that some novel
perennial legumes may perform better on low-P soils.
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Introduction

Many soils in Australia and elsewhere contain too
little phosphorus (P) for productive agriculture and
fertiliser P needs to be applied for profitable crop and
pasture production. Large-scale use of P fertiliser has
led to the rapid depletion of global P reserves with
current P reserves predicted to be halved by 2060
(Steen 1998). In Australia, particularly in agricultural
areas of south-western Australia, the replacement of
deep-rooted native perennial species by annual crop
and pasture species has led to rising water tables and
dryland salinisation (Dunin 1970; George et al. 2008).
Lucerne (Medicago sativa L.) is an alternative to
shallow-rooted annual pasture species in this region
(Cocks 2001). However, lucerne is poorly adapted to
acidic sandy soils, to the seasonal waterlogging
encountered in many texture-contrast soils, and to
salinisation (Humphries and Auricht 2001). In addi-
tion, lucerne is poorly adapted to the dry and hot
conditions from November to April in areas with
<350 mm average annual rainfall, and to the set-
stocking grazing management common in the region
(Loo et al. 2006).

A potential advantage of novel perennial pasture
species may be their adaptation to challenging
environmental conditions (low nutrients, low rainfall,
acid soils) (Dear and Ewing 2008). Novel legumes
that are adapted to low-nutrient soils are likely to have
greater nutrient-acquisition and -use efficiency, in-
cluding acquisition and use of P, when compared with
conventional species such as lucerne. Novel native
and exotic perennial pasture legumes are being
considered as alternatives to lucerne, and adaptation
to lower P soils and higher P-use efficiency are
considered to be beneficial traits for their selection.
For instance, many Australian native plant species
have evolved in P-impoverished soils (Handreck
1997) and have developed various mechanisms to
acquire P from such soils, e.g., root clusters, mycor-
rhizal symbioses, exudation of carboxylates and
phosphatases (Lambers et al. 2006). However, for
many native Australian plant species, P-uptake ca-
pacity is poorly regulated when the P supply in soil is
increased (Shane et al. 2004), and these species are
sensitive to P toxicity (Handreck 1997). Previous
studies on P toxicity have mainly focused on woody
perennials in the Proteaceae (Handreck 1997; Shane
et al. 2004) and little is known about the impact of

high soil P on the performance of herbaceous
perennial legumes.

The present glasshouse study compared responses
of ten Australian native and exotic perennial species
with pasture potential to applied P, with lucerne used
as a “control”. In particular, we were interested in
their response to low-P (P-response efficiency) and
their capacity to grow under high-P, where toxicity
might be expected. The impact of P supply on
perennial legumes was measured in terms of compo-
nents of plant dry mass, P concentration in shoots,
leaf area and P-response efficiency (amount of dry
mass produced per unit of P applied).

Materials and methods

Plant material and growth conditions

The eleven herbaceous perennial legume species
studied are listed in Table 1. Seeds were scarified
and pre-germinated in Petri dishes at staggered times
according to their pre-determined germination time
using a 1:100 dilution of smoke water to enhance
germination (Tieu et al. 2001). Three germinated
seedlings were planted in each pot and thinned to one
plant after one week. All seedlings were inoculated
with an appropriate strain of rhizobium provided by
Rutherglen Center, Department of Primary Industries,
Victoria, Australia, as listed in Table 1. The experi-
ment was carried out in a temperature-controlled
glasshouse at The University of Western Australia,
Perth, Australia with an average daytime temperature
of 24°C and average night time temperature of 21°C.

Non-drained pots (8.5 cm×8.5 cm×18 cm) were
filled with 1.2 kg sterilised washed coarse river sand
as growth substrate to minimise interference with P
availability (phosphorus-retention index 1.5, mea-
sured as described by Allen and Jeffery 1990). Soil
samples were air-dried and passed through a 2 mm
sieve. Soil analyses performed on subsamples of soil
were conducted by CSBP FutureFarm analytical
laboratories (Bibra Lake, Western Australia). The
washed river sand contained 1 μg g−1 of nitrate-N
and 4 μg g−1 of ammonium-N (Searle 1984), 3 μg g−1

