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Abstract Phosphorus (P) loss from land can impair
surface water quality. Losses can occur from soil and
plant components. While it is known that P losses
increase with soil P concentration, it is not known how
losses from pasture plants vary with soil P concentration
or between different forages. We examined total P and
filterable reactive P (FRP) in water extracts of plant
shoots, used as a measure of potential P loss to surface
runoff, in different forage species relative to soil P
concentration in field trials and a glasshouse experi-
ment. The mean total P concentration of 16 forage
species in grazed field plots was greater (P<0.01;
LSD05=117 mg kg−1) in legumes (3,480 mg kg−1)
than for grasses (3,210 mg kg−1). Total plant P
concentrations of grasses and legumes increased with

soil Mehlich-3 P concentrations in both glasshouse and
field trials with concentrations close to 6,000 mg kg−1

in arrowleaf clover at 680 mg kg−1 Mehlich-3 soil P.
FRP in water extracts of plant shoots increased relative
to plant total P as soil Mehlich-3 P increased, with the
greatest concentrations shown by crimson clover and
arrowleaf clover. Analysis of water extracts of ryegrass
and clover herbage from a field trial showed that while
FRP was increasing, phytase-available-P decreased
significantly from about 70% of filterable unreactive
P at the lowest Mehlich-3 P concentrations, to close to
zero at 200 mg kg−1 Mehlich-3 P. The wide variation,
and enrichment of FRP in water extracts and total P
with increasing Mehlich-3 P among species, indicates
that cultivar and site selection and sward management
provide a potential option to mitigate P loss to surface
waters.
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Soil .Water extractable P

Introduction

Phosphorus (P) is a key limiting nutrient in the
eutrophication of many surface waters (Carpenter
2008; Conley et al. 2009; Schindler et al. 2008).
Inputs of P to surface water via surface runoff can
originate from soil (McDowell and Condron 2004),
dung or manure (Smith et al. 2001), and / or fertiliser
(Hart et al. 2004). However, it is also possible to leach
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up to 80% of P from the shoots of dried and freshly
cut pasture and crop residues (Sharpley 1981;
Timmons et al. 1970; Wendt and Corey 1980).
McDowell et al. (2007) showed that by hydrological-
ly separating topsoil from shoots with petrolatum, up
to a quarter of total P lost in surface runoff for 30 days
after grazing of a ryegrass-white clover pasture to a
residual dry matter cover of 1,300 kg ha−1 was
released from plant shoots. This P was previously
held within vacuoles and exposed by ripping of
shoots, or the decomposition of damaged material
(McDowell et al. 2007). The remaining three-quarters
of P lost in surface runoff came from topsoil either via
dissolution or erosion of particles, and potentially,
plant roots. However, Henry et al. (2009) found that
compared to soil P, root architecture did not affect the
P concentration in surface runoff. Mundy et al. (2003)
added weight to the hypothesis that recently grazed
material was a considerable source of P to runoff by
showing about twice as much P was lost in outwash
from flood irrigation of a pasture mown to 43 mm
compared to uncut pasture.

Most pastures are maintained at or above a soil test
P concentration considered optimal for near maxi-
mum dry-matter production. This generally means
that foliage will contain a minimum of 2,000 mg P
kg−1 dry weight, but plant P concentration varies
greatly with species (Minson 1990). Typically, pasture
mass and P concentration quickly increases with soil
test P concentration to an asymptote, after which
factors other than soil P availability limit yield
(Edmeades et al. 2006; Saunders et al. 1987). Beyond
the asymptote, luxury uptake of P by the plant may
parallel soil test P concentration (Butler et al. 2007),
but it is unknown if this would translate into potential
P losses in surface runoff. Water extraction of plant
and soil materials have enabled the concentration of
plant P in surface runoff to be estimated (e.g.,
McDowell and Condron 2004; Sharpley 1981). We
therefore hypothesize that the concentration of P
potentially available to surface runoff (i.e., water
extractable) from the plant increases with soil test P
concentration.

