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Abstract
Aims We hypothesised that a) species with greater acid
soil tolerance have an increased capacity to utilise in-
cipient rainfall; and b) liming increases the productivity
and the ability of pasture species to utilise available
water resources in the profile of an acid soil.
Methods A field experiment was established on a mod-
erately acidic yellow Kandosol and monitored over
5 years. Five perennial pasture species including lucerne
(Medicago sativa L.), phalaris (Phalaris aquatica L.),
chicory (Cichorium intybus L.), tall fescue (Festuca
arundinacea Schreb.) and cocksfoot (Dactylis
glomerata L.), were sown in monocultures with and
without 2.9 t/ha lime.
Results Both lucerne and phalaris were more persistent
than chicory, tall fescue and cocksfoot under severe
drought, despite both being considered sensitive to soil
acidity. Surface liming increased the soil water deficit by

up to 27 mm at 0.75–1.65 m under perennial pastures
compared to unlimed treatments, despite lime having no
physical presence at that depth. Lime increased lucerne,
phalaris and cocksfoot cumulative herbage biomass by
150, 30 and 20 %, respectively, but had no significant
effect on chicory or tall fescue biomass.
Conclusions The two most acid-sensitive species, lu-
cerne and phalaris, were more resilient under drought
despite the acidic nature of the soil. We contend that
species sensitive to acidity can be a valuable addition to
pastures on acid soils. Lime used in conjunction with
deep-rooted perennial species is likely to maximise the
ability of pastures to utilise scarce available soil water
reserves.
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Introduction

Soil acidity is an impediment to agricultural production
across much of southern Australia (Scott et al. 2000;
Bolland et al. 2002). In New South Wales (NSW) alone
it affects in excess of 24 million ha of agricultural land
holdings (Helyar et al. 1990) with many soils continuing
to acidify (Scott et al. 2007). Beneficial effects of lime
(CaCO3) in ameliorating acid soils are well documented
(McLachlan 1980; Singer and Munns 1996), but there
are practical limitations with incorporating it into the
subsoil (Scott et al. 1997). The movement of lime into
the soil profile beyond the zone of incorporation takes
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decades (Li et al. 2010), meaning that inmany instances,
lime is only a partial solution for the management of soil
acidity.

The leaching of soil nitrates derived from the nitrifi-
cation process to beyond the plant root zone is a primary
cause of soil acidification in the farming systems of
southern Australia (Helyar 1976). With their longer-
lived and deeper root systems, perennial plant species
have greater capacity to scavenge soil nitrate from the
soil profile prior to it leaching beyond the root zone, thus
reducing acidification compared to annual plant species.
It was reported that the presence of perennial species has
been shown to reduce surface soil acidity compared to
where only annual species exist (Ridley et al. 2002;
Dear et al. 2009). Thus, the use of perennial pastures
in conjunction with lime is promoted as a method of
sustainable agricultural production on acidic soils (Li
et al. 2006a, b). In environments where drought is
common, there are also potential advantages in peren-
nial species maximising the use of both incipient rainfall
and stored soil water reserves.

Much research was done in Australia in the previous
decade to develop farming systems with enhanced ca-
pacity to de-water the soil profile. Inefficient use of soil
water leads to various forms of soil degradation, not
only soil acidity as described above, but also dryland
salinity which was the catalyst for much of the recent
research conducted in Australia (see Dunin and
Passioura 2006). The highly variable and episodic na-
ture of rainfall across agricultural regions of southern
Australia requires a ‘dry soil buffer’ (or soil water
deficit) to be in place to store excess water before it is
lost below the plant root zone (Ward 2006). This ‘insur-
ance policy’ does not eliminate natural soil degradation
processes associated with the loss of water and nutrients
to beyond the plant root zone, but serves to minimise the
frequency and severity of leaching events. Perennial
pasture species are seen as a practical means to increase
the soil water deficit across the agricultural landscape in
order to mitigate the risk of soil degradation whilst
maintaining or improving agricultural productivity
(Dear and Ewing 2008).

The challenge for agricultural landscapes across
southern Australia is that very few viable alternative
perennial pasture species exist which are sufficiently
productive to add value to existing crop and livestock
enterprises whilst also being sufficiently resilient to
withstand the stresses imposed by biotic and abiotic
factors. Aside from specific niches, lucerne (Medicago

sativa L.) is the only perennial legume species broadly
adapted to a range of cropping environments across
southern Australia (Li et al. 2008). The capacity of
lucerne to fix atmospheric nitrogen makes it an appeal-
ing option for livestock (Wolfe et al. 1980) and crop
(Peoples and Baldock 2001) production enterprises. In
addition, its ability to scavenge mineral N from the soil
(Dear et al. 1999) and de-water the soil profile (Sandral
et al. 2006; Hayes et al. 2010c) are appealing in the
context of managing soil acidity and salinity. However,
lucerne is inherently sensitive to soil acidity (Bouton
1996; Hayes et al. 2012a) which may limit its use,
particularly where subsoil acidity is a constraint to pro-
duction (Pinkerton and Simpson 1986).

