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Abstract. The soil phosphorus (P) requirements of 18 species that included native grasses and naturalised legumes were
compared with the predominant sown species (Trifolium subterraneum, Lolium perenne and Phalaris aquatica) in a series
of glasshouse and field experiments based on the Long-term Phosphate Experiment at Hamilton, Victoria. The native
grassesAustrostipa scabraandRytidospermacaespitosumhad the lowest externalP requirements, asmeasuredby theOlsen
P at which 90%ofmaximal drymatter (DM) production was obtained, but were of low nutrient value as livestock feed. The
naturalised legume Lotus corniculatus had the lowest external P requirement of the legumes, but had low DM production.
The highest legume DM production under low-P conditions in the field and one glasshouse experiment was obtained for
T. subterraneum. Thiswas attributed to its large seed,which enables rapid initial growth and thus captures light and nutrient
resources early in the growing season.However, it forms a relatively lowproportion of the pasture sward in low-P soil under
grazedmixed pasture conditions in the field. This was attributed to its relatively high nutritive value, which leads to it being
preferentially grazed, leaving species that are either less palatable or less accessible to grazing livestock. Thiswork suggests
that, in low-P environments, there is amuch stronger selection pressure favouring low relative palatability over P efficiency.
In conclusion, to maintain desirable species in temperate low-input pastures, sufficient P needs to be applied to maintain
fertility above a threshold at which the less-palatable species begin to invade.
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Introduction

The pastures that support sheep industries of south-eastern
Australia depend on applied phosphorus (P) to raise the
carrying capacity and ensure a high-quality diet for the
growth of livestock (Richardson et al. 2009; Simpson et al.
2015). Sudden increases in the price of rock phosphate in 2008
led to concerns about the longer-term availability of P fertiliser at
prices the sheep industry could afford. Pasture-based sheep
production is relatively inefficient in its use of P because, on
average, only 11% of applied P is removed in product annually
(Weaver and Wong 2011), with most of the remainder
accumulating in the topsoil as insoluble forms of organic and
inorganic P (McCaskill and Cayley 2000; Schefe et al. 2015). A
series of reviews recommended selecting pasture legumes for
improved soil exploration by roots to improve their efficiency in
P uptake, so similar levels of production can be maintained at
lower soil P concentrations (Richardson et al. 2011; Simpson
et al. 2011a). This would reduce the rate of both leaching and
transfer from soluble to sparingly soluble forms of P, which

should then enable an increase in the P efficiency of pasture-
based sheep production.

Although selection for these traits is a useful long-term
objective, more immediate progress may be possible by
implementing fertility and grazing management that favours
P-efficient species already present in pastures. There is
evidence of considerable variation in plant response to
increased fertility both between and within species (e.g.
Gourley et al. 1993; Hill et al. 2010; Maxwell et al. 2013;
Haling et al. 2016a, 2016b, 2018). The largest differences are
in growth potential under non-limiting nutrition, but there are
also differences in the critical P level at which 90% of maximum
yield is achieved. Although pasture development in south-
eastern Australia has been traditionally based on species of
high growth potential, such as subterranean clover (Trifolium
subterraneum L.), perennial ryegrass (Lolium perenne L.) and
phalaris (Phalaris aquatica L.), a wide range of native and
naturalised species is found on areas of low and moderate soil
fertility. Among the higher-quality native perennial grasses are
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species of weeping grass (Microlaena stipoides (Labill.) R.Br.)
and wallaby grasses (Rytidosperma spp. Steud.). Naturalised
legumes include suckling clover (Trifolium dubium Sibth.),
clustered clover (Trifolium glomeratum L.), hop clover
(Trifolium campestre Schreb.) and birds-foot trefoil (Lotus
corniculatus L.). In the early days of fertiliser application,
these naturalised legumes were the species that responded to
P before the widespread sowing of subterranean clover (Griffith
Davies et al. 1934;Moore1970). These species are often found in
seed surveys (Fortune et al. 1995) and as volunteers in pastures
(Kemp et al. 2003). Although their dry matter (DM) production
may be lower than the sown species, they would contribute DM
and fix nitrogen for use by the grass.

Fertility responses aremost commonlymeasured by applying
the limiting nutrient at various rates to a soil of low fertility.
However, this does not test the capacity of plants to access
sparingly soluble forms of P. In pasture systems, nearly all
fertiliser is surface applied and P builds up in the topsoil
(McCaskill and Cayley 2000), mostly in sparingly soluble
inorganic forms, but also in organic forms (Schefe et al.
2015). A regime to compare the capacity of plants to access
these forms of P needs to account for the chemical forms and
physical distribution of such P. One of the few sites in south-
eastern Australia where these forms and distributions have
become equilibrated over a long period, at a wide range of P
application rates and in close proximity is the Long-Term
Phosphate Experiment (LTPE) at Hamilton, Victoria, where P
has been applied at six rates averaging between 0 and 29 kg P
ha–1 year–1 since 1979 (Cayley et al. 1999). This represented an
ideal testing environment for a combination of field and
glasshouse experimentation.

Although agronomic studies typically define critical values
for the production ofDM, increases in nutritive value are another
important component in the response of grazing systems to
fertiliser (Saul et al. 1999). This occurs primarily through an
increase in the proportion of specieswith a higher nutritive value,
but also because higher soil fertility is associated with a higher
nutritive valuewithin a species.On theLTPE, themorenutritious
sown species persist down to a P application rate of 8 kg P
ha–1 year–1, below which naturalised species have invaded
(Cayley et al. 1999). Selective grazing of the more nutritious
species by sheepwouldbeexpected to favour the species of lower
nutritive value, particularly at the lower fertility margins of
persistence (e.g. Cook et al. 1978). Grazing management can
also affect the persistence of species, such as the differences
between set-stocked and rotational grazing (Sanford et al. 2003).
A sown species can only be expected to persist at lower levels of
fertility if it is not preferentially grazed by livestock. In southern
Australia this leads to preferential grazing of the more palatable
legume over the associated grass, whereas in northern Australia
the relatively unpalatable sown legumes dominate at low soil
fertility and sown grasses dominate at higher fertility (Coates
et al. 1990).

Despite being the dominant pasture legume in southern
Australia, subterranean clover has a high external requirement
for P relative to other species that are normallywithin the pasture,
such as phalaris, native grasses and weed species (Hill et al.
2005). This is related to its root architecture, consisting of
relatively thick roots (Hill et al. 2006) and a short root hair

radius (Yang et al. 2017). Across a wide range of pasture legume
species, the foragingcapacity forPhas been related to the volume
of soil enclosed within the root hair radius (Haling et al. 2016a,
2016b, 2018; Sandral et al. 2018). The most promising pasture
legume for a low external P requirement was yellow serradella
(Ornithopus compressus L.). However, these studies were
conducted in controlled environments using pasteurised,
reconstituted soils to minimise root diseases (Simpson et al.
2011b), with measurements conducted on young plants.
Although many of the legume species tested had much lower
external P requirements than subterranean clover, there are other
limitations in their agronomy that have so far prevented
them from becoming as widespread as subterranean clover.
To complement these controlled environment studies, we
compared the external P requirements of 18 naturalised and
native species that are already widespread in the pastures of
southern Australia using both field and glasshouse experiments.
Our first hypothesis was that the native and naturalised species
that are often found in low-fertility situations have lower external
P requirements than subterranean clover. Our second hypothesis
was that within each species, low soil fertility is associated with
lower forage nutrient value.