of bicarbonate-extractable P (Colwell 1963), 6 μg g−1

of total P (Allen and Jeffery 1990), and had a pH
(CaCl2) of 6.3 (Rayment and Higginson 1992). All
essential nutrients other than P were provided with
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final concentrations being (μg g−1 dry soil): N 30, S
50, Ca 24, Mg 10, Cu 0.5, Zn 2, Mn 4, B 0.119, Mo
0.4, Fe 5, Cl 23. Nitrogen was added as a mixture of
NH4NO3 and Ca(NO3)2 (at equal molar concentra-
tions) to provide an initial supply after germination,
prior to nodulation. There were eight P treatments; P
(KH2PO4) was added to the initial nutrient solution to
provide final concentrations of 0, 6, 12, 24, 48, 96,
192 and 384 μg P g−1 dry sand. K was balanced by
supplying KCl to the same level among different P
treatments. The sand was initially moistened to 50%
water-holding capacity with nutrient solution; there-
after, soil water content was maintained by watering
pots to weight with deionised water every second day.
The experiment was conducted during June–August
2007.

Plant measurements

Plants were harvested at 8 weeks. Roots were washed
carefully and plants were separated into leaves, stems
and roots. Leaf area was measured immediately after
harvest using an Epson 1680 scanner and the
Winrhizo version 4.1c (Regent Instructions, Quebec,
Canada) scanner program. Shoots and roots were
dried in an oven at 70°C for 72 h and dry weights
recorded. To determine shoot P concentration, all
above-ground parts were combined and dried material

was ground to a fine powder using a stainless ball
mill. Approximately 200 mg subsamples were
digested using a hot concentrated nitric-perchloric
(3:1) acid mixture. Total P concentration was deter-
mined by the malachite green method (Motomizu et
al. 1983) using a UV-VIS spectrophotometer (Shi-
madzu Corporation, Japan). Seed P content was
determined using the same procedure.

Yield responses of total growth (calculated by
adding the dry mass (DM) of leaves, stems, roots and
flowers) to applied P was calculated at P supplies of
6, 12 and 24 μg P g−1 dry sand. The yield responses
to applied P were calculated for the following ranges
of P application: 1) subtracting yields for the nil-P
treatment from yields when 6 μg P g−1 was applied;
2) subtracting yields for the 6 μg P g−1 treatment from
yields when 12 μg P g−1 was applied; 3) subtracting
yields for the 12 μg P g−1treatment from yields
produced when 24 μg P g−1was applied. Yield
responses were then divided by the difference
between amounts of P supplied to provide P-
response efficiency values (DM produced per unit of
P applied in each of the three ranges of P application).
That is, P-response efficiency = Δ dry mass/Δ applied
soil P. As seed P content was highly related to plant
growth in the nil-P treatment in this study, P-response
efficiency between 0 and 6 μg P g−1 was therefore
referred to as “apparent” P-response efficiency.

Table 1 List of perennial legumes species used in the study

Species, authority and accession number Species origin Average seed dry
mass (mg seed−1)

Seed P content
(mg P seed−1)

Rhizobium
strain number

Lotus australis Andrews SA33610 Australian 2.4 0.020 RRI2252

Cullen australasicum (Schltdl.) J.W. Grimes
SA42762

Australian 6.3 0.011 RRI2780

Medicago sativa L. cv SARDI Ten Asia minor, Iran,
Turkmenistan and
Transcaucasia

2.3 0.014 RRI128

Lotononis bainesii Baker cv Miles southern Africa 0.4 0.002 WSM2598

Kennedia prorepens F.Muell KIMS001 Australian 12.6 0.032 RRI2505

Kennedia prostrata R.Br JUP001 Australian 26.9 0.085 RRI2353

Glycine canescens F.J.Herm NIND001 Australian 10.0 0.062 RRI2680

Cullen tenax (Lindl.) J.W.Grimes SA35778 Australian 4.9 0.018 RRI2558

Bituminaria bituminosa (L.) C.H. Stirt var
albomarginata PNF23-A15

Canary Island 24.8 0.098 WSM4083

Lotus corniculatus L. cv San Gabriel Mediterranean Basin,
Eurasia and North Africa

1.3 0.006 SU343

Macroptilium bracteatum (Nees & Mart.)
Maréchal & Baudet cv B1 Burgundy

South America 6.5 0.024 CB1717
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Statistics

The experiment was a two-factorial (species and
soil P application level) randomised complete block
design. Data for growth and other parameters were
analysed by general analysis of variance (ANOVA)
in Genstat version 10.2 (Lawes Agricultural Trust,
Rothamsted Experimental Station, UK, 2007).
Where significant effects were found, the l.s.d.
values at P=0.05 are shown in legends for each
figure.