A small number of non-legume perennial species
exist which may prove to be viable alternatives to lu-
cerne in environments across southern Australia.
Chicory (Cichorium intybus L.) is a broadly adapted
(Li et al. 2008) summer growing, short-lived perennial
herb with a proven capacity to de-water the soil profile
(Hayes et al. 2010c) and provides high quality forage for
livestock (Belesky et al. 2001; Hayes et al. 2010a).
Temperate perennial grasses may also prove to be useful
for this purpose, particularly in the higher rainfall zones
of southern Australia. Phalaris (Phalaris aquatica L.) is
perhaps the best grass option due to its broad adaptation
across south-eastern Australia (Oram et al. 2009), as
well as its relatively high level of productivity (Hayes
et al. 2010a) and deep rooting habit (McWilliam and
Kramer 1968; Ridley and Simpson 1994). However,
phalaris is reported as being sensitive to low pH
(Edmeades et al. 1991) and to Al toxicity (Culvenor
et al. 1986). Tall fescue (Festuca arundinacea Schreb.)
is similar to phalaris in many respects although would
seem to be generally less sensitive to soil acidity
(Lattimore and McCormick 2012; Song et al. 2014),
but is also less productive than phalaris (Hayes et al.
2010a), particularly at lower latitudes. Cocksfoot
(Dactylis glomerata L.) is the most likely option as it
is highly tolerant of soil acidity (Culvenor et al. 1986;
Ridley and Coventry 1992) and is also a reasonably
productive forage species (Hill 1985; Hayes et al.
2010a) although its rooting depth is generally much
shallower than the other species previously discussed
(Ridley and Simpson 1994). Aside from this narrow
range of perennial species, there appears to be very
few alternative perennial species that are sufficiently
robust to survive and thrive under paddock conditions
across much of the target region (Hayes et al. 2012b).
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The objective of the current study was to assess the
production, persistence and soil drying characteristics of
lucerne, chicory, phalaris, cocksfoot and tall fescue
grown with and without lime on an acidic soil, typical
of south-west NSW. More specifically, we hypothesise
that a) species with superior acid soil tolerance have an
increased capacity to dry the profile in soil environments
with an acidic subsurface; and b) the application of lime
increases the productivity of perennial pasture species
enabling them to better exploit stored soil water in soils
with an acidic subsurface.

Materials and methods

Site description and treatments

The field experiment was conducted near Gerogery,
southern NSW, Australia (35.9025° S, 146.9377° E;
Alt. 239 m). The soil was a Yellow Kandosol (Isbell
1996) with a sandy clay loam texture in the surface
0.5 m over a light clay, with clay content increasing
down the profile. The subsurface soil pHCa (1:5 soil in
0.01 M CaCl2) was as low as 4.1 (Fig. 1), even where
lime was applied. The soil below 0.40 m was not acidic
and had concentrations of Al and Mn that would not be
toxic to plants. Prior to treatments being imposed the
experimental area had previously never been limed.
Previous experiments conducted at this field site showed
visual symptoms of Mn toxicity in legume species
which was confirmed by high Mn concentrations in
plant tissue. As a result, pasture productivity was re-
duced where the soil acidity was not amended by lime
(Hayes et al. 2008, 2012a).

The experiment was a split-plot design with the 5
species as main plots and lime treatments (limed vs
unlimed) as subplots, replicated 4 times. Plot size was
6×4 m. The 5 species were lucerne cv. Aurora (sown at
6 kg/ha), chicory cv. Grasslands Puna (5 kg/ha), phalaris
cv. Landmaster (8 kg/ha), cocksfoot cv. Currie (6 kg/ha),
and tall fescue cv. Fraydo (12.5 kg/ha). All species were
sown as monocultures, and lucerne seed was inoculated
and lime pelleted prior to sowing.

Superfine F70 lime (CaCO3) was applied at 2.9 t/ha
to the surface of the limed plots using a direct drop
spreader on 14 April 2002 and incorporated 2 weeks
later on 28 April 2002 with a tyned seed drill as de-
scribed by (Hayes et al. 2008). The current species
treatments were re-sown over existing treatments with

the same species and sowing rate on 25 August 2004
when the previous study was completed. Throughout
this paper we refer to 2004 as ‘year 1’, 2005 as ‘year 2’
and so on.

The site was sprayed with 2 L/ha glyphosate several
weeks prior to the August 2004 sowing. It was cultivat-
ed using a small offset-disc plough immediately before
sowing, taking care to ensure the movement of soil
between plots was minimised. Soil pH in each plot
was monitored in 2002, 2003,2007 and 2009 and results
showed that lime increased the pH of the soil at 0–0.1 m,
but had only small effects below that depth (Fig. 1; see
also Table 5).

Drier than average seasonal conditions were experi-
enced during the experimental period which was
characterised by a series of very dry autumns leading
to a late start to the growing season in each year
(Table 1). Total rainfall was 722 mm in 2005, 13 %
above the long term average (628), but 535 mm in 2004,
247mm in 2006, 563 mm in 2007, and 469mm in 2008,
being 15, 61, 10 and 24 % below the long term average,
respectively. Year 3 (2006) was the single driest year in
86 years of observation atWallaWalla, NSW, the weath-
er recording station nearest the experimental site
(Bureau of Meteorology 2014).

Site management

Boron was applied to the entire experimental area as a
bare earth treatment in the form of Borax at 20 kg/ha
prior to sowing (12 May 2004), as boron concentrations
were marginally below critical concentrations for sub-
terranean clover in the previous experiment at that site
(Hayes et al. 2008). Application was through a boom-
spray with 670 L/ha of water due to its low solubility.
The site received 2 applications of starter fertiliser
(14.9 % N, 13 % P, 10.5 % S) at 180 kg/ha in May
(sown and failed) and in late August (re-sown). In year 2
the site received approximately 160 kg/hamolybdenised
superphosphate (8.8 % P, 11 % S, 0.025 % Mo) and
100 kg/ha granulated urea, both applied through a
direct-drop spreader on 2 March 2005. Granulated urea
was again applied to all treatments at 100 kg/ha and
single superphosphate (8.8 % P, 11 % S) at 150 kg/ha in
year 3 on 4 August 2006 and in year 4 on 6 September
2007.