Materials and methods

A series of four experiments was conducted: one where test
species were sown into weed matting in the field, two of which
used undisturbed soil cores grown in the glasshouse and one
where botanical composition was assessed across a plot
boundary on the LTPE.

Site

The source of soil for the glasshouse experiments, and the site of
the field experiment, was the Hamilton LTPE (3785002900S
14280502200E, elevation 200 m). The site was established in
1977 when an area that had previously received no fertiliser
was sown toperennial ryegrass, phalaris and subterraneanclover,
and treatments were applied with a design of six P application
rates by three stocking pressures without replication (Cayley
et al. 1999). From 1979 until spring 2012, the P application rates
had averaged between 0.3 and 29 kg P ha–1 year–1 and Olsen
P (Olsen et al. 1954) had ranged from 4 to 37 mg kg–1

(Table 1). Comparable values for the Colwell P test (Colwell
1963) ranged from 10 to 107 mg kg–1 and those for the diffuse
gradient thin-films (DGT) test (Mason et al. 2010) ranged from

Table 1. Phosphorus application rates on the Long-Term Phosphate
Experiment (1979–2013), average soil test values for Olsen P, Colwell P
and diffuse gradient thin-film (DGT) P at the start of the field microplot
experiment, the number of microplot strips at each fertility level and

whether soil cores were extracted for Experiments 2 and 3

P application rate
(kg ha–1 year–1)

Olsen P
(mg kg–1)

Colwell P
(mg kg–1)

DGT P
(mg L–1)

No.
strips

Soil cores
extracted

0.3 4.2 10.6 3.0 4 Yes
4.3 6.8 17.6 5.0 4 No
8.4 8.7 22.2 5.9 4 Yes
14.3 15.6 48.0 8.7 3 No
21.0 23.0 67.6 19.6 2 No
29.5 37.4 106.7 34.6 2 Yes
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3 to 35 mg L–1. The soil is a Brown Chromosol (Isbell 1996)
derived from basalt, consisting of a fine sandy clay loam topsoil
0.2 m deep overlying a heavy clay subsoil (Imhof and Rampant
2001). The topsoil (0–0.1m) had a pH of 4.6 in calcium chloride,
organic carbon of 4.6% (Rayment and Lyons 2011; Methods
4B3 and 6A1 respectively) and a phosphate buffering index
(Burkitt et al. 2002) of 212. Previous studies had shown that
there was no effect of P application on soil organic carbon and
only small differences in pH, but that at the highest P rate total
nitrogen was 20% higher than at the nil P rate (0.38% vs 0.45%
N; Robertson and Nash 2008; Barlow et al. 2018).

Soil cores

Areas of the LTPE that had received either 0.3, 8 or 28 kg P
ha–1 year–1 over the previous 36 years were mown in September
2012 and treated with glyphosate to control existing vegetation.
In October 2012, polyvinyl chloride (PVC) rings 0.24 m in
diameter and 0.25 m in length were pushed into the ground
with an excavator and cores were extracted with minimal
disturbance to the internal soil. The cores had a soil depth of
0.20m and an average weight with soil at field capacity of 17 kg.
The cores were placed on saucers to hold the soil in place.

Plants

Eighteen plant species were selected for assessment, most of
which are commonly found in pastures grazed by sheep
(Table 2). Additional selection criteria included the
availability of seed and its viability. In cases where a species
is both naturalised and sown, the seed of a cultivar was chosen
because of seed availability. The naturalised clovers had small

seeds, with the smallest (T. campestre) less than 4% the size of
subterranean clover. Because of this large difference in seed size,
plants were grown until a sward formed before taking
measurements. A subset of 10 species was sown or
transplanted into a field experiment in May 2013, which
formed Experiment 1. Species that normally grow in summer
were sown into soil cores in January 2013 and formed
Experiment 2, whereas species that normally grow in winter
and spring, such as the annual legumes, were sown in May 2013
and formed Experiment 3. Legumes were inoculated with
rhizobia supplied as an aqueous suspension; a mixture of
Groups B and C was used for the Trifolium species, and
SU343 was used for L. corniculatus. Sample legume plants
dug up later in the experiment confirmed that all species had
nodulated successfully.

Experiment 1: field microplots

A field experiment was established with 10 species planted on
weedmattingon theLTPE representing a range of fertility levels,
but with an emphasis on the lower end of the fertility range
(Table 1). In the months before establishment, 19 strips (10 m�
4 m) were selected for evenness and a botanical composition
typical of the grazing plot. These areas were mown in October
2012 and treated with glyphosate to minimise regrowth. At
most fertility levels there was one strip for each grazing plot,
but at lower fertility levels some grazing plots had two strips.
Superphosphate was applied at rates between 0 and 14 kg P ha–1

in March 2013, and potash supplying 50 kg K ha–1. White weed
matting was selected rather than the normal black colour to

Table 2. Species tested in the study, the cultivar or source of seed and 100-seed weights
Note that all species listed as sown are also naturalised.NSWDPI,NewSouthWalesDepartment of Primary Industries; SARDI, SouthAustralianResearch and

Development Institute; TIA, Tasmanian Institute of Agriculture

Species and authority Common name Cultivar or seed source Type Seed weight
(g per 100 seeds)

Austrostipa scabra (Lindl.) S.W.L.Jacobs
& J.Everett

Rough spear grass Woorndoo provenance Native grass 0.237

Dichanthium aristatum (Poir.) C.E.Hubb. Blue grass Floren Naturalised grass 0.153
Lolium perenne L. Perennial ryegrass Avalon Sown grass 0.228
Lotus australis Andrews Austral trefoil SA45714, SARDI, Adelaide Native legume 0.267
Lotus corniculatus L. Birds-foot trefoil LC07AUFY, NSW DPI, Wagga Wagga Naturalised legume 0.109
Medicago polymorpha L. Burr medic Scimitar Sown legume 0.604
Microlaena stipoides (Labill.) R.Br. Weeping grass Woorndoo provenance Native grass 0.325
Megathyrsusmaximus (Jacq.)B.K. Simon

& S.W.L. Jacobs var. maximus.
Green panic Progressive Seeds, Mt Crosby, Qld Naturalised grass 0.075