New Zealand pastures traditionally rely on a
mixture of white clover (Trifolium repens L.) and
ryegrass (Lolium perenne L.), but research continues
to develop new cultivars and species to provide better
forage quality and productivity. A similar situation,
albeit with largely warm season grasses, and often

without legumes, exists in the southern U.S. Work has
been done in the southern U.S., and to a lesser degree
in New Zealand, that has shown the P concentration
and degree of P uptake of grasses and legumes varies
with species (Hart and Jessop 1983; Crush et al. 2008;
Pederson et al. 2002). Establishing the variation in P
concentration of modern pasture species and cultivars
grown at a site with one soil test P concentration is
the first step in selecting those that do not maintain
excessive P concentrations in foliage that may be lost
in surface runoff during and after grazing (Caradus et
al. 1993; Easton et al. 1997). If low foliage P
concentration (but not too low to impair animal
nutrition), at low soil test P, can be coupled with the
production of large amounts high quality feed, the
potential for P loss in runoff may be decreased.

The primary aim of this paper was to determine the
relative uptake of P among common and newly
developed species/cultivars for forage grazing at one
soil test P concentration. We then aimed to determine,
for a few of these species, the relative difference in P
extracted by water from shoot material with increas-
ing soil test P concentration. Data from glasshouse
and field trials (outlined in Table 1 and explained
further in detail below) provide information to
estimate the relative contribution of different forages
to the loss of P in surface runoff and for exploring
new pasture systems that minimise the potential for P
loss under intensive grazing.

Materials and methods

Forage trial to establish the concentration
of P according to species and cultivars

A forage trial of 16 grasses, herbs or legumes was
established in autumn on a beef farm (annual rainfall
c. 1,200 mm) near Matamata, Waikato, New Zealand.
The species chosen were: High and Low endophyte
ryegrass (Lolium perenne L), Hybrid tetraploid
ryegrass (Lolium x hybridum Hausskn.), Italian
ryegrass (Lolium multiflorum L.), Cocksfoot (Dactylis
glomerata L.), Prairie grass (Bromus willdenowii
Kunth.), Timothy (Phleum pratense L.), Tall fescue
(Festuca arundinacea Schreb), two Red clovers—
G27 and Pawera (Trifolium pratense L.), Lucerne
(Medicago sativa L.), White clover (Trifolium repens
L.), Sainfoin (Onobrychis viciifolia Scop.), Sulla
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(Hedysarum coronarium L.), Chicory (Chicorium
intybus L.), and Sheeps burnet (Sanguisorba minor
Scop.). Plots (7 m by 7 m) were randomised within
twelve 8 by 8 grids, each housing four replicates of
the 16 species/cultivars. This gave a total of 48
replicates per species/cultivar across a 3-ha paddock.
The soil was a well drained Tirau silt loam (New
Zealand classification: Typic Orthic Allophanic Soil
[Hewitt 1998], similar to a Cryand in US taxonomy)
with a Mehlich-3 P concentration of 185±
14 mg kg−1. No fertiliser was added to the plots
during the trial which were grazed by cattle, deer or
horses as part of a wider preference trial. Further
details of the preference trial setup can be found in
Hunt and Hay (1990). Although it cannot be
discounted, the potential for uneven excretal returns
or plant growth due to preferential grazing was
minimised by sampling regrowth away from obvious
dung patches and 3 weeks after sheep had grazed the
plots to a common residual dry matter of
1,200 kg ha−1. Samples of shoot material were taken
from each plot at monthly intervals for 9 months,
dried at 60°C, ground (<1 mm) and total P
determined on a bulked sample by a commercial
laboratory.