Alpha-cypermethrin was applied at 100 ml/ha ap-
proximately 1 week after sowing as a preventative mea-
sure to minimise insect damage to emerging seedlings

Plant Soil (2016) 400:29–43 31



from pests such as red-legged earth mite (Halotydeus
destructor Tucker). No subsequent application of insec-
ticide was applied to the experiment. The phalaris,
cocksfoot and tall fescue treatments received
Flumetsulam at 25 g/ha through a shrouded boom in
year 1 on 24 September 2004 to control emerging
wireweed (Polygonum aviculare L.). It was not applied
to the lucerne and chicory treatments at this time as it

was uncertain if these species could tolerate this herbi-
cide at such an early stage of development. However, a
second application of Flumetsulam at 25 g/ha was ap-
plied to all treatments on 22 October 2004 to suppress
any remaining wireweed. In year 2 Flumetsulam was
again applied to all treatments at 25 g/ha on 8 August
2005 to suppress winter broadleaved weeds such as
capeweed (Arctotheca calendula L.) as well as emerging
wireweed. No selective grass herbicides were applied to
this experiment as the spring sowing precluded signifi-
cant grass weed burden in the establishment year, and
subsequent grass weed burdens were reduced with graz-
ing. No pesticides were applied to the experiment be-
yond year 2.

The experiment was not grazed in the establishment
year. In subsequent years the site was grazed at a high
stocking rate with either sheep or cattle immediately
following an assessment of herbage yield. If required
the experiment would subsequently bemowed, ensuring
all treatments were defoliated to a uniform height to
avoid differences due to grazing selectivity. A residual
of 300–500 kg/ha of biomass remained on the plots after
defoliation.

Measurements

Initial seedling density of perennial species was assessed
9 weeks after sowing using two 1 m×1 m quadrats per
plot. Plant density was measured again in year 2 on 5
July 2005 at the same locations. From year 3 onwards,
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Fig. 1 a Soil pH profile on the unlimed and limed treatments, and
b exchangeable Mn and Al, determined using the method of
Gillman and Sumpter (1986), on the unlimed treatments with

depth (m) in 2002 at the experimental site (adapted from Hayes
et al. 2008)

Table 1 Monthly rainfall (mm) received at Walla Walla, NSW
(the closest recording station to the experimental site) during the
experimental period compared with the long term average (LTA)
recorded over 86 years since 1925 (Australian Bureau of
Meteorology)

Year 2004 2005 2006 2007 2008 LTA
Year 1 Year 2 Year 3 Year 4 Year 5

January 17.0 47.8 9.4 29.2 65.2 44.6

February 1.4 83.8 8.0 54.6 49.5 39.3

March 0.6 15.2 24.8 37.0 25.4 41.9

April 23.2 13.4 30.4 25.0 18.0 47.6

May 49.6 4.2 8.0 66.3 15.0 56.8

June 104.2 105.6 31.0 29.8 27.0 58.7

July 54.0 51.2 53.6 79.8 83.8 64.0

August 67.4 95.9 17.7 12.0 33.0 64.2

September 47.8 103.2 25.5 11.2 33.0 56.2

October 21.8 92.0 1.4 51.4 15.0 64.0

November 83.4 60.1 36.7 66.7 55.2 43.9

December 64.6 49.6 0.0 99.8 49.1 46.8

Total 535 722 247 563 469 628
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the relative plant density of the perennial species were
taken bymeasuring basal frequency as many established
plants were too large to reliably distinguish individuals.
The basal frequency was assessed at fixed locations in
year 3 (21 July), year 4 (1 June) and year 5 (10 June) by
placing a 1×1m quadrat of 100×100 mmmesh over the
sampling area, and counting the percentage of squares
occupied or partially occupied by the base of a sown
perennial plant.

Herbage yield of each plot was assessed periodically,
usually coinciding with the end of a season. A visual
assessment technique was used which involved splitting
each plot into 6 cells and giving each a score out of 10
for herbage mass. Scores of each cell were averaged to
give one score per plot. Scores were calibrated and
converted to a dry matter basis by cutting 10–12 repre-
sentative quadrats (0.1 m2) at each sampling date and
drying samples at 70 °C for 48 h before weighing. Of the
15 assessments of herbage yield the coefficient of deter-
mination of the calibrations (r2) ranged from 0.51 to
0.98 (P<0.05). The proportion of sown perennial spe-
cies, annual legumes and weeds was assessed at the
same time using the dry weight rank method (t’
Mannetje and Haydock 1963; Jones and Hargreaves
1979) at 10 random locations in each plot. Botanical
composition data was used to calculate the yields of the
respective components of each sward.

Twenty grab samples of lucerne, chicory and phalaris
were taken from individual plots for determination of
mineral concentrations in the year following lime appli-
cation and were reported in Hayes et al. (2008).
Lucerne, phalaris and cocksfoot were again sampled at
the conclusion of the current experiment on 9 September
2008. The herbage samples were kept cool and
transported back to the laboratory for drying at 70 °C
for 72 h before grinding to < 1 mm. Analysis for
minerals using radial view inductively coupled
plasma-optical emission spectrometry (ICP-OES)
followed acid digestion of samples. Values for Mo and
Co are not reported as they were below levels of accu-
rate determination of the instrumentation. Chicory and
tall fescue were not sampled due to insufficient herbage
available at the time of sampling.

An aluminium access tube was inserted at the centre
of each plot to enable the measurement of soil water
using a neutron moisture meter (NMM) at depths of
0.15, 0.30, 0.45, 0.60, 0.75, 0.90, 1.15, 1.40, 1.65,
1.90, 2.20, 2.50 and 2.80 m. Due to the presence of a
hard gravely layer, 17 of the 40 tubes inserted did not

reach maximum depth. Each soil core was retained from
each respective depth for the determination of gravimet-
ric moisture content and these numbers used for the
calibration of the NMM. Tubes were inserted 2 years
prior to sowing and the initial NMM reading for the
current experiment was taken 11 weeks prior to sowing.
Subsequent readings of the NMM were generally taken
about every 8 weeks throughout the experimental
period.