Paspalum nicorae Parodi Brunswick grass Progressive Seeds, Mt Crosby, Qld Naturalised grass 0.177
Phalaris aquatica L. Phalaris Landmaster Sown grass 0.147
Plantago lanceolata L. Plantain Tonic Sown forb 0.239
Psathyrostachys juncea (Fisch.) Nevski

(formerly Elymus junceus Fisch.)
Russian wildrye Tas. 2139 Naturalised grass 0.642

Rytidosperma caespitosum (Gaudich.)
Connor & Edgar (formerly
Austrodanthonia caespitosa)

Wallaby grass Woorndoo provenance Native grass 0.074

Trifolium campestre Screb. Hop clover TIA Naturalised legume 0.022
Trifolium dubium Sibth. (formerly

T. procumbens L.)
Suckling clover Collected near Hamilton, Vic. Naturalised legume 0.057

Trifolium glomeratum L. Clustered clover TIA Naturalised legume 0.054
Trifolium striatum L. Knotted clover TIA Naturalised legume 0.336
Trifolium subterraneum L. Subterranean clover Leura Sown legume 0.599
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minimise its effects on soil temperature, and each experimental
areawas fenced to excludegrazing.After installation,microplots
were defined by cutting 64 holes, 30 mm in diameter, in a grid
patternwithin a 0.8-m� 0.8-m area into theweedmatting. There
was a gap of at least 0.5 m betweenmicroplots. Prior to planting,
10 soil cores (0–0.1 m) were taken from each microplot and
analysed for Olsen P. This was 2 months after P application.
Plugs of the native grasses that had been raised in a low-P potting
mix at a commercial native plant nursery were transplanted into
these holes in the weed matting in May 2013. All other species
were sown into the holes as seed at a seeding rate that averaged
1.5–2 kg ha–1 across each microplot. Slug damage was noted in
seedlings in late June, which was controlled with a bait
containing metaldehyde. After transplanting, the native
grasses treatments received 30 kg N ha–1 as aqueous sulfate
of ammonia, and a further 30 kg N ha–1 was applied to all
microplots using the same method after the first harvest. Plant
material was harvested by cutting to a height of 30 mm on
16 September, 25 October and 2 December 2013, the last of
which was at least 2 weeks before pasture in the grazed plots
senesced. At the September harvest, biomass harvested from the
species established by plugs averaged fivefold more than those
established fromseed, and thesedata arenot presentedbecauseof
a large effect of establishment method on responses to P. By the
October harvest, the average yield from plugs was only 12%
greater than from seed. Data are presented from the combined
October and December harvests because this was the most
responsive period, and differences between swards established
from plugs and seeds were minimal. DM from the outer row
within each microplot was excluded from measurements of DM
to minimise edge effects. Where slug damage had resulted in a
low density of the target species, the affected portions of the
microplot were also excluded from measurements. At the
October harvest, weed species (Hypochaeris radicata L.,
Anthoxanthum odoratum L., Cerastium glomeratum Thuill.,
Holcus lanatus L.) found within the adjacent grazed plot were
harvested for analysis of mineral and nutritive value. Rainfall
betweenMayandNovemberwas559mm,whichwas14%above
the long-term average. Soil temperatures at 0.1 m averaged 148C
in the growth period until the October harvest, and 168C from
then until the final harvest.

Experiment 2: summer core

Thiswas a randomised block experiment consisting of 10 species
� 3 P levels (0, 8 and 29 kg P ha–1 year–1)� 4 replicates grown in
the glasshouse. Plants were sown by seed in January 2013. Initial
shoot growthwas trimmedafter 28 and63days to produce amore
even sward across species, after which harvests were undertaken
86, 115 and 147 days after sowing by cutting to 40 mm above
ground level. Soil samples (0–0.1 m) were taken from each core
in March 2013, and comprised three separate cores 10 mm in
diameter. Basal nutrientswere supplied as aqueousKNO3 (50 kg
N ha–1, 140 kg K ha–1), (NH4)2SO4 (25 kg N ha–1, 28 kg S ha–1)
and the micronutrient component of Hoagland solution
(Hoagland and Arnon 1950) supplying 1.9 kg B ha–1, 0.2 kg
Cuha–1, 2.0 kgMnha–1, 0.2 kgMoha–1, 0.2 kgZnha–1, 0.1 kgCo
ha–1 and an additional 1.4 kg S ha–1 as boric acid, copper sulfate,
manganese sulfate, molybdic acid, zinc sulfate and cobalt
chloride respectively. Non-target species were removed by

hand weeding at the seedling stage. Soil cores were watered
daily with rainwater up to a point where water drained into the
saucer at the bottom of the core. Free water in the saucer was
normally absorbed by the soil after watering. Cores were
regularly rotated within their blocks. The glasshouse had
natural lighting, evaporative cooling and gas heating. The
natural lighting regime replicated conditions under which
summer-growing species germinate in response to summer
rainfall and grow into a declining daylength. Over the growth
period reported here, the glasshouse had a mean daytime air
temperature of 248C, a mean night-time minimum of 138C and a
mean soil temperature of 18.58C.

Experiment 3: winter core

This comprised a randomised block experiment consisting of 12
species� 3 P levels (0, 8 and 29 kg P ha–1 year–1)� 4 replicates
grown in the glasshouse. The cores had the same size and
collection strategy as Experiment 2, and were stored in the
glasshouse adjacent to Experiment 2 until planting. Most
treatments were sown from seed in May 2013, but the native
grasses were transplanted into the cores 26 days after the initial
sowing. Initial growth was trimmed 61 days after sowing to
produce a more even sward across species, after which harvests
were undertaken 82, 103, 124, 145 and 174 days after sowing by
cutting to 40mmabove ground level. Only data fromharvests on
Days 124, 145 and174 are presented because thiswas themost P-
responsive period. Soil samples (0–0.1 m) were taken from each
core in July 2013, 4 months after the equivalent samples were
taken from Experiment 2. Basal nutrients were applied as in
Experiment 1, except a second application of sulfate of ammonia
was applied 142 days after sowing. Over the harvests reported
here, the mean daytime air temperature was 268C and mean
night-timeminimumwas108C.Soil temperatureswere logged in
one soil core, and averaged 168C between the first and second
harvests and 188C between the fourth and fifth harvests, with an
overall daily range from 78C to 278C. Although the temperature
regime was similar to that of Experiment 2, it replicated the
seasonality of annual plants in thefieldwheregermination occurs
in April or May, after which the plants are exposed to
increasing daylength from late June until the final harvest.