Glasshouse trial of potential P loss from pasture
to surface runoff

For the glasshouse trial, soil (c. 300 kg) was taken from
the 10–20 cm depth of a site in Arkansas, U.S. that had
been in long-term pasture and grazed for >20 years,
except in 2008 when the field was used for Soybean
and re-sown in pasture the following year. The soil, a
Pembroke silt loam (Fine-silty, mixed, active, mesic
Mollic Paleudalf), was air-dried, crushed and sieved to
pass a 4 mm sieve. Soil was divided into pots, each
with about 2 kg of soil and superphosphate
(9 g kg−1 total P) added in a suspension to increase
Mehlich-3 extractable soil P concentration by 0, 5,
10, 15, 40, 80, 160, 400, or 650 mg kg−1. Once
added, soils were watered to field capacity (∼30%
soil water content by weight) and left to air dry for
1 week before being wet again. This process was
repeated to ensure superphosphate had equilibrated
with soil (Sharpley et al. 1984). After a period of
8 weeks, the Mehlich-3 extractable soil P (Mehlich
1984) concentrations achieved were 20, 23, 30, 44,
62, 97, 187, 428, and 679 mg kg−1.

Soil for 5 replicates of each soil P concentration
was transferred to 2 L pots (with drainage holes) to
achieve a soil bulk density of 1.1 g cm−3. The pots
were watered with 0.5 L of deionised water and plants
sown at about 30 seeds per pot, equivalent to a
sowing rate of 20 to 25 kg ha−1. The plant species
chosen were those common in grazed pastures in
Arkansas (Arrowleaf clover [Trifolium vesiculosum
Savi]; Bermuda grass [Cynodon dactylon L.];
Crimson clover [Trifolium incarnatum L.]; and Tall
fescue [Festuca arundinacea, Schreb.]). Pots were
watered daily with sufficient deionised water to
remain moist until germination and then maintained
at 80% of field capacity (c. 50% available soil
moisture; asm). After 2 weeks, 200 mL of ¼ strength
P-deficient Hoagland solution was provided weekly
(i.e., 1 mM Ca(NO3)2, 1.5 mM KNO3, and 0.5 mM
MgSO4) (Hoagland and Arnon 1950). Plants were
culled to 20 per pot 1 month after germination, in an
effort to leave an even space between plants and
prevent competition decreasing yields.

After 8 weeks growth, plants were harvested by
cutting stems 3 cm above the soil surface. A
preliminary experiment was conducted first to
determine if fine particles adhered to pasture plants
via water splash, insects, dust or detritus would
affect or interfere with the concentration of P
detected as available for loss in surface runoff.
This involved the analysis of filterable reactive P
(FRP) in water extracts (see below) of a washed
sub-sample of foliage from each pot compared with
an unwashed sub-sample. Washing involved spray-
ing deionised water onto plant shoots as a mist and
brushing shoots dry with a cloth before harvest.
The data indicated that FRP in water extracts was
greater (P<0.05) in unwashed samples than in
washed samples (Fig. 1).

The water extraction procedure has been used to
determine the potential contribution of ungrazed
pasture soil to P losses in surface runoff (McDowell
and Condron 2004). However, subsequent work has
adapted this test for forage and shown that the
determination of FRP in water extracts of plant shoots
can predict the potential for P loss from recently (up
to 30 days) grazed plant shoot material (McDowell et
al. 2007, 2010a). Although it cannot be discounted
that pre-washing removes a proportion of plant-
derived FRP potentially lost in surface runoff, we
present WSP data from samples that had been washed
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and brushed dry before harvest to remove any
potential interference associated with water splash,
insects, dust or detritus.

Briefly, the water extraction procedure for plant
shoots involved first hand plucking and cutting
harvested shoot material into 1-cm long lengths until
5 g of shoot material was obtained. The cut shoots
were then added to 100 mL of deionised water and
shaken end-over-end for 10 mins. Filterable reactive P
was determined by filtering the extract through a
0.45 μm syringe filter and determining P colorimet-
rically via the method of Watanabe and Olsen (1965).
A sub-sample of shoot material was dried at 60°C and
dry matter determined. The dried sample was ground
(<1 mm) and total P determined by a commercial
laboratory. The harvest and extraction of plant
material was repeated every 6 weeks until 5 datasets
were obtained.

Field trial examination of the potential P loss
from pasture to surface runoff

To compliment the glasshouse trial, plant shoot
samples were taken from three field trials. The first
trial (Woodlands) examined P uptake and the potential
for P in surface runoff from ryegrass (Lolium perenne
L.) and white clover (Trifolium repens L.) mono-
cultures at different rates of Mehlich-3 extractable soil
P. The second and third trials (Winchmore irrigation
and fertiliser) examined the uptake and release of P
from long-term plots of ryegrass and white clover
sown as a mixed pasture.