The NMM was calibrated at field capacity at the
above depths in the surface 1.65 m in March 2007. An
access tube was inserted in the middle of a 4×4 m area
of soil immediately adjacent to the experiment which
was covered with black plastic and irrigated over a
6 week period using a gravity-fed dripper line. At the
end of the 6 week period a NMM reading was taken as
being the average of 3 counts for each depth. The soil
profile adjacent to the access tube was sampled in trip-
licate to determine bulk density and gravimetric mois-
ture content of the soil at each sampling depth. Soil was
removed using a 150 mm-diameter auger to the appro-
priate depth before a 75×50 mm bulk density coring
ring was inserted such that the midpoint of the ring was
at the target sample depth (e.g., 0.15 m, 0.30 m etc.).
Estimates of soil bulk density comprised the average of
3 cores at each depth and ranged from 1.55 to 1.62 g/
cm3 in the surface 1.65 m, except for at 1.40 m where
bulk density was 1.71 g/cm3. Bulk densities at depths
beyond 1.65 m were assumed to be the average of
estimates taken between 1.15 and 1.65 m (1.65 g/cm3).
All bulk density and gravimetric moisture content
values were converted to volumetric water content and
related to the respective NMM readings. Additional dry-
end calibration readings were taken in 2009 from only
the lucerne and phalaris plots at each depth to 1.65 m
and related to the mean of 3 NMM readings in each
respective tube. All calibration data were combined to
develop equations of best fit for each depth to convert
NMM readings to volumetric water content (data not
shown).

Soil samples were taken using a foot corer (0.02 m in
diameter) from the surface 2 depths, 0–0.1 and 0.1–
0.2 m, to monitor soil pH. Ten cores were taken across
a transect in every plot and bulked. Samples were dried
at 40 °C, sieved to < 2 mm and analysed for pH follow-
ing mixing of soil for 1 h with 0.01 M CaCl2 in a 1:5
ratio. Soil was sampled on 4 occasions including twice
prior to the establishment of the current experiment in
August 2002 (133 days after liming) and September
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2003, and twice during the current experiment in August
2007 and August 2009.

Statistical analysis

Analyses of variance were conducted using a split-
plot model (Genstat version 9; VSN International
Ltd) with perennial species as the main plot and
lime treatment as the subplot. A linear mixed
model with spatial components (AR1×AR1) was
fitted with species, lime and species×lime as fixed
terms. Random terms included replicate, replicate×
main plot and replicate×main plot×subplot. Row
and column effects were fitted as required. The
distribution of all datasets and residuals were suf-
ficiently normal for the data not to require trans-
formation prior to analysis. The NMM measure-
ment on 19 October 2005, the wettest soil profile
during the experimental period, was used as a
covariant to compare levels of drying achieved
under treatments until 9 July 2008. The repeated
measures model was used with species, lime and
time, and their interactions as fixed effects, and
replicate and plot as random effects. All data were
analysed at the 95 % significance level (P<0.05).

Results

Plant density

All perennial species established successfully with ini-
tial seedling densities ranging from 41 to 189 plants/m2

(Table 2). Lime had no effect on the establishment of the
perennial species, nor on plant density in year 2.
However, in most treatments there was a marked decline
in plant density between years 1 and 2. Lucerne density
reduced from 47 to 31 plants/m2 (P<0.05) over the first
summer in the unlimed treatment but did not reduce
(41–47 plants/m2) where lime was applied. The basal
frequency of all species declined between years 3 and 5
irrespective of lime treatment. However, the extent of
the decline observed in the basal frequency of lucerne
(18 %) was minor compared to the average decline of
the remaining species (76 %; Table 2). Lime increased
the basal frequency of lucerne by up to 79 % (year 3),
but differences due to lime in other species were not
significant (P>0.05; Table 2).

Aboveground biomass

Phalaris and lucerne both produced the highest cumula-
tive aboveground biomass during the 4 year experimen-
tal period (Aug 2004 – Sep 2008), particularly where
lime was applied. Cumulative biomass of sown peren-
nial species increased with lime application by ca. 30
and 150 % in phalaris and lucerne, respectively (Fig. 2).
The cumulative biomass of the remaining sown species
was not affected by lime. Averaged across lime treat-
ments, the phalaris swards had the highest total cumu-
lative biomass over 5 years (39.8 t/ha), followed by the
lucerne (36.2 t/ha), cocksfoot (35.5 t/ha) and chicory
(34.9 t/ha) swards. Tall fescue was the least productive
of the perennial species (33.3 t/ha) although its total
biomass was not significantly different from cocksfoot
and chicory swards (P>0.05). In most instances, ca.
50 % of total available biomass comprised ‘other’ gen-
erally undesirable volunteer weed species, such as
Hordeum vulgare L. and Lolium rigidum Gaud. in win-
ter or Polygonum aviculare L. and Pannicum capilare
L. in summer. The exceptions to this were in the tall
fescue swards where the tall fescue contributed only ca.
15 % to total sward biomass, and in the limed lucerne
and phalaris swards in which ‘other’ species comprised
only 30–40 % of total biomass (Fig. 2).