Experiment 4: field botanical composition

To quantify how soil P fertility affects which plants predominate
in a competitive situation under grazing, a series of transects was
assessed for botanical composition and Olsen P across a plot
boundary on the LTPE. This was intended to complement
botanical assessments of the LTPE at the grazing plot level
that have already been published (e.g. Cayley et al. 1999).
Two series of transects were assessed across the fence line
between a low- and high-fertility plot, which had received an
average of 0.3 and 29.4 kg P ha–1 year–1 respectively since 1979.
Transects were 9m in length and ran parallel to the fence line at a
spacing of either 0.5 or 1.0m.Theplotswere stocked at 11 and19
wethers ha–1 respectively. Each transect was assessed for
botanical composition using the dry weight rank method
(‘t Mannetje and Haydock 1963) and herbage mass visually
on 10 � 0.1-m2 quadrats, which was calibrated to cut quadrats.
Soil samples (0–0.1 m) were collected along each transect, and
visible dung collected from 10� 0.1-m2 quadrats. Assessments

1100 Crop & Pasture Science M. R. McCaskill et al.



were undertaken on 8–9 October 2015, which coincided with
the early flowering stage of T. subterraneum, sweet vernal
(Anthoxanthum odoratum) and onion grass (Romulea rosea
(L.) Eckl.).

Laboratory analysis

Plant samples from all experiments were dried at 608C and
ground for analysis of P concentration by acid digestion
followed by inductively coupled plasma analysis (McQuaker
et al. 1979; AOAC 1990). Samples from the October harvest of
Experiment 1 were analysed by near-infrared reflectance for
crude protein, digestible organic matter, acid detergent fibre and
neutral detergent fibre using calibrations previously derived for
mixed pasture as described by Smith and Flinn (1991). Soil
samples were dried at 408C. Soil samples from individual cores
and microplots were analysed for available P by the method of
Olsen et al. (1954), whereas composite samples of each fertility
level inExperiments 1were also analysed forColwell P andDGT
P (Colwell 1963; Mason et al. 2010).

Statistical analysis

Critical Olsen P levels were calculated using the approach of
Dyson and Conyers (2013):

lnðPOlsenÞ ¼ aþ b:arcsin
ffiffiffiffiffiffiffi

RY
p

� arcsin
ffiffiffiffiffiffiffi

0:9
p

þ "

wherePOlsen (mg kg–1) is the soil Olsen P value of the microplot,
a and b are coefficients fitted for each species by linear
regression, RY is the relative yield, calculated as (microplot
yield)/(maximal yield), and e is experimental error. In a
second stage of the process, points that exceed twice the
initial critical value are omitted. Maximal yield was
calculated for each species as the mean yield at highest
fertility in each experiment (29 kg P ha–1 year–1). There is
unlikely to be further response to additional P above this level
because in subsequent field experiments with wheat (Triticum
aestivumL.) and canola (Brassica napusL.) at the same site there
were no significant responses to additional P at this fertility
level (McCaskill et al. 2019), and these are among the most
P-responsive species (Moody and Bolland 1999). Because
(arcsin

ffiffiffiffiffiffiffi

0:9
p

) was subtracted from each value before the
regression analysis, the critical Olsen P for 90% of maximal
herbage yield could be calculated as (Critical P) = exp(a), and its
70% confidence range as exp(a� SE), where SE is the standard
error of a. Differences were considered significant (P < 0.05)
where confidence ranges exp(a � 2.SE) did not overlap.
Regressions were conducted using linear regression with
species as groups in GENSTAT 18 (VSN International, Hemel
Hempstead, UK), with weightings for the area harvested to
account for slug damage in some microplots. The same
approach was adopted for the soil core experiments, as well
as for P uptake as a measure of the P-foraging capacity of the
species. Dyson and Conyers (2013) noted that their method
calculated more conservative (i.e. lower) estimates of critical
soil test values than a Mitscherlich function.

To calculate internal P concentrations at the critical soil test
value, tissue P concentration was regressed against ln(POlsen) to
linearise the relationship, so linear regression with groups could
be used. The same method was used to test the relationship

between Olsen P and DM yield, P concentration and nutritive
value. These relationships were used to calculate DM yield
and plant P concentration at an Olsen P of 8 mg kg–1, as
representative of the lowest fertility level at which the sown
species persist.

Multiple linear regression was used to test the significance of
associations between pasture components (e.g. percentage
T. subterraneum within the sward) in Experiment 4 and soil
fertility or standing biomass. These calculations were conducted
using the means of each of the 26 transects.

Results

Nearly all species tested showed significant responses toOlsenP,
but there were also large differences in maximal yield among
species (Fig. 1; Table 3). Critical Olsen P was lowest for the
native grasses Austrostipa scabra (Lindl.) S.W.L.Jacobs & J.
Everett and Rytidosperma caespitosum, whereas critical values
for M. stipoides and most of the naturalised and sown species
were significantly higher. Contrary to expectations, in
Experiment 3 T. subterraneum had one of the lowest critical
Olsen P values, whereas the native legume and the naturalised
legumes had among the highest. However, this low critical value
under glasshouse conditions did not translate to the field
(Experiment 1), where T. subterraneum recorded among the
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Fig. 1. Harvested dry matter for representative species in (a) the field
microplot experiment (Experiment 1), (b) summer cores (Experiment 2) and
(c) winter cores (Experiment 3). Points represent values of individual
microplots or cores.

Response of forage species to Olsen P Crop & Pasture Science 1101



highest critical values. The criticalOlsenP for Puptake produced
similar species rankings to those for DM, but there was greater
statistical precision in separating species. The summer-growing
species in Experiment 2 had much lower critical values than the
winter-growing species, and there were few significant
differences between species. Across all the response
experiments, species with a low critical Olsen soil P value
also had low internal P concentrations at this Olsen level; the
exceptions were L. corniculatus and Paspalum nicorae Parodi,
which had among the highest internal P concentrations. In all
three experiments there was a high correlation (r = 0.79–0.99)
between the yield under low-P conditions (predicted for anOlsen
P of 8mg kg–1) and yield under high-P conditions (based on data
in Table 3). In thefield (Experiment 1), the species producing the
highest cumulative shoot DM at an Olsen P of 8 mg kg–1 was
R. ceaspitosum, followed by L. perenne and T. subterraneum. In
the winter cores experiment (Experiment 3), the highest-
yielding species was T. subterraneum, which produced

45% higher more shoot DM than the next highest-ranking
species, L. perenne.

All species responded to higher soil fertilitywith higher internal
P concentrations (Table 4). At both low and high levels of soil P
fertility, the lowest internal shoot P concentrations were recorded
in the native and improved grasses, followed by T. subterraneum,
whereas the other legumes and volunteer species had significantly
higher shoot P concentrations.

Inmost species therewas little effect of increasing soil fertility
on nutritive value (Table 5). Crude protein was increased in three
species (L. corniculatus, T. glomeratum and T. striatum L.), and
in vitro organic matter digestibility was increased in one species
(A. scabra). Acid detergent fibre was increased in two species
(P.aquaticaandT. subterraneum), andneutraldetergentfibrewas
increased inonespecies (T. subterraneum; Fig. 2).Organicmatter
digestibility was lowest for the native grasses A. scabra and
R. caespitosum, but there were few significant differences
among the sown grasses and legumes (Tables 4, 5).