The Woodlands trial was at the Woodlands
Research Farm, 15 km east of Invercargill, Southland,
New Zealand on a Waikiwi silt loam (New Zealand
classification: Firm Brown Soil, similar to a Typic
Dystrochrept in US taxonomy). Annual rainfall is
1,000–1,300 mm. The paddock (3 ha) chosen for the
trial was flat (<1% slope) and had been in pasture
grazed by sheep for at least 20 year. Mehlich-3
extractable soil P concentration was between 130 and
150 mg kg−1 for the previous 5 years. The paddock
was sprayed with glyphosate in August, 2008 and
again a month later. In mid November 2008, plots,
each 2-m wide by 6-m long, were established with a
1-m gap between them with six replicates of the
following treatments:

& Monocultures of either white clover (Trifolium
repens L.) or ryegrass (Lolium perenne L.) at
sowing rates of 8 kg ha−1 and 24 kg ha−1,
respectively.

& Establishment via direct drill or cultivation to 20-cm
depth followed by sowing clover by hand and the
use of a direct drill for ryegrass (including on
cultivated plots).

& Application of 10, 35, or 100 kg P as superphos-
phate ha−1.

This gave a total of 12 treatments and 72 plots
arranged in a randomised design. The use of different
rates of superphosphate, coupled with the different
methods of establishment (i.e. with or without
cultivation) gave a wide range of Mehlich-3 extract-
able soil P concentrations. After establishment, plots
were grazed whenever dry matter was estimated to
exceed 3,000 kg ha−1. Ten months after plots were
established, grab samples (c. 50 g wet weight) were
taken of pasture shoots in spring when plants had
reached about 10–15 cm height. Soil samples were
also taken from the 0–7.5 cm layer, dried, crushed and
sieved <2 mm before determination of Mehlich-3
extractable soil P. Plant samples were washed, dried,
and analysed for FRP in water extracts and total P as
per the glasshouse experiment.

The Winchmore field trials were located at the
Winchmore Irrigation Research Station located in
Canterbury, New Zealand. Both long-term trials were
irrigated and called the “irrigation” and “fertiliser”
trial respectively due to a focus on different irrigation
rates at the same P fertiliser rate, and on different P
fertiliser additions under the same irrigation regime,

FRP in water extract of unwashed shoots
(mg kg-1 DM)  
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respectively. The station has an annual rainfall of
740 mm and the soil type is a Lismore stony silt loam
formed from moderately weathered greywacke loess
(New Zealand classification: Brown Soil [Hewitt
1998], similar to a Typic Dystrochrept in US
taxonomy).

The irrigation trial had five treatments: dryland (no
irrigation); irrigation applied every 21 days (3w);
irrigation applied when topsoil (0–100 mm) moisture
reached 10, 15, or 20% (designated as 10%, 15%, and
20% irrigated, respectively). These corresponded to
0% asm (wilting point), 25% asm, and 50% asm
(McBride 1994). The 3w, 10%, 15%, and 20%
irrigated treatments received on average 6.5, 2.6,
4.2, and 7.7 irrigations per year, respectively, 100 mm
at a time (Rickard and McBride 1986). The irrigation
trial consisted of 0.09 ha bays, bordered so that each
was 9-m wide × 100-m long. There were four
replicates of the dryland treatment and five replicates
of the irrigated treatments. All treatments received
250 kg ha−1 of single superphosphate (SSP) in winter
annually (c. 25 kg P ha−1). Except for winter when no
grazing occurred, each treatment was rotationally
grazed by a separate flock of sheep with 6, 10, 14,
and 18 stock units1 ha−1 for the dryland, 10%, 15%,
20%, and 3w treatments, respectively.