Averaged across all species, lime increased available
biomass of the sown perennial species by 39 % over the
5 year experimental period, with significant differences
in available biomass observed on 13 out of 15 sampling
times (Table 3). The maximum increase in available
biomass of the mean of all sown perennial species due
to lime was 69%, observed in spring of both years 3 and
4 (Table 3). Patterns of biomass availability were gen-
erally consistent with the seasonal growth patterns of the
various species. Lucerne and chicory tended to be
more productive over summer and autumn whereas
maximum available biomass of the grasses was
generally observed in winter and spring, although
this was very much dependant on the conditions of
the particular season. Pasture biomass production
was very low during the final 2 years of experi-
mentation, reflecting the low rainfall received at
that site during that period (Table 1) and poor
persistence of most of the sown perennial species.
Lucerne was the most productive species in the
final 2 years of experimentation, with cumulative
aboveground biomass of 4.1 and 8.9 t/ha in the nil
and plus lime swards, respectively (Table 3).
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Concentrations of minerals were generally highest in
lucerne and lowest in phalaris herbage (Table 4). This
was particularly true for B and Ca where concentrations
were 10-fold and 5-fold greater than in the grasses,
respectively. The exception was Na which was at more
than double the concentration in phalaris herbage com-
pared to cocksfoot and lucerne. The concentrations of all
minerals other than Mn were unaffected by lime.
Averaged across the three species, lime reduced Mn
concentrations from 221 to 176 mg/kg (P<0.001).

Values of Mn in lucerne herbage ranged from
136 mg/kg in the limed plots to 199 mg/kg in the
unlimed plots (data not shown).

Soil water

There was no significant species×lime×time interaction
in soil water data at any depth. Time was a highly
significant factor, reflecting the strong seasonal influ-
ence on soil water content. A significant species×time

Table 2 Plant density (plants/m2) and basal frequency (%) of perennial species grown with (Lime+) and without lime application (Lime-),
and the change (%) in plant density between years 1 and 2, and in basal frequency between years 3 and 5

Treatment Year 1 Year 2 % Change

Density (plants/m2)

Chicory 108 64 −42
Lucerne 44 39 −9
Phalaris 151 43 −71
Cocksfoot 186 48 −74
Tall fescue 169 44 −73
Significance P<0.05 P<0.05 P<0.05

l.s.d. (P=0.05) 21.0 12.1 9.4

Basal Frequency (%)

Year 3 Year 5 % Change

Lime- Lime+ Lime- Lime+ Lime- Lime+

Chicory 24 24 9 3 −64 −87
Lucerne 28 50 24 37 −10 −26
Phalaris 50 62 16 23 −68 −64
Cocksfoot 54 61 13 12 −79 −81
Tall fescue 27 33 4 9 −89 −74
Significance P<0.05 P=0.052 P<0.088

l.s.d. (P=0.05) 10 ns ns

ns not significant at P=0.05

Fig. 2 Cumulative available
herbage biomass (t/ha) for each
perennial species with and
without lime measured from
spring 2004 to winter 2008.
Vertical bars represent LSD0.05

for the interaction between
species and lime for sown
perennial species and other
weeds, respectively; n.s., not
significant for annual legumes
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effect was observed at all depths and a lime effect was
observed only in the 0.75–1.65 m (P<0.01) zones of the

profile (Fig. 3). Averaged across all species, soil water
deficit on the limed treatments increased by 9 mm in the
0.75–1.65 m depth at the end of spring (November) in
year 4 compared to that on unlimed treatments (P<0.01).
In the lucerne and phalaris treatments where perennial
plant basal frequency was higher throughout the experi-
ment, lime increased the apparent soil water deficit sig-
nificantly (P<0.05). The maximum difference in soil
water deficit was 20 mm between unlimed and limed
plots under lucerne pastures in the 0.15–0.60 m zone. In
contrast, the maximum difference in soil water deficit
was up to 27 mm between unlimed and limed plots under
phalaris in the 0.75–1.65 m zone. No differences were
found below 1.65 m (P>0.05, data not shown).

Trends in soil pH through time

Lime significantly increased soil pH by 1.04 units in the
surface 0.10 m 133 days following lime application and

Table 3 Seasonal production (t/ha) of sown perennial species grown with (Lime+) and without lime application (Lime-) between spring
2004 and winter 2008

Year Season Chicory Lucerne Phalaris Cocksfoot Tall fescue l.s.d. (P=0.05)

Lime- Lime+ Lime- Lime+ Lime- Lime+ Lime- Lime+ Lime- Lime+ Lime
effect

Species
effect

Lime×species
interaction

2004 Spring 2.85 3.37 0.43 1.37 3.06 3.61 3.00 3.19 1.51 1.16 – – 0.530

2005 Summer – – – – – – – – – – – – –

Autumn 0.50 0.70 0.30 0.63 1.00 1.34 0.85 1.15 0.33 0.36 0.127 0.200 ns

Winter 0.48 0.71 0.69 1.65 2.15 2.50 1.63 1.61 0.82 0.63 0.256 0.405 ns

Mid
spring

3.28 4.40 1.54 3.79 4.11 4.54 2.15 2.02 0.92 0.41 – – 1.101

Late
spring

5.51 6.05 1.44 5.01 3.78 6.29 3.95 5.71 0.50 1.10 0.801 1.266 ns

2006 Summer – – – – – – – – – – – – –

Autumn 0.64 0.61 0.44 1.29 0.78 1.02 0.82 1.16 0.19 0.35 – – 0.199

Winter 0.50 0.43 0.79 2.06 1.73 2.10 1.89 2.03 0.91 0.62 – – 0.356

Spring 0.20 0.13 0.17 0.51 0.09 0.13 0.03 0.06 0.01 0.01 – – 0.129

2007 Summer 0.15 0.14 0.21 0.77 0.00 0.00 0.00 0.00 0.00 0.00 ns 0.235 ns

Autumn 0.39 0.26 0.47 0.78 0.14 0.23 0.03 0.05 0.08 0.08 ns 0.170 ns

Winter 0.17 0.13 0.35 0.51 0.57 0.91 0.17 0.14 0.01 0.04 – – 0.170

Spring 0.38 0.44 0.60 1.78 0.71 0.70 0.25 0.39 0.05 0.06 – – 0.470

2008 Summer 1.33 0.78 1.30 3.39 0.30 0.50 0.29 0.53 0.00 0.03 – – 0.687

Autumn 0.37 0.17 1.15 1.69 0.12 0.31 0.33 0.34 0.05 0.20 – – 0.200

Winter 0.10 0.02 1.02 2.04 0.63 0.74 0.45 0.51 0.01 0.14 – – 0.502

Cumulative
DM

16.85 18.32 10.89 27.25 19.17 24.90 15.79 18.89 5.39 5.19 – – 2.915

All reported differences are at the P<0.05 level

Table 4 Herbage mineral composition (mg/kg) of lucerne,
phalaris and cocksfoot sampled at the conclusion of the experi-
ment on 9 September 2008