Results

Plant growth

Plant growth responses to applied soil P differed
among legume species. When no P was supplied, total
DM of all species was low, ranging from 0.01 to
0.34 g (Figs. 1 and 2a). When no P was applied,
Bituminaria bituminosa, Kennedia prostrata, Glycine
canescens and K. prorepens had slightly higher total
DM than the other species, while Lotononis bainesii
and Medicago sativa had the lowest total DM
(Fig. 2a). There was a high correlation between seed
P content and plant total DM when no P was applied
(Fig. 2b, r2=0.77, P<0.001).

When plants were supplied with 6 μg P g−1 dry
soil, total DM increased (P<0.05) in all species,
ranging from 0.17 to 1.00 g plant−1 (Figs. 1 and 2a).
B. bituminosa and G. canescens had the highest total
DM, followed by M. sativa, Lotus corniculatus,
Cullen australasicum and K. prorepens, while Lotus
australis and L. bainesii had the lowest total DM at
6 μg P g−1 dry soil. The correlation between seed P
content and total DM weakened when soil P supply
was increased to 6 μg P g−1 soil (r2=0.24, P>0.05,
Fig. 2c).

Total DM continued to increase (P<0.05) as soil P
application increased from 6 μg P g−1 soil to 12 μg P
g−1 soil. L. bainesii, K. prorepens, K. prostrata and B.
bituminosa reached maximum total DM at 12 μg P
g−1 soil, while the other seven species reached
maximum total DM at 24 μg P g−1 soil (Fig. 1). M.
sativa had the highest total DM among all species at
24 μg P g−1 soil, followed by B. bituminosa, while L.
australis and K. prostrata had the lowest total DM
(Fig. 1).

When soil P application was increased above
24 μg P g−1 soil, total DM either remained the same
or decreased (Fig. 1). Total DM for L. bainesii and K.
prorepens decreased significantly when soil P supply
was ≥24 μg P g−1 soil (P<0.05), whereas that of K.
prostrata decreased when soil P supply was ≥48 μg P
g−1 soil, that of G. canescens and L. corniculatus
decreased at ≥192 μg P g−1 soil, and that of C. tenax,
B. bituminosa and Macroptilium bracteatum de-
creased at 384 μg P g−1 soil (Fig. 1). There was little
change in total DM in response to soil P supply
≥24 μg g−1 for L. australis, C. australasicum and M.
sativa (Fig. 1).

M. bracteatum was flowering at harvest, while
other species were at a vegetative growth stage. The
DM of leaves, stems, roots and flowers all followed a
similar pattern to total DM in response to soil P
supply (Fig. 1). Leaf area also showed a similar trend
to total DM in response to soil P supply (data not
shown). The root:shoot ratios were significantly
higher in all species when no P was supplied to soil
compared with P-supplied treatments (data not
shown). There was little change in the root:shoot
ratio among different P treatments, except in K.
prostrata and M. bracteatum where the root:shoot
ratio was also higher at 6 μg P g−1 soil than in other P
treatments.

When no P was supplied, old leaves at the bottom
gradually showed chlorosis and later dropped off in
all species except for K. prostrata, K. prorepens and
G. canescens in which no such phenomenon was
observed in 8 weeks (data not shown). G. canescens
and K. prorepens showed necrosis in the old leaves
when P supply was ≥96 μg g−1, while K. prostrata
showed toxicity symptoms at P≥192 μg g−1 (data not
shown). There was no obvious visual toxicity symp-
tom at high P supply in other species.

P-response efficiency

P-response efficiency differed among the legume
species. B. bituminosa and G. canescens showed the
highest apparent P-response efficiency as P increased
from 0 to 6 μg P g−1 soil, followed by M. sativa,
while L. australis and K. prostrata showed the lowest
apparent P-response efficiency (Fig. 3). When sup-
plied P increased from 6 to 12 μg P g−1 soil, L.
australis and K. prostrata still had the lowest P
response efficiency, but the order for the other species
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changed. M. sativa had the highest P-response
efficiency with 0.29 g DM mg−1 P, followed by B.
bituminosa and K. prorepens. When P increased from
12 to 24 μg P g−1 soil, P-response efficiency
decreased in all species, except C. australasicum. It
was still highest in M. sativa, while lower in all the
other species and even negative for L. bainesii, K.
prostrata and K. prorepens (Fig. 3).