The fertiliser trial had five treatments, each
replicated in 0.09-ha bays, four times: nil (no P
applied); 188 kg SSP ha−1 yr−1 (18–19 kg P ha−1)
since 1952; 250 kg SSP ha−1 yr−1 (23 kg P ha−1) since
1981; and 376 kg SSP ha−1 yr−1 since 1981. Treat-
ments were grazed by separate flocks of sheep (6, 11,
17, and 17 stock units ha−1 for the nil, 188SSP,
250SSP, and 376SSP treatments, respectively) to
prevent carry-over of dung P between treatments.
No grazing occurred in winter. Irrigation (100 mm)
occurred whenever soil moisture content (w w−1)
dropped below 15% (0–100 mm depth). On-average,
this occurred 4.3 times per year.

Grab samples of pasture (c. 50 g wet weight) were
hand plucked from areas within each plot that had
been excluded from grazing by stock for 30 days
(approximate height 8–20 cm) to minimise any
potential influence from urine or dung deposits. Soil
samples were also taken from the 0–7.5 cm layer,
dried, crushed and sieved <2 mm before analysis of

Mehlich-3 extractable soil P. The plant samples were
analysed for FRP in water extracts and total P as per
the glasshouse experiment.

Enzyme assay

Investigation of organic P fractions in water extracts
was based on a modified Turner et al. (2002) method
using alkaline phosphomonoesterase (EC 3.1.3.2.),
phosphodiesterase (EC 3.1.4.1.), and phytase (EC
3.1.3.8). The Woodlands water extracts were chosen
for study as they represented pure monocultures in a
field setting. Analysis was conducted on a set of 16
ryegrass or clover plots, each set covered a wide
range of Mehlich-3 P concentrations. Before enzyme
assays were done, total filterable P in water extracts
was determined via persulphate digestion (Patton and
Kryskalla 2003) and yielded by difference with FRP,
the filterable unreactive P (FURP, largely organic;
Turner et al. 2002) fraction. Briefly, for the assays,
0.1 M sodium azide (to prevent microbial growth and
P uptake) and the appropriate buffered enzyme
mixture (see Turner et al. 2002) were added to a
sample of water extract in the ratio of 1:1:9, and
incubated overnight at 37°C in inert plastic centrifuge
tubes. A blank sample containing no enzyme was also
incubated to account for any organic P hydrolysis that
may have occurred during incubation. The next
morning, FRP was determined in both samples. The
difference in FRP concentration was denoted as
enzyme liberated P. Calibration curves for P determi-
nation also contained each enzyme to account for any
P release by the enzyme itself or protein interference.
For determination of phosphodiesters, alkaline phos-
phomonoesterase was also added to fully convert
esters to orthophosphate detectable by colorimetry.
The concentration of diesters was then calculated as
FRP released from the combined alkaline phospho-
monoesterase and diesterase mix minus P released
from alkaline phosphomonoesterase alone.

Results

Total phosphorus uptake in relation to species,
cultivar and soil P concentration

The field trial of 16 different species and cultivars
revealed a significant difference (P<0.01; LSD05=1 One stock unit is equivalent to one ewe at 54 kg live-weight.
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324 mg kg−1) in mean total P concentrations between
species/cultivars (Fig. 2). The least mean total P
occurred in Prairie grass (2,928 mg kg−1), while the
greatest occurred in Lucerne (3,770 mg kg−1). Collec-
tively, legumes (inclusive of herbs) had a greater (P<
0.01; LSD05=118 mg kg−1) mean total P concentration
(3,514 mg kg−1) than grasses (3,236 mg kg−1). This
difference agrees with studies of forage harvested on a
monthly basis in New Zealand by Reay and Waugh
(1983) and Crush et al. (1989) and on an annual basis in
the U.S. by Minson (1990) and Pederson et al. (2002).
However, the difference between legume and grass total
P contrasts to the mean concentration of 2,200 mg kg−1

for legumes and 3,600 mg kg−1 for grasses presented by
the U.S. Department of Agriculture—Natural Resources
Conservation Service (1992).