Mineral Lucerne Phalaris Cocksfoot l.s.d. P=0.05

Cu 8.26 4.16 6.17 0.621

B 50.8 4.1 7.6 1.66

Fe 87.5 58.2 71.8 3.95

Mn 167 177 250 25.9

Na 844 2285 964 785.6

Mg 2600 1174 1028 216.5

P 3363 1614 2612 215.1

S 3325 2538 2106 164.7

Ca 15812 2246 3800 1084.2

K 26250 19812 22238 2279.9
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incorporation (Table 5). There was also a small but
significant increase in pH at the 0.10–0.20 m depth.
There was a consistent trend of increased acidification
of soil over time. For example, soil pH at 0–0.10 m
depth decreased by 0.76 pH units in the limed treatment,
and by 0.18 pH units in the unlimed treatment from
2002 to 2009. At the 0.10–0.20 m depth, there was a
significant decrease in soil pH between 2002 and 2009
mirroring trends in the surface depth in the unlimed
treatment. However, in the limed plots, pH increased
slightly over time with highest values observed in 2007

(Table 5). There was no effect of species on soil pH in
the top 0.20 m soil.

Discussion

There are two major findings of this study. First, surface
liming at 0–0.10 m enhanced the capacity of deep-
rooted perennial species to deplete water in the profile
to up to 1.65 m below the soil surface. Second, the most
productive and persistent perennial species under
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Fig. 3 Changes in soil water deficit (mm) at 0.15–0.60 and 0.75–
1.65 m below the soil surface on plots with (Lime+) and without
(Lime-) surface lime application sown to (a) lucerne; (b) chicory;
(c) phalaris; (d) cocksfoot; and (e) tall fescue fromOctober 2005 to

July 2008. Vertical bars represent LSD0.05 for measurement times
on the left hand side and lime effects on the right hand side of each
graph. No measurement time and lime effect interaction was
detected for any species; n.s., not significant
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sustained drought conditions at this acidic site were the
two species, lucerne and phalaris, that were previously
reported to be sensitive to acid soils and that were most
responsive to lime in the current study. Both findings
will result in changed recommendations to the way
farmers should manage acid soils.

Lime and soil water

Results showed that there was a difference in soil water
deficit in the 0.75–1.65 m zone of the profile under the
phalaris treatment of up to 27 mm between the unlimed
and limed treatments. In its simplest form, this might be
equivalent to 27 mm of ‘bonus rainfall’ implying an
effective average annual rainfall of something closer to
655 mm rather than the existing value of 628 mm at this
site. However, this is overly simplistic and the benefits
are likely to be much greater in a paddock situation.
Firstly, 27 mm of additional water in the 0.75–1.65 m
zone of the profile would require far more than 27 mm
of rainfall received at the surface, due to losses associ-
ated with evaporation, lateral flow and runoff and due to
the drainage characteristics of individual soils which
may hamper the movement of water through the
profile. Secondly, additional water deep in the profile
may be accessed by perennial forage species less for
production and more for survival purposes. In a
lysimeter study, Hoffmann et al. (2003) showed that
lucerne survival increased where there was access to
deep soil water, but deep soil water had little impact
on lucerne production when the upper profile remained
dry. One might expect a similar response in phalaris
which is a species known to rely on access to deep soil
water to survive periodic droughts (McWilliam and

Kramer 1968). Although differences in phalaris persis-
tence due to lime were not significant in the current
study, a consistent trend was observed over the experi-
mental period where phalaris basal frequency was nu-
merically greater in the limed plots. A study at
Goulburn, NSW, showed that lime significantly in-
creased the basal frequency of phalaris (Hayes et al.
2010b), an effect which could be attributed to increases
in either persistence or plant size. Unlike the Goulburn
study, no increase in soil water at the soil surface was
observed due to lime at the current site which is likely to
reflect differences in soil characteristics between sites.

The increase in soil water deficit at 0.75–1.65 m
below the soil surface is presumed to be an indirect
effect of liming. It is highly unlikely that the lime
applied had moved much beyond the initial zone of
incorporation during the experimental period due its
slow movement (Li et al. 2010). Indeed, there had been
some lime movement over 6 years following lime ap-
plication (Fig. 1), but no deeper than 0.20 m. Therefore,
the explanation for the result we observed is likely to be
that lime enhanced the growth of the perennial species
which were then able to extract more water from the
subsoil.

Further research is required to better understand the
mechanisms responsible for this phenomenon. It is pos-
sible that the increased pasture growth observed during
our study resulted in an increased evapotranspiration
demand enabling increased water extraction from the
soil profile where lime was applied. In addition, lime
would be expected to increase root growth of lucerne
(Hayes et al. 2011, 2012a) and phalaris (Song et al.
2014) in the soil surface by ameliorating toxicities as-
sociated with Al and Mn which may have enhanced the
capacity of the perennial root systems to find more
favourable channels through the subsurface and better
explore the soil volume for water, as postulated by
Culvenor et al. (2011). White et al. (2000) showed that
lime reduced deep drainage under perennial pastures on
a duplex soil, but had no effect on lateral subsurface
flow. This infers that lime increased the water extraction
of perennial pastures, similar to the current study. It is
also possible that improved root growth of perennial
species with liming is associated with improved Ca,
Mo and P nutrition (Haynes 1982; Helyar et al. 1990).
However, we found little evidence of changed concen-
trations of these nutrients due to lime (Table 4) at the
conclusion of the experiment, and little evidence that
any macro or micro nutrient was limiting for pasture