Most species had the highest P-response effi-
ciency when supplied P increased from 6 to 12 μg
P g−1 soil, except for C. australasicum, L. cornicu-
latus and G. canescens, which had higher values,
between 0 and 6 μg P g−1 soil. When more than
24 μg P g−1 soil was applied, P-response efficiency
seldom surpassed that at 24 μg P g−1 soil for all
species tested.

To minimise the influence of seed P on the
apparent P-response efficiency at low P-supply, the
external P-supply level required to achieve 0.5 g
and 1 g dry mass was derived from the dry mass
curve in response to soil P-supply (Fig. 1), when
seed P influences were minimal. The required level
of P supplied to soil to achieve a 0.5 g and 1 g dry

mass differed greatly among species (Table 2). The
level of P-supply to achieve 0.5 g dry mass ranged
between 1.5 and 18 μg P g−1 soil. Among all
species, B. bituminosa and G. canescens required the
lowest external P-supply level, followed by M.
sativa and L. corniculatus, while L. australis
required the highest level of external P-supply. A
very similar trend in external P-supply level was
found among species to achieve 1 g dry mass
(Table 2). B. bituminosa had the lowest external P-
supply requirement, followed by M. sativa and G.
canescens, while other species required much higher
external P supply (Table 2).

Shoot P concentration

Shoot P concentration increased with increasing P
supply for all species (Fig. 4). Shoot P concentration
continued to increase as P supply reached 384 μg P
g−1 (P<0.05) in L. australis, M. sativa, K. prorepens,
C. tenax and M. bracteatum, while shoot P concen-
tration remained the same as that at 192 μg P g−1 in L.
bainesii, B. bituminosa, G. canescens and L. corni-

D
ry

 M
as

s 
(g

)

Soil P supply (µg g-1)

L. australis

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.2

0.4

0.6

0.8

K. prorepens

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0
K. prostrata

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.2

0.4

0.6

0.8

G. canescens

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384

D
ry

 w
ei

gh
t (

g)

0.0

0.5

1.0

1.5

2.0

C. australasicum

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0

L. corniculatus

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0

M. sativa

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

1.2

2.4

3.6

4.8

C. tenax

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.4

0.8

1.2

1.6

L. bainesii

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.3

0.6

0.9

1.2
B. bituminosa

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.6

1.2

1.8

2.4

M. bracteatum

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.4

0.8

1.2

1.6

Leaf
Stem
Root
Total DM
Flower

Soil P supply (µg g-1)

L. australis

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.2

0.4

0.6

0.8

K. prorepens

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0
K. prostrata

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.2

0.4

0.6

0.8

G. canescens

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384

D
ry

 w
ei

gh
t (

g)

0.0

0.5

1.0

1.5

2.0

C. australasicum

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0

L. corniculatus

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.5

1.0

1.5

2.0

M. sativa

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

1.2

2.4

3.6

4.8

C. tenax

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.4

0.8

1.2

1.6

L. bainesii

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.3

0.6

0.9

1.2
B. bituminosa

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.6

1.2

1.8

2.4

M. bracteatum

0 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 240 6 12 24 48 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 38448 96 192 384
0.0

0.4

0.8

1.2

1.6

Leaf
Stem
Root
Total DM
Flower

Fig. 1 Dry mass (DM) of 11 perennial legumes grown for
8 weeks in washed river sand supplied with 8 levels of P,
ranging from 0 to 384 μg P g−1 dry soil. Data are means (n=6).
Error bars on Total DM represent s.e. (n=6). There was a

significant interaction between soil P supply level and species
(p<0.001, LSD0.05=0.39 g for total DM). Note x-axis break
and different scales for y-axis in different species
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culatus, and decreased in C. australasicum and K.
prostrata (Fig. 4). At maximum total DM, the shoot P
concentration was <10 mg g−1 DM for all species. At
maximum total DM, C. australasicum and L. aus-

tralis had the highest shoot P concentration
(>7 mg g−1 DM), while G. canescens, M. sativa and
B. bituminosa had the lowest shoot P concentration
(<3 mg g−1 DM) (Fig. 4).
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Fig. 2 a Dry mass of 11 perennial legumes grown for 8 weeks
in washed river sand when no P was supplied or P supply was
6 μg P g−1 dry soil (means ± s.e., n=6). b Correlation between
plant dry mass and seed P content when no P was supplied to
soil (means ± s.e., n=3). c Correlation between plant dry mass
and seed P content with addition of 6 μg P g−1 dry soil (means
± s.e., n=3). Species abbreviations are: LA (L. australis, closed