Concentrations of total P in plant shoots of the
glasshouse trial varied from a low of c. 1,000 mg kg−1

at a Mehlich-3 P concentration of c. 25 mg kg−1 to a
high of c. 6000 mg kg−1 at a Mehlich-3 extractable
soil P concentration of c. 680 mg kg−1 (Fig. 3). In
general, total P concentrations in the shoots of white
clover and ryegrass were greater (P<0.01) than those
detected in the shoots of the glasshouse forage at
similar Mehlich-3 extractable soil P concentrations.
However, in general, and commonly reported in
the literature (e.g., Minson 1990), total P concen-
trations tended to increase with soil P availability,
as measured by Mehlich-3 extractable soil P
concentration.

Variation of FRP in water extracts of shoots with soil
P and species

The concentration of FRP in water extracts of plant
shoots studied increased with Mehlich-3 extractable
soil P concentration (Fig. 4a, b). The relationship
between FRP in water extracts and Mehlich-3
extractable soil P concentration was best described
by a power function (P<0.05 or better) in both the
glasshouse and field trials. Further analysis showed
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that FRP concentration in water extracts increased,
relative to plant total P concentration (i.e. as a
quotient), with increasing Mehlich-3 extractable soil
P concentration (Fig. 4c, d).

Among species in the glasshouse trial, both clovers
(Arrowleaf and Crimson) had a greater FRP concen-
tration in water extracts compared to the two grasses
(Bermuda and Tall Fescue) at similar Mehlich-3
extractable soil P concentrations (P<0.05). The same
occurred in the Woodlands field trial (P<0.05). This
data indicated that storage of P in water extractable
form, potentially available for loss in surface runoff,
is greater on a dry-weight basis for the legumes
studied than for the grasses. However, the true runoff
potential will be determined by the relative yields of
species and whether or not legumes are sown as part
of a mixed pasture (Brink et al. 2001).

Analysis of water extracts with phosphatase
enzymes classified FURP into phytase-, diesterase-
and monoesterase-available P. On average, FURP
comprised 14% of total filterable P extracted by
water. The percentage of each enzyme class is
presented in Fig. 5 as a proportion of FURP for the
Woodlands white clover and ryegrass monocultures
where the soil Mehlich-3 extractable soil P concen-
tration was considered at least optimal for pasture
growth (>40–50 mg kg−1; Beegle et al. 1998;
Roberts and Morton 1993). Often, the sum total of
phytase- diesterase- and monoesterase-available P
was marginally greater than 100% (up to 106%) of
FURP due to some activity by enzymes in more than
one class (Turner et al. 2002). The data showed a
significant decrease (P<0.05) in the percentage of
FURP as phytase-available P with increasing
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Mehlich-3 extractable soil P concentration (Fig. 5c).
The sum of the remaining two classes would, by
difference, increase as a result, but individually
showed no significant trend (Fig. 5a, b).

Discussion

Plant P uptake

There are several factors that control the concentra-
tion of P in the pasture plants such as climate,
management, or the ability of different species to
scavenge P from the soil. In general, those species
with a large root mass, and a greater number of finer
roots to explore small soil aggregates, will compete

better than those with a poor root mass or root
morphology (Richardson et al. 2009). At low soil test
P concentrations, the fibrous root system of grasses
concentrated in topsoil, where P is usually enriched,
favours uptake of P compared to the tap root system
of many legumes (McLaughlin et al. 2005). However,
at higher soil test P concentrations well beyond an
agronomic optimum for pastures (e.g. >50 Mehlich-3
P kg−1 soil; Beegle et al. 1998), such as that used
here, the enhanced ability of grasses to scavenge P
may be negated, allowing legumes to support greater
total P concentrations in harvested material. It is
important to determine how this translates to the
potential for P losses in runoff over a range of soil test
P (here determined as Mehlich-3 extractable soil P)
concentrations, especially as the potential for P loss to
surface runoff increases much more if soils are
enriched with P beyond an agronomic optimum
(Beegle et al. 1998).