Table 3. Critical external P requirement for 90% of maximal dry matter (DM) production, internal P at the critical Olsen P for DM production,
critical external P requirement for 90%ofmaximal P uptake,maximal yield at high levels of P fertility and yield calculated for anOlsen P of 8mgkg–1

Unless indicated otherwise, data are given as the mean (range) or as the mean� 2 s.e.m.Within columns and within experiments, values followed by different
letters separate differences significant at the 5% level

Species Critical 90% DM
external P requirement
(mg kg–1 Olsen P)

Internal P at
critical

external (%)

Critical 90%
P uptake external
P requirement

(mg kg–1 Olsen P)

Maximal
shoot yield

Shoot yield
at 8 mg kg–1 Olsen P

Significance
of response
to Olsen P
(P-values)

Experiment 1: field microplots t ha–1 t ha–1

Austrostipa scabra 6.8 (5.2–8.8) a 0.107 6.5 (5.0–8.5) a 2.35 ± 1.03 a 1.99 ± 0.39 a NS
Rhytidosperma caespitosum 9.0 (7.4–11.0) ab 0.096 10.0 (8.0–12.6) ab 5.89 ± 0.99 d 4.70 ± 0.32 c <0.001
Lotus corniculatus 9.7 (6.9–13.7) abc 0.384 7.7 (5.6–10.4) a 1.78 ± 1.92 a 1.27 ± 0.47 a NS
Trifolium subterraneum 12.6 (8.0–19.8) abcd 0.232 19.3 (11.8–31.6) bc 4.77 ± 1.41 cd 2.11 ± 0.48 a <0.001
Trifolium campestre 15.2 (10.6–21.7) bcd 0.264 16.4 (11.4–23.6) bc 2.98 ± 1.32 ab 1.56 ± 0.46 a <0.05
Microlaena stipoides 16.3 (11.0–24.1) bcd 0.171 11.3 (7.2–17.7) ab 2.85 ± 1.07 ab 1.64 ± 0.39 a <0.01
Phalaris aquatica 16.7 (11.3–24.7) cd 0.210 15.0 (10.8–20.8) bc 3.54 ± 1.09 bc 1.95 ± 0.70 a <0.001
Trifolium striatum 17.6 (11.2–27.4) cd 0.271 15.1 (10.3–22.1) bc 3.92 ± 1.40 bc 2.08 ± 0.66 a <0.001
Trifolium glomeratum 19.8 (14.2–27.5) d 0.311 24.4 (16.2–36.9) c 4.59 ± 1.33 c 1.94 ± 0.73 a <0.001
Lolium perenne 20.5 (14.7–28.7) d 0.190 24.1 (18.0–32.2) c 7.19 ± 0.98 e 3.39 ± 0.52 b <0.001

Experiment 2: summer cores g core–1 g core–1

Megathyrsus maximus 5.4 (4.1–7.2) a 0.227 13.5 (9.6–19.2) b 19.50 ± 1.45 d 17.26 ± 1.43 e <0.01
Dichanthium aristatum 6.1 (4.7–7.9) ab 0.170 6.1 (4.6–8.1) a 10.52 ± 1.45 b 9.33 ± 1.42 c <0.05
Plantago lanceolata 6.4 (4.9–8.3) ab 0.254 14.0 (10.0–19.7) b 13.52 ± 1.45 c 12.10 ± 1.44 d <0.1
Paspalum nicorae 6.6 (5.1–8.5) ab 0.257 9.0 (6.8–11.9) ab 7.58 ± 1.45 a 7.03 ± 1.43 b NS
Microlaena stipoides 9.5 (7.4–12.1) b 0.247 6.3 (4.7–8.3) a 7.39 ± 1.45 a 6.25 ± 1.42 b <0.1
Psathyrostachys juncea 10.0 (7.2–13.8) b 0.268 6.7 (4.9–9.0) a 7.05 ± 1.45 a 4.62 ± 1.44 a <0.05

Experiment 3: winter cores g core–1 g core–1

Trifolium subterraneum 8.1 (6.0–11.1) a 0.201 15.8 (12.2–20.4) abc 27.50 ± 3.14 f 21.43 ± 3.12 e <0.01
Austrostipa scabra 8.2 (5.7–11.6) a 0.178 9.9 (7.5–13.1) a 14.42 ± 3.39 b 10.49 ± 3.72 bc NS
Lolium perenne 9.4 (7.1–12.6) ab 0.193 18.7 (14.4–24.4) bc 21.95 ± 3.14 e 14.75 ± 3.16 d <0.001
Trifolium dubium 10.0 (6.2–16.2) abc 0.250 18.9 (13.1–27.5) bc 21.65 ± 3.47 e 13.29 ± 4.15 cd <0.01
Rhytidosperma caespitosum 10.6 (7.8–14.3) ab 0.211 13.2 (10.1–17.2) ab 16.07 ± 3.26 bc 11.08 ± 3.42 bc <0.05
Trifolium striatum 11.7 (8.5–16.0) abc 0.240 16.5 (12.3–22.3) abc 23.99 ± 3.26 e 14.22 ± 3.38 d <0.001
Lotus australis 12.6 (9.3–17.1) abc 0.250 20.4 (14.7–28.3) bc 8.48 ± 3.22 a 4.95 ± 4.27 a NS
Trifolium campestre 13.0 (8.7–19.6) abc 0.235 17.2 (12.6–23.5) abc 16.73 ± 3.28 bc 9.75 ± 3.74 bc <0.05
Lotus corniculatus 13.6 (10.2–18.2) abc 0.278 16.6 (12.9–21.3) abc 17.85 ± 3.14 cd 10.37 ± 3.30 bc <0.01
Trifolium glomeratum 15.6 (11.7–20.8) bc 0.260 18.6 (14.1–24.6) bc 21.61 ± 3.23 e 13.50 ± 3.51 d <0.01
Phalaris aquatica 16.2 (12.0–22.0) c 0.202 21.1 (16.1–27.5) bc 23.28 ± 3.14 e 11.81 ± 3.16 bcd <0.001
Medicago polymorpha 20.9 (14.9–29.3) c 0.290 24.3 (18.5–32.1) c 20.91 ± 3.14 de 8.68 ± 3.45 b <0.001
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A summary of DM production and in vitro DM digestibility
for each species predicted for an Olsen P of 8 mg kg–1 shows no
overall relationship (Fig. 3). Dividing the range into notional
highversus lowDMproduction andhighversus lowdigestibility,
most of the species tested are in the quadrant for low growth and
high digestibility.Within this quadrant, T. subterraneum had the
highest DM production, whereas L. corniculatus had the lowest
DM production but the highest digestibility.