triangle), LB (L. bainesii, closed diamond in grey), MB (M.
bracteatum, open triangle), CT (C. tenax, open circle), KPA
(K. prostrata, closed diamond in black), KPS (K. prorepens,
closed square in black), CA (C. australasicum, dash), LC (L.
corniculatus, closed square in grey), MS (M. sativa, closed
circle), GC (G. canescens, open square), and BB (B. bitumi-
nosa, open diamond)
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Discussion

A comparison of the response to P application of 11
perennial legumes (six native to Australia and five
exotic) showed large differences among species in
response to P. The implications of this result, and
other major results of this study, are discussed below.

Performance of legumes under low-P conditions

All species grew relatively poorly without addition of
P (Figs. 1 and 2a). However, B. bituminosa (exotic),
K. prostrata, G. canescens and K. prorepens (all

natives) had slightly higher total biomass than all
other species when no P was supplied. The high
correlation between total biomass and seed P content
(Fig. 2b) when no P was applied to soil indicates a
high dependence of perennial legume seedling growth
on seed P reserves as found previously (Denton et al.
2006; Milberg et al. 1998). Seed P content of the
perennial legume species used in this study varied
between 0.002 and 0.098 mg P seed−1. B. bituminosa
(exotic), K. prostrata, G. canescens and K. prorepens
(all native) had much higher seed P contents than the
other species (Table 1). Many plants inhabiting
nutrient-poor soils in south-western Australia have

Table 2 The derived level of soil P-supply required to achieve 0.5 g and 1.0 g dry mass in different legume species. There were
significant differences among species (p<0.001, LSD0.05=2.0 and 3.7 μg P g−1 to achieve 0.5 and 1.0 g dry mass, respectively)

Species External P requirement at a yield of 0.5 g dry mass
(μg P g−1)

External P requirement at a yield of 1.0 g dry mass
(μg P g−1)

B. bituminosa 1.5 6.0

G. canescens 3.2 8.0

M. sativa 4.8 7.5

L. corniculatus 4.9 11.0

C. australasicum 5.2 10.0

K. prorepens 5.3 9.2

M. bracteatum 8.7 17.5

L. bainesii 8.8 naa

C. tenax 9.0 19.0

K. prostrata 10.5 na

L. australis 18.0 na

a na represents data not available
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Fig. 3 Phosphorus-response efficiency (yield response per
unit of P applied) measured for 3 P application ranges (0–6,
6–12, and 12–24 μg P g−1 dry soil) for 11 perennial legume
species. Data are means ± s.e. (n=6). There was a significant
interaction between soil P-supply level and species (p<0.01,

LSD0.05=0.07 g DM mg−1 P). Species abbreviations are: LA
(L. australis), KPA (K. prostrata), LB (L. bainesii), MB (M.
bracteatum), CT (C. tenax), KPS (K. prorepens), CA (C.
australasicum), LC (L. corniculatus), MS (M. sativa), GC (G.
canescens), and BB (B. bituminosa)
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seeds with high concentrations of several nutrients
(Denton et al. 2007; Kuo et al. 1982). Milberg and
Lamont (1997) found that N and P translocated from
seeds to seedlings growing in infertile sandy soils
made up a substantial part of the total amount of N and
P for two Eucalyptus and two Hakea species. The high
content of mineral nutrients and their translocation
from cotyledons during early growth enables large-
seeded species to produce large seedlings (Milberg et
al. 1998). The chlorosis of old leaves when no P was
supplied which we observed in most of the present
legume species, except in K. prostrata, K. prorepens
and G. canescens, reflects a process of translocation of
P and other nutrients to young leaves. It is unclear
what effect on performance seed P will have once
plants become established in the field. However, other
factors such as root fineness, root hairs and mycorrhi-
zas would likely have important effects on P status of
older plants.