Table 5 Change in pH CaCl2 over time in the surface 0.20 m in the
limed and ulimed plots

Treatment Year 0.0 – 0.10 m 0.10 – 0.20 m

Unlimed 2002 4.31 4.15

2003 4.27 4.11

2007 4.26 4.13

2009 4.13 4.01

Limed 2002 5.35 4.22

2003 5.36 4.23

2007 4.82 4.35

2009 4.60 4.27

l.s.d. (P=0.05) 0.097 0.067
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growth, particularly in the dry years where pasture
growth was only modest. Regardless of the mechanism
responsible, the presumed access to increased levels of
soil water has major implications for increasing produc-
tion efficiencies in crop/livestock enterprises and for
increasing pasture resilience under drought.

An increased soil water deficit is known to reduce the
risk of soil degradation attributable to deep drainage
(Ridley et al. 1999; Dunin and Passioura 2006). Not
only were significant increases in productivity observed
due to lime, but our study suggests that the environmen-
tal sustainability of the production systemwould also be
enhanced where lime is used in conjunction with deep-
rooted perennials such as phalaris. This supports previ-
ous findings which showed perennial pastures better
able to reduce acidification by taking up more N
(Ridley et al. 1999, 2001). We would not expect lime
to increase the dry soil deficit unless it was used in
conjunction with deep-rooted perennial species on a
responsive soil.

There was no evidence in the current study that
phalaris and lucerne increased soil pH at the soil surface
as has previously been reported (Ridley et al. 2002; Dear
et al. 2009). This may be due to the relatively dry
seasonal conditions experienced where deep drainage
under all treatments would have been minimal, or be-
cause previous studies were comparing soil under pe-
rennial species with soil under annual pastures which
were not included in the current experiment.
Nevertheless, given the observed increase in dry soil
deficit, it is reasonable to expect that phalaris and lu-
cerne used in conjunction with lime on acidic soils
would further reduce soil profile acidification rates over
what has been previously reported.

The response to acidic soil conditions at this experi-
mental site is further complicated by interactions with
climatic conditions. Establishment of perennial species
following a late-August sowing was undoubtedly
assisted by above average rainfall in the November,
December and February following sowing, followed
by a very favourable spring in year 2 despite a poor
autumn in that year (Table 1). The largely favourable
seasonal conditions experienced early in the experiment
may have facilitated the establishment of all perennial
species irrespective of Al tolerance as suggested by
Culvenor et al. (2011). Having an established root sys-
tem in place prior to the three consecutive dry years
undoubtedly enhanced the capacity of the perennial
species to utilise soil water from deep in the profile,

particularly for the two species renowned for their deep-
rooting habit, lucerne (Black et al. 1981) and phalaris
(McWilliam and Kramer 1968).

Perennial species

Phalaris and lucerne have both previously been de-
scribed as being relatively sensitive to soil acidity justi-
fying substantial research programs devoted to develop-
ing genotypes of both species more tolerant of soil
acidity, in particular Al toxicity (Devine et al. 1976;
Oram et al. 1990; Culvenor et al. 2011; Hayes et al.
2011). The perceived relative sensitivity of both species
has led to advise farmers to avoid sowing these species
on acidic soils (e.g., Anon. 2004). However, our study
has demonstrated the value of sowing these two Al
sensitive species on this acidic soil. Indeed, due to the
sustained period of drought experienced at this site
during the 5 year experimental period, had we not
included these ‘sensitive’ species in the current experi-
ment, by year 3 there would have been very little left to
measure by way of perennial pastures (see Table 2).

The current study is the second example of which the
present authors are aware where the more ‘acid-sensi-
tive’ phalaris persisted better than cocksfoot, a species
renowned for its superior adaptation to acid soils
(Lolicato and Rumball 1994). Hayes et al. (2010b)
conducted an experiment on an acutely acidic soil at
Goulburn, New South Wales, Australia, and found that
phalaris was the only species to persist beyond the first
summer in the absence of lime. In both the previous and
current experiments, the drought tolerance of phalaris
undoubtedly contributed to its superior persistence even
where soil acidity was not ameliorated by lime.

Culvenor et al. (2011) challenged the perceived
thresholds at which phalaris might be expected to estab-
lish and persist in a field environment contending that
contemporary recommendations are too conservative
for phalaris with all cultivars expected to tolerate levels
of Al saturation ≤20 % of the cation exchange capacity
and pHCa of 4.2–4.5. Moreover, newer phalaris cultivars
with enhanced tolerance of Al toxicity established more
reliably than traditional cultivars under drought condi-
tions. The current study using the first of the phalaris
cultivars with improved Al tolerance, cv. Landmaster
(Oram 1996), showed adequate phalaris persistence at
this site with pHCa as low as 4.0 and up to 23 %
exchangeable Al in the surface 0.20 m, but production
and basal frequency were increased with lime. This
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collective experience of superior phalaris performance
has prompted a revision of agronomic recommenda-
tions, suggesting that phalaris may be a suitable choice
of species for acidic soils, particularly in environments
prone to periodic drought (Hayes et al. 2015). However,
as demonstrated in the current study, where phalaris is
grown on acidic soils it should follow prior lime appli-
cation. Applying lime is expected to enhance the reli-
ability of phalaris establishment (such as was shown in
Hayes et al. 2010b), and improve phalaris production as
evidenced by the 30 % increase in cumulative biomass
in the current study which is broadly consistent with
responses observed in phalaris previously (Ridley and
Coventry 1992; Li et al. 2006b).