The field transect study of Experiment 4 showed that on the
low-fertility plot T. subterraneum comprised 10–38% of the
sward, despite Olsen P being in the range 3.4–5.2 mg kg–1

(Fig. 4). This occurred within 2 m of the fence, where
biomass was lower than further into the plot and the mass of
dung marginally higher, both of which are indicative of high
grazing pressure as sheep in the low fertility plot seek the
company of sheep in the adjacent high-fertility plot. Dung in
the low-P plot had amuch lower P concentration than in the high-
P plot (0.40% vs 1.25% P), suggesting that dung transfer is
unlikely to be a major mechanism tomove P into the strip within
2 m of the fence of the low-P plot. The percentage of
T. subterraneum within a transect was negatively related to
biomass (P < 0.05) but not significantly related to Olsen P

Table 4. Phosphorus concentration of forage harvested on 25October in Experiment 1, predicted by a linear regressionmodel
for an Olsen P of 8 and 20 mg kg–1 and significance of the overall Olsen P effect

Unless indicated otherwise, data are given as the mean � 2 s.e.m. Within columns, values followed by different letters indicate
differences that are twice the average s.e.m.

Species Common name P concentration (%) Significance of response
to Olsen P (P-values)Olsen P 8 mg kg–1 Olsen P 20 mg kg–1

Austrostipa scabra Rough spear grass 0.155 ± 0.015 a 0.181 ± 0.010 a <0.001
Lolium perenne Perennial ryegrass 0.172 ± 0.016 ab 0.236 ± 0.009 b <0.001
Phalaris aquatica Phalaris 0.173 ± 0.019 ab 0.209 ± 0.011 ab <0.001
Rhytidosperma caespitosum Wallaby grass 0.182 ± 0.014 abc 0.229 ± 0.010 b <0.001
Microlaena stipoides Weeping grass 0.189 ± 0.015 bc 0.227 ± 0.010 b <0.01
Trifolium subterraneum Subterranean clover 0.203 ± 0.016 bc 0.274 ± 0.009 c <0.001
Cerastium glomeratumA Mouse-eared chickweed 0.235 ± 0.041 cd 0.347 ± 0.015 e <0.001
Lotus corniculatus Birdsfoot trefoil 0.241 ± 0.016 d 0.304 ± 0.010 cde <0.001
Trifolium striatum Knotted clover 0.244 ± 0.016 d 0.293 ± 0.010 cd <0.001
Trifolium glomeratum Clustered clover 0.246 ± 0.016 d 0.326 ± 0.010 de <0.01
Anthoxanthum odoratumA Sweet vernal grass 0.249 ± 0.021 d 0.366 ± 0.022 ef <0.001
Trifolium campestre Hop clover 0.249 ± 0.016 d 0.332 ± 0.011 de <0.001
Holcus lanatusA Yorkshire fog grass 0.268 ± 0.017 d 0.405 ± 0.012 f <0.001
Hypochaeris radicataA Dandelion 0.279 ± 0.023 d 0.411 ± 0.036 ef <0.001
ASpecies that were harvested from an adjacent grazed plot.

Table 5. Nutritive value of forage harvested on 25 October in Experiment 1, predicted by a linear regression model for the mean Olsen P of
10.3 mg kg–1 and significance of the overall Olsen P effect (P-values)

Within columns, means followed by different letters indicate differences that are twice the average s.e.m. Note: the laboratory calculates metabolisable energy
(ME; MJ kg–1) as ME = –3 + 0.203 (organic matter digestibility)

Species Crude protein (%) Organic matter digestibility (%) Acid detergent fibre (%) Neutral detergent fibre (%)
Mean ± 2s.e.m. P-value Mean ± 2s.e.m. P-value Mean ± 2s.e.m. P-value Mean ± 2s.e.m. P-value

Austrostipa scabra 11.1 ± 0.9 ab NS 57.5 ± 0.9 a <0.05 31.6 ± 0.8 e NS 65.9 ± 1.5 g NS
Rhytidosperma caespitosum 12.8 ± 0.8 bc NS 59.3 ± 0.9 a NS 37.2 ± 0.8 f NS 62.6 ± 1.4 g NS
Trifolium campestre 16.9 ± 0.9 de NS 64.3 ± 0.9 b NS 24.5 ± 0.8 bc NS 32.1 ± 1.5 bc NS
Microlaena stipoides 14.7 ± 0.9 cd <0.1 65.5 ± 0.9 bc NS 26.3 ± 0.8 c NS 49.7 ± 1.5 ef NS
Trifolium striatum 16.6 ± 0.9 de <0.05 65.6 ± 0.9 bc NS 28.5 ± 0.8 d NS 37.0 ± 1.5 c NS
Hypochaeris radicataA 16.6 ± 2.0 de NS 65.8 ± 2.1 bc NS 22.8 ± 1.9 b NS 28.7 ± 3.3 b NS
Lolium perenne 9.8 ± 0.9 a NS 66.3 ± 0.9 bcd NS 28.4 ± 0.8 d <0.1 50.8 ± 1.4 f NS
Anthoxanthum odoratumA 13.5 ± 2.5 c NS 66.6 ± 1.5 bcd NS 24.4 ± 1.4 b NS 46.5 ± 2.4 de <0.1
Trifolium subterraneum 19.6 ± 0.9 f NS 66.7 ± 0.9 cd NS 23.0 ± 0.8 b <0.05 30.0 ± 1.4 b <0.05
Trifolium glomeratum 16.7 ± 0.9 de <0.01 66.8 ± 1.0 cd NS 23.9 ± 0.9 b NS 30.6 ± 1.6 b NS
Cerastium glomeratumA 12.0 ± 2.0 ab NS 67.2 ± 2.1 cd NS 24.6 ± 1.9 bc NS 34.3 ± 3.3 c NS
Phalaris aquatica 12.7 ± 1.1 bc NS 67.4 ± 1.1 cd NS 25.6 ± 1.1 c <0.05 47.2 ± 1.9 ef NS
Lotus corniculatus 18.5 ± 0.9 ef <0.001 68.1 ± 0.9 de NS 15.5 ± 0.8 a NS 21.7 ± 1.5 a <0.1
Holcus lanatusA 20.6 ± 1.0 f <0.1 69.8 ± 1.0 e NS 23.1 ± 0.9 b NS 43.4 ± 1.6 d NS

ASpecies that were harvested from an adjacent grazed plot.
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(P = 0.32). The total percentage of a suite of species normally
associated with low fertility (A. odoratum, R. rosea,Vulpia spp.,
H. radicata, H. lanatus) was negatively related to both Olsen
P and biomass (both P < 0.01). In contrast, the percentage of
capeweed (Arctotheca calendular (L.) Levyns) was positively
related to Olsen P, but negatively related to biomass (both
P < 0.01). There were no significant relationships between the

percentage of sown grasses (P. aquatica and L. perenne) and
either Olsen P or biomass.