The influence of seed P on biomass accumula-
tion diminished when applied soil P increased from
0 to 6 μg P g−1 soil (Fig. 2c) which supports the
results of many other studies. For instance, in annual

pasture legumes (Bolland and Paynter 1990) and in
18 wheat genotypes (Liao et al. 2008), the relative
increase in shoot dry matter due to higher seed P
concentrations decreased with increasing P supply to
the soil and with plant age. The influence of seed
mass on seedling growth decreased with increasing
nutrient availability in the soil for 21 species from
three woody genera in Australia, indicating that seed
mass exert a large influence on seedling performance
only in extremely nutrient-impoverished situations
(Milberg et al. 1998).

The ability to acquire P from soil and use it efficiently
for biomass production is an important characteristic for
adaptation to low-P soils. For P supply between 0 and
6 μg P g−1 soil, B. bituminosa and G. canescens were
better at using applied P than other species were, as
seen in their higher apparent P-response efficiency,
while L. australis and K. prostrata had the lowest
apparent P-response efficiency. The higher seed P
content in these species may partly account for their
high P-response efficiency. For P supply between 6
and 12 μg P g−1 soil, M. sativa had the highest P-
response efficiency (Fig. 3). In order to minimise the
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Fig. 4 Comparison of shoot P concentration of 11 perennial
legumes grown for 8 weeks in washed river sand supplied with
8 levels of P ranging from 0 to 384 μg P g−1 dry soil (means ± s.e.,

n=3). There was a significant interaction between soil P-
application level and species (p<0.001, LSD0.05=3 mg g−1

DM). Note x-axis break
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influence of seed P on plant growth, the external soil P-
supply level required to achieve 0.5 and 1 g dry mass
was used to investigate P-use efficiency. It further
indicated that B. bituminosa and G. canescens used P
more efficiently as they required a lower soil P-supply
thanM. sativa to achieve 0.5 g dry mass. B. bituminosa
also needed less soil P to achieve 1 g dry mass than M.
sativa and G. canescens, which required a similar level
of P-supply (Table 2).

The legume species in the present study differed in
the soil P application level required for maximum
growth. Previous reports have found that plant species,
and even cultivars of a species, respond differently to
added P and require different amounts of applied P
fertiliser to achieve maximum growth. Andrew and
Robins (1969) found that nine tropical and one
temperate pasture legume species differed in their
response to added P. In their study, Stylosanthes
humilis, L. bainesii and M. sativa reached maximum
dry mass at 20 kg P ha−1 (∼15 μg P g−1) while other
species such as Glycine javanica and Vigna luteola
required 120 kg P ha−1 (∼90 μg P g−1). The differences
in external P requirement might be due to different
intrinsic growth rates, P-acquisition efficiency, internal
P requirements, different root-soil contact areas possi-
bly resulting from differences in root fineness, root
hairs and mycorrhizal associations (Hill et al. 2006).

At maximum total DM, C. australasicum and L.
australis had a higher shoot P concentration
(>7 mg g−1) than the other species, while G. canescens,
M. sativa and B. bituminosa accumulated <3 mg g−1

(Fig. 4). The shoot P concentration giving the
maximum biomass in our study was close to the
critical foliar P concentrations of six temperate peren-
nial pasture species during the late spring-early summer
period in New Zealand (2.3–3.0 mg g−1) and of lucerne
(2.6–7.0 mg g−1) (Reuter and Robinson 1997). Both
the ability to maximise P acquisition and to use P
efficiently are important mechanisms for plants to
thrive on low-P soils (Handreck 1997). Higher shoot
P concentrations at maximum total DW in C. austral-
asicum and L. australis may reflect different aspects of
thriving under P stress than found in other species.
Further studies are required to clarify this.

P toxicity

P toxicity at high P supply is common for Australian
woody Proteaceae that have evolved on P-

impoverished soils (Heddle and Specht 1975; Shane
et al. 2004). However, little information is available
on plant P accumulation in the perennial legumes
used in this study. Apart from L. australis, C.
australasicum and M. sativa, total DM of the species
in this study was reduced when soil P supply was
high, although most species, except G. canescens, K.
prorepens and K. prostrata, did not show obvious
visual P-toxicity symptoms at high P supply. Maxi-
mum growth for most species occurred when soil P
application was 24 μg g−1 soil (Fig. 1). However, at
this level total DM decreased for L. bainesii (exotic),
K. prorepens and K. prostrata (both native) (Fig. 1).
Total DM at the highest soil P supply in K. prorepens
and K. prostrata was close to total DM when no P
was supplied (Fig. 1). However, total DM of L.
australis, C. australasicum and M. sativa was
relatively constant when P supply was >24 μg P g−1

soil, indicating a better ability to grow under high P.
Species differences in response to high soil P supply
have been reported previously (Islam et al. 1999). In
the present study, Kennedia species were less tolerant
to high P supply than the other species; indeed, they
are the only species likely to suffer large growth
decrease in response to P levels commonly found in
agriculture soils (ca. <50 μg P g−1 soil).