At the lower range of Mehlich-3 extractable soil P,
total P concentrations measured in the Woodlands
ryegrass and white clover monocultures tended to be
greater than total P concentrations measured in either
the glasshouse trial or the Winchmore long-term
trials. In addition to factors such as soil fertility or
type and forage species (as noted above), plant total P
concentration is known to vary with maturity,
nitrogen (N) applications and climate (Marschner
1986). As a plant ages, total P concentration
decreases, on average, about 0.03 g kg−1 dry matter
day−1 (Whitehead 1966). However, any difference in
total P concentration due to age is probably small as
plants in both the glasshouse and Woodlands field
trial were young and had similar time between
harvests or grazing and measurement of FRP in water
extracts. When plants are grown as monocultures, the
application of N tends to decrease shoot P concen-
trations (Rosero et al. 1980). The application of N
fertiliser to mixed ryegrass/clover pasture has also
been shown to decrease herbage P content of the
ryegrass component (Mouat et al. 1987). This may
explain the lower total P concentration of the ryegrass
which received 150 kg N ha−1 during the trial
compared to white clover which received no N.
However, as the glasshouse trial received only a
small amount of N via a ¼ strength Hoagland
solution, N application does not explain why the total
P concentrations of both Woodlands monocultures
were greater at low Mehlich-3 extractable soil P
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concentration. Finally, plant total P concentrations are
known to vary with season, being greatest during
periods of rapid growth, especially in spring
(Saunders and Metson 1971; Metson and Saunders
1978). The Woodland monocultures were sampled in
spring and therefore may have contained a higher
proportion of young (high P) leaves than samples
from the glasshouse trial.

Variation in FRP in water extracts of plant shoots

Past studies of nutrient uptake have ascribed curvilin-
ear relationships, similar to that seen in Figs. 3 and 4,
to increasing root density and the overlapping of
depletion zones of individual root hairs decreasing P
uptake (Itoh and Barber 1983). However, expressing
FRP in water extracts as a proportion of total P
indicated that more P was potentially available for
loss in surface runoff as Mehlich-3 P increased. Past
work on P forms, but not on the potential for loss to
surface runoff, would tend to support this finding. For
example, at suboptimal to optimal P supply, as measured
by soil test P concentration, the concentration of P
fractions such as diesters (e.g., lipids, nucleic acids),
monoesters (e.g., adenosine triphosphate), and inorganic
P increases, whereas beyond the optimal soil test P
concentration, inorganic P increases (Hart and Jessop
1982). Comparing white clover and lotus, Hart and
Jessop (1983) found that white clover preferentially
stored P as inorganic P at the expense of lipid-P and
ester-P and continued to do so with increasing soil test
P concentration. The additional P is stored in highly
vacuolated tissues (Kakie 1969; Marschner 1986). The
exceptions to this rule are grains and seeds which may
store excess P in monoester form, specifically phytate
(Michael et al. 1980).

In addition to changes in FRP in water extracts with
changing Mehlich-3 extractable soil P concentration,
variation was also evident in P fractions within the 10–
25% (average 14%) of total filterable P in water extracts
that was FURP. Work by Turner et al. (2002) and others
has suggested that diesters and monoesters may be
available to algae, whereas phytate-P is probably not.
The decrease in phytase-available P and subsequent
increase in FRP, which is highly algal available, and
the sum of diester- and monoester-P, suggests that algal
available P increases at a greater rate beyond,
compared to below soil test P concentrations optimal
for pasture growth.

Management considerations

The power function describing the increase in FRP in
water extracts with Mehlich-3 extractable soil P
concentration also indicates that most change in FRP
in water extracts, as with total P, occurs at low soil
test P concentration (Fig. 4). However, much work
has shown that the potential for P loss from cropping
and pasture soils increases with soil test P concentra-
tion (e.g., McDowell and Sharpley 2001). Many have
shown that this increase is exponential or occurs at a
greater linear rate beyond a threshold in soil test P
concentration (Koopmans et al. 2002). If an aim is to
keep soil test P concentration within the agronomic
optimum, but still decrease P losses, then the focus
may need to shift to plant P losses.