Discussion

Of the legumes tested here, only L. corniculatus had a
significantly lower critical external P requirement than
subterranean clover. The naturalised clovers T. campestre,
T. glomeratum, and T. dubium had critical external P
requirements similar to subterranean clover but a lower
growth potential. This concurs with Maxwell et al. (2013),
who found that under both low- and high-P conditions the
yield of T. subterraneum exceeded that of T. glomeratum,
T. dubium and T. striatum. The native grasses A. scabra and
R. caespitosum had the lowest critical values in the field
experiment, but were of low nutrient value as livestock feed.
The other native grass,M. stipoides, was of high nutrient value,
but its critical soil test valuewas similar to the sown species.Root
architecture studies have related the low external P requirement
of L. corniculatuswith a root hair length that is nearly twice that
of T. subterraneum, and a root hair cylinder volume threefold
greater (Yang et al. 2017). However, off-setting its high P
foraging capacity, the present study found L. corniculatus had
three agronomic weaknesses. First, it is a relatively poor
producer of DM, both under high- and low-P conditions.
Second, it had among the highest internal P concentrations at
its critical soil test value, indicating that it has relatively poor
internal use ofP. Ideally, a candidate legume for pastures of lowP
status would combine a low external requirement with a low
internal requirement (provided animal dietaryP requirements are
met).Third, its combinationofhighdigestibility and lowfibreput
it at risk of being grazed out through selective grazing in amixed
pasture.
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Contrary to expectations, subterranean clover had among the
highest DM production under low-P conditions. In the field at
low fertility (Olsen P 8 mg kg–1), the DM production of
T. subterraneum was only exceeded by two grasses, whereas
in the glasshouse at anOlsenPof 4mgkg–1 it producedmoreDM
than any other species tested. This was under conditions where
interspecific competition was eliminated by hand weeding.
However, in a mixed pasture on the LTPE that was grazed,
T. subterraneum typically contributed less than 7%of biomass at
this level of soil fertility (Cayley et al. 1999; M. R. McCaskill,
unpubl. data). However, the field transect study showed that
T. subterraneum could comprise 10–38%of biomass at an Olsen
P of 4 mg kg–1 provided the competition from taller species was
eliminated by heavy grazing. A similar findingwasmade byHill
et al. (2005), namely that abundance of T. subterraneum was
favoured by high grazing pressure, whereas taller species were
favoured by low grazing pressure. Hill et al. (2005) also found
that a low external P requirement was only one characteristic
related to species abundance under infertile conditions and that

other characteristics, such as deep rootedness or the ability to fix
atmospheric nitrogen, were also associated with abundance
under such conditions. Other features noted in the present
study that favour T. subterraneum in infertile conditions
include a large seed size, low internal P requirements and a
low-growing form that enables a portion of its biomass to evade
grazing. Nevertheless, beyond the heavily grazed strip of the
transect study, the low-P plotswere dominated by taller-growing
species, most of which are of lower digestibility and likely to be
selected against by grazing livestock. These species include
onion grass (R. rosea), along with smaller amounts of sweet
vernal (A. odoratum), wallaby grass (Rhytidosperma pilosa,
R. laevis and R. caespitosum), dandelions (H. radicata) and
silvergrass (Vulpia spp.; Saul et al. 1999). Sweet vernal and
dandelions evade grazing by a prostrate growth habit that avoids
prehension, with only a fibrous stem and inflorescence emerging
above biting height. Onion grass, wallaby grass and silvergrass
are low in digestibility and high in fibre (Table 5; Saul et al.
1999). Grazing preference studies have shown that these
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characteristics are associated with low relative grazing
preference (Maxwell et al. 2015). Therefore, the grazing-
avoidance strategies place greater grazing pressure on the
small amount of T. subterraneum in the pasture that is above
grazing height, and the plant must take up more P to regrow,
which ultimately leads to a low seed set at the end of the growing
season. During summer and autumn, sheep graze little of the
unpalatable dominant species, leaving a residue of low-quality
dried pasture in which there are few pockets of bare soil where
clover can germinate at the autumn break. This feedback loop is
driven by relative palatability rather than the relative external P
requirement of each species.

There are several potential paths out of this cycle. First, a full
pasture renovation involving herbicide treatment, followed by
1or 2 years of cropping and resowingwithT. subterraneum and a
perennial grass, controls the unpalatable species. However,
industry experience indicates that unless the maintenance P
exceeds a threshold the pasture first loses its perennial grass
and then the clover as it becomes invaded by unpalatable species.
On the LTPE this threshold occurs at an Olsen P of 7 mg kg–1.
Second, sufficient P can be applied to shift the balance towards
desirable species without undertaking a full pasture renovation.
This tends to encourage annual grasses and legumes and should
only be contemplatedwhen there is sufficient density of native or
sownperennial grasses to ensure thepasture has stability (Garden
et al. 2000). A third potential approach is to use legumes of lower
relative palatability. In the high country of New Zealand,
Maxwell et al. (2010) reported that, on commercial paddocks
with low P inputs, there was greater vegetative cover from
naturalised T. striatum, T. dubium and T. glomeratum than
from the sown Trifolium repens and T. subterraneum, despite
the latter having been resown every fewyears.An accompanying
study of sheep preference ranked their relative palatability as
T. repens > T. subterraneum > T. striatum > T. glomeratum >
T. dubium (Maxwell et al. 2015). Of these species, the density of
T. striatum was negatively associated with P fertility, whereas
that of T. repens was positively associated with P fertility
(Maxwell et al. 2010). It was concluded that the lower
palatability of the naturalised clovers during seed set
increased their persistence by allowing these species to set
more seed. Selection of legume species or cultivars for
reduced palatability could be a promising approach to reduce
the threshold fertility at which the unpalatable non-legumes
invade. A fourth potential approach is to alter the grazing
management to reduce the ability of the livestock to be
selective (e.g. Badgery et al. 2017; Cox et al. 2017; Gregorini
et al. 2017). However, there are limits to this approach because it
only affectspreferential grazingbydomesticated livestock; in the
present study, livestock were excluded but there was grazing by
slugs, which preferred legume seedlings over native grasses.

Among legumes we studied, T. subterraneumwas the first to
achieve canopy closure in both the field and winter core
experiments. It had larger seeds than the naturalised clovers
T. campestre, T. dubium and T. glomeratum, which enabled it to
establish quickly to capture light and plant-available P ahead of
small-seeded species at the start of the growing season. Similar
findings were reported by Maxwell et al. (2013), who attributed
the higher DM production of T. subterraneum over the
naturalised clovers to its larger seeds. Although a small-

seeded species has a dispersal advantage where seed spread is
throughwindor animals, andcanset a largenumberof seeds from
the samebiomass, a large-seeded species has an advantagewhere
the dispersal is through sowing equipment. Therefore, as a large-
seeded species, T. subterraneum has advantages over smaller-
seeded species at the start of the growing season, particularly
under conditions of low fertility.