Some species, including natives such as C. austral-
asicum, L. australis and C. tenax did not show visual
symptoms of P toxicity, even though they accumulat-
ed quite high shoot P concentrations. Similarly, shoot
P concentration steadily increased to ∼40 mg g−1 dry
weight in Ptilotus polystachyus, an Australian native
forb, with the addition of soil P up to 100 mg kg−1,
suggesting a poor ability to down-regulate P uptake,
but a remarkable tolerance of high shoot P concen-
trations (Ryan et al. 2009). Some Proteaceae that are
adapted to low-P soils in a Mediterranean climate
acquire and store P in their roots and stems during
winter (wet season) and remobilise P for growth in
summer (dry season) which contributes to highly
efficient P use (Handreck 1997; Jeschke and Pate
1995; Parks et al. 2000). A number of processes act to
prevent the accumulation of inorganic P (Pi) reaching
toxic concentrations when plants have an adequate
supply of Pi and absorb it at rates exceeding demand
(Schachtman et al. 1998). These processes include the
conversion of Pi into organic storage compounds,
e.g., phytic acid, a reduction in Pi-uptake rate from
the outside solution, and Pi loss by efflux, which can
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be between 8 and 70% of the influx (Schachtman et
al. 1998). In the present study, leaves and stems were
not separated and the storage forms of P and local-
isation of P in tissues and at the cellular level for these
species requires further research.

Trends in shoot P concentration differed among
species when soil P supply was high. Some species,
including L. australis, M. sativa, K. prorepens, C.
tenax and M. bracteatum, were apparently unable to
down-regulate P accumulation, as shoot P concen-
trations steadily increased with increasing soil P
supply up to 384 μg P g−1. However, other species
were able to maintain shoot P concentration, e.g., L.
bainesii, B. bituminosa, G. canescens and L. corni-
culatus, or reduce shoot P concentration, e.g., C.
australasicum and K. prostrata (Fig. 4). The de-
creased biomass of some species such as L. cornicu-
latus and K. prostrata grown at the highest P supply
was not related to the further increases in shoot P
concentration; in contrast, a lower P concentration at
the highest P levels was found.

The possibilities of introducing novel perennial
legumes into low-P farming systems

Although lucerne is increasingly being used in the
wheatbelt in south-western Australia, there are
areas where lucerne is not suitable and other
perennial legumes need to be identified as possible
alternatives (Humphries and Auricht 2001). Under-
standing the P requirements of plants is important in
plant introduction, selection and breeding. In the
present study, some novel perennial legume species,
such as B. bituminosa and G. canescens, grew better
under low-P stress and required less external P-
supply to achieve 0.5 g dry mass than lucerne did.
Although maximum dry mass production was less
than in lucerne, this might be improved by breeding
and selection of superior cultivars and a search to
find the existence of ecotypic variation in our study
provided important background. Results of this
eight-week glasshouse study need to be confirmed
in long-term field studies in order to identify if: 1)
novel perennial legumes are able to take up toxic
amounts of P from heavily fertilised, high-P soils;
and, 2) novel perennial legumes can use P already
present in soil more efficiently for herbage produc-
tion, reducing requirements for freshly-applied
fertiliser.

Conclusions

Some species, particularly B. bituminosa, K. pros-
trata, G. canescens and K. prorepens, grew better
than M. sativa and other species under low-P stress,
partly related to their higher seed P content. B.
bituminosa and G. canescens used applied soil P
more efficiently than did other species under low-P
stress, as shown by higher apparent P-response
efficiency and lower external soil P-supply require-
ment to achieve 0.5 g dry mass. Species apparently
differed in their capacity to down-regulate P uptake at
a high soil P supply. Kennedia species (K. prostrata
and K. prorepens) showed the most severe P toxicity
at high soil P supply with reduced DM production,
close to that when no soil P was applied. Our results
suggest that some Australian native as well as novel
exotic perennial legumes have the potential to fit low-
P niches where lucerne production is poor and further
study of mechanisms to do well at low-P is warranted.
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