Often the soil test P concentration for near
maximum yield reflects the P requirements of the
least P-efficient species in a mixed sward. For
example, to reach within 97% of near maximum
yield, white clover (Trifolium repens) commonly
requires an Olsen P concentration at least
25 mg L−1, whereas ryegrass (Lolium perenne) may
only require an Olsen P concentration <15 mg L−1

(Gillingham et al. 2008). There is potential to
decrease P losses to surface runoff if plant species
are chosen that avoid excessive P concentrations in
foliage. Work of Hart et al. (1981) indicates that
among legumes grown at a similar soil test P
concentration, white clover stores greater quantities
of P in foliage. Further decreases in P losses, and
savings in P fertiliser, could be achieved if this
species reaches the near maximum yield at low soil
test P concentrations.

An alternative strategy has been to sow grass and
legumes in a paddock or field as monocultures in a
ratio of about 60% legume to 40% grass. This strategy
has been shown to improve the liveweight gain of
lambs and milk solids production of dairy cows by
about 10% compared to a mixed sward (Cosgrove et
al. 2003, 2006). Given the different P requirements of
grasses and legumes, it may be possible to place the
low-P grasses in areas of the catchment that exhibit a
low soil test P concentration but produce the most
runoff, while sowing the legume in “safe” (i.e., low
runoff producing) areas. McDowell et al. (2010b)
showed that by introducing conventional cultivation
for ryegrass establishment in this system, soil P was
decreased by redistributing it within the plough
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layer—thereby decreasing the potential for P loss
from the soil by about 20–40%.

A caveat to this idea is that while the spatial
separation of monocultures to account for hydrology
(e.g. runoff) could decrease P loss, the design of such
pasture systems needs to balance environment with
agronomic performance. For instance, while runoff
losses from tall fescue may be less than from a hybrid
ryegrass at the same soil test P concentration (Fig. 2),
recent research has indicated that the soil P require-
ment of tall fescue is much greater than originally
thought (e.g. Miles and Manson 1995), and greater
than ryegrass (Mackay et al. 2010). Furthermore,
while maintaining low soil test P concentrations,
especially in runoff-producing areas, places emphasis
on selecting P-efficient pasture species, the quantity
of P taken up and stored in shoots should be no more
than required for animal nutrition. The P requirements
of cattle vary for a number of reasons such as the
breed of cattle (McDowell 1996), how available P is
in the feed, and the effects of disease or parasites
(Ternmouth 1990). Karn (2001) reviewed the P
requirements of grazing cattle and indicated that a
response to P supplementation only occurred when
total P in the forage was <10–20 g kg−1. Although the
recommended P concentration for lactating dairy cattle
is greater (30 g kg−1; National Research Council
2001), this recommendation incorporates a consider-
able safety margin. Environmental scientists (e.g., Wu
et al. 2000) contend that this P is not efficiently utilised
and the excess P, being excreted in the faeces, causes a
P loss problem when deposited either as dung or
manure in a runoff producing area. Clearly, there is
room to design a pasture system that would better
match feed requirements of the animal and decrease
the potential for environmental impact.

Conclusions

Findings generated by this combined glasshouse, plot,
and long-term field research into P uptake and
potential for loss to surface runoff by forages, will
inform improved pasture management strategies and
decrease the impact of P on surface water quality. At
the same Mehlich-3 extractable soil P concentration
(∼185 mg kg−1), the above ground biomass of
legumes tended to maintain a greater total P concen-
tration than exhibited by a range of grasses. In a pot

trial, as Mehlich-3 P concentration increased to nearly
700 mg kg−1, P uptake by the forages increased,
particularly for crimson clover. When forages were
cut to simulate grazing, FRP in water extracts
increased as a function of soil P and plant P
concentration. This variation in FRP with species
and soil P indicates a potential to manage forages and
their diversity. One way would be to avoid sowing
species that have a high potential to lose P to runoff in
pastures that regularly produce runoff such as areas
adjacent to streams. Conversely, high-P forage species
in areas less hydrologically active and prone to runoff,
can be managed to provide P requirements of grazing
animals.

As P runoff and related water quality issues
continue, forage species management in grazed
pastures becomes another mitigation option available
to farmers and land managers. While careful manage-
ment of pastures will be needed to achieve these water
quality goals, cultivar selection, site selection and
sward management will provide low cost mitigation
options.
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