In our test regime, plant growth from the various species was
compared across soils with a wide range of P fertility and soil
fertility, described by a soil test taken from themicroplot or core.
This produced a wider scatter of data points than experiments
where different amounts of Pwere added to a low-P soil (e.g.Hill
et al. 2005; Maxwell et al. 2013; Haling et al. 2016a, 2016b,
2018). One reason for this is that in our approach soil fertility is
described by a soil test value around which is an experimental
error component, whereas the experimental error in adding P to a
low-P soil is so low it can be ignored in statistical analysis. To
accommodate the error component around the soil test value,
critical soil test values were calculated using a statistical
technique developed for soil test interpretation in field crops
(Dyson and Conyers 2013). Rankings of critical external P
requirements were consistent with Hill et al. (2005), where
P. aquatica, M. stipoides and T. subterraneum were in a
group with high external P requirements and Rytidosperma
richardsonii (Cashmore) Connor & Edgar in a low group. A
similar study by Sandral et al. (2019) also found that rankings in
the field matched those of controlled conditions. There is no
evidence to date that our field studies produced a different or
more valid ranking. Its advantages are that plants are testedwith a
combination of soil chemistry, mycorrhizae and root diseases
that plants face under field conditions, but it comes at the cost of
increased variability.

Each species was represented by only a single cultivar or
ecotype. However, considerable intraspecific variation has been
found in response toP in species such asT. subterraneum (Haling
et al. 2018). The cultivar representing T. subterraneum in our
study (cv. Leura) was ranked third out of 30 cultivars for shoot
dry mass under low-P conditions (Haling et al. 2018). Our study
showed a much larger difference in shoot DM production
between low and high P in T. dubium, T. glomeratum and
T. striatum than from collections of these species from the
New Zealand high country (Maxwell et al. 2013). In this case,
within-species genetic differences in response are unlikely to be
the main contributor, because our lowest Olsen P was much
lower than that in the study of Maxwell et al. (2013; 4 vs
11 mg kg–1).

The forage samples collected in mid-spring barely meet the
allowances for lactating or rapidly growing sheep recommended
byFreer et al. (2007). A lactating ewe requires at least 0.30%P in
the diet, whereas a weaner sheep weighing 30 kg and growing at
200gday–1 requires at least 0.20%P.Higherweaner growth rates
of 350gday–1 havebeen reported (Thompsonet al. 2010),which,
by extrapolation, would require at least 0.25%P in the diet. None
of the forages from the low-fertility pasture (Olsen P8mgkg–1 in
Table 4) met the requirement for lactating ewes, whereas under
high-fertility conditions (Olsen P 20 mg kg–1) only half the
species supplied sufficient P in the forage. Most notably, even
under high-fertility conditions the commonly sown pasture
species were below the 0.30% P requirement of lactating
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ewes, includingphalaris (0.21%P), perennial ryegrass (0.24%P)
and subterranean clover (0.27% P). Because the forages are
barelymeeting the dietaryPneeds of lactating or rapidly growing
sheep even under high-P conditions, there is little scope to
improve P efficiency by selecting plants with high internal P
efficiency, and the focus of selection instead needs to be on plants
with roots that are more effective at acquiring P.

Although the present study showed large variation in protein,
digestibility andfibre between species, therewere fewsignificant
effects of soil fertility within a species. This contrasts with the
findings of Saul et al. (1999), who collected samples from the
same site and time of year and used almost identical methods of
chemical analysis. Increases in legume crude protein with P
fertility have been reported by others (e.g. Robson et al. 1981;
Saul et al. 1999), but in the present study the only significant
differences were found in L. corniculatus, T. glomeratum and
T. striatum. The present study found a significant increase in
digestibilitywith soil fertility inA. scabra, whichwas the species
with the lowest overall digestibility. In P. aquatica and
T. subterraneum there was a significant increase in fibre with
fertility. The latter effect would normally be regarded as a
decrease in nutritive value, but there were no associated
effects on digestibility. This effect may have been caused by a
greater amount of stem tissue required to support the high yields
under high-P conditions.

Critical Olsen P valueswere inconsistent across experiments,
as illustrated by M. stipoides being much lower in the summer
core experiment than in the field experiment (Olsen P 9.5 vs
19.2 mg kg–1). The two values are not directly comparable
because of differences in mineralisation after the initial soil
samples were collected and because the core experiments only
partially simulated sward conditions. The cores for both
Experiments 2 and 3 were collected at the time of peak
growth in spring, which would have depleted the pools of
available P. Soil samples for Experiment 2 were collected in
February after 3months ofmineralisation, followedbywarmsoil
temperatures while the experimental plants were growing. In
contrast, the field experiment had a further 3 months of
mineralisation and a superphosphate application that would
have transferred more P into pools detected by the Olsen P
test, but was then followed by an extended period of low soil
temperatures that would have limited mineralisation.
Furthermore, plants in the core experiments could access light
from a greater area than the core. In a glasshouse pot studywhere
access to light was constrained to the core area by cylindrical
reflective sleeves tomore accurately simulate themutual shading
that occurs in swards, aboveground and below-ground growth
were decreased relative to unconstrained pots, and P uptake was
enhanced by increased production of rhizosphere carboxylates
(Jeffery et al. 2017). Because of these limitations, critical values
are not directly portable across experiments undertaken at
different times of the year.

Conclusions

We compared the DM response of 18 pasture species to varying
concentrations of Olsen soil P in three experiments using a soil
where previous applications of applied P had sufficient time to
equilibrate into the chemical forms (inorganic and organic) and

stratification layers in the soil profile that would be typically
expected under commercial paddock conditions. There was no
overall trend for either the native grasses or naturalised legumes
tohave lower external P requirements than eachother or the sown
species. Instead, in each experiment there was a high correlation
between DM production under low-soil P conditions with those
under high-P conditions. In afield experiment inwhich the native
grasses were planted from plugs raised in a nursery, the highest
production at both low and high P was from the native
grass R. caespitosum, whereas the highest-producing legume
was T. subterraneum. Despite the high production of
T. subterraneum under low-P conditions in both the field and
glasshouse, this species forms a relatively low proportion of the
pasture sward under the same P conditions in the field. This was
attributed to its relatively high nutritive value, which leads to it
being preferentially grazed, and favours species that are either
less palatable or less accessible to grazing livestock. In low-P
environments there is a much stronger selection pressure for low
relative palatability than for P efficiency. It is concluded that to
maintain desirable species in these temperate low-input pastures,
sufficient P needs to be applied to maintain fertility above a
threshold at which the less-palatable species begin to invade.
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