The superior persistence of lucerne in the current
experiment was less expected, and there are few
examples in the scientific literature of lucerne
persisting better than reputedly more acid-tolerant
species such as phalaris and cocksfoot, particularly
in the absence of lime. In the current experiment soil
acidity and toxicities of Mn and Al were largely
confined to the surface depths. In addition,
favourable climatic conditions at establishment as
discussed previously and a relatively deep soil pro-
file (~2 m) enhanced the performance of lucerne in
this experiment. However, the fact that lime in-
creased lucerne biomass by 150 % indicates that
lucerne growth was substantially constrained by acid
soil-related factors, more so than the remaining spe-
cies. Large responses to lime have previously been
reported in lucerne when grown on an acid soil
(Horsnell 1985) and interestingly, in the current
study cumulative lucerne biomass did not surpass
that of other species until the dry sequence of years
later in the experiment (Table 3). This indicates that
the relative drought tolerance of lucerne compared to
the other species was an important factor influencing
its overall performance. Unlike phalaris there still
exists no cultivar of lucerne with enhanced tolerance
of low pH or toxicities of Al or Mn (Bouton 1996;
Charman et al. 2008) which would seem a worth-
while initiative to further improve the reliability of
lucerne on acid soils as has been achieved with
phalaris (Culvenor et al. 2011). Further research is
also required to more explicitly define the character-
istics of an acid soil where lucerne might reliably be
expected to out-perform more tolerant perennial pas-
ture species, as was observed in the current
experiment.

Soil acidity, Mn and Al toxicity

Previous experimentation at this site had demonstrated
evidence of Mn toxicity affecting lucerne growth and of
increased pasture productivity due to lime. The concen-
tration of Mn in lucerne herbage in unlimed plots was
higher (918 mg/kg) in the year following lime applica-
tion (Hayes et al. 2008) compared to an adjacent exper-
iment sampled in 2008 where values ranged from 77 to
430 mg/kg in the absence of lime (Hayes et al. 2012a).
The concentration of Mn in lucerne herbage in the
current study (136–199 mg/kg) falls within the latter
range and is substantially lower than values reported
initially. A detailed study of Mn concentrations in soil
from immediately adjacent to the present experiment
showed that levels of easily reducible Mn declined
sharply below 0.20 m (Hayes et al. 2012a), consistent
with levels of exchangeable Mn depicted in Fig. 1. This
indicates that the source of Mn toxicity at this site was
largely in the surface 0.20 m. Given the known negative
correlation between pH and Mn2+ in soil (Hayes et al.
2012a) and the fact that soil pH continued to decline
over the life of the experiment from the initial lime
application in 2002 (Table 5), it might have been ex-
pected that Mn concentrations in lucerne herbage would
increase with time rather than decrease as was observed.
The explanation for this is likely associated with the
growth stage of lucerne and the relatively low levels of
easily reducible Mn below 0.20 m. In 2002 when lu-
cerne was establishing, it is likely that a large proportion
of its root system was exposed to the toxic levels of Mn
in the surface 0.20 m, resulting in high concentrations of
Mn in the herbage. By contrast, in 2008 a greater pro-
portion of the plant root system was below the toxic
0.20 m zone increasing its capacity to reduce exposure
to Mn toxicity in the soil.

The positive response in pasture growth to lime may
have been partly associated with amelioration of Mn
toxicity, but is also likely due to increased pH and the
amelioration of Al toxicity. It is not possible in a field
experiment such as this to fully separate the factors and
attribute response to lime as being due to the ameliora-
tion of one or other of the known acid soil factors. In the
absence of significant differences in nutrient concentra-
tions between lime+ and lime- treatments (Table 4),
unequivocal proof of nutrient-related lime response is
still lacking. Furthermore, concentration of nutrients in
lucerne and cocksfoot appeared to be within previously
established thresholds (Reuter and Robinson 1997)
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except for Ca and Mg in cocksfoot particularly, which
were lower than the references whereas Mn was higher
than the reference. It is also unlikely that the response to
lime observed was entirely due to the amelioration of
Mn toxicity, given that there was a strong response to
lime in the grasses and species such as phalaris are
known to be highly tolerant of Mn toxicity (Culvenor
1985). Low pH (Edmeades et al. 1991) and Al toxicity
also likely reduced the growth of phalaris (Culvenor
et al. 2011) and lucerne (Hayes et al. 2011). Similar to
Mn toxicity, with pHCa of 4.7 and negligible levels of
exchangeable Al in the 0.20–0.40 m depth, there is very
little evidence that pH or Al below 0.40 m constrained
production, even in the most sensitive species. The
shallow depth of acidity at the current site undoubtedly
enhanced the capacity of the acid soil-sensitive species
to persist even in the absence of lime. For example,
Culvenor et al. (2004) found that phalaris persistence
was excellent on a soil with an average pH of 4.0, AlCa
(CaCl2 extractable Al) of 16 mg/kg and Al saturation of
41 % were restricted to the upper 0.30 m with pH
increasing to 4.5–5.2 from 0.30 to 0.60 m depth.
However, persistence was lower on a soil with less
available Al in the upper 0.30 m but in which strong
acidity extended to at least 0.60 m (pH 4.0, AlCa
16 mg/kg, Al saturation 40 %). The current site was
most similar to the least acidic site, Bookham, used by
Culvenor et al. (2011) who evaluated the response of
phalaris cultivars to Al toxicity, and so the relative stress
imposed on pasture species at the current site might be
considered to be only moderate. This is further support-
ed by fact that Mn concentrations in mature lucerne
herbage (199 mg/kg) at the end of the experiment were
only marginally above the critical threshold of
180 mg/kg set by DeMarco et al. (1995) which assessed
lucerne seedlings < 40 days old. More research is re-
quired to confirm critical thresholds of Mn toxicity in
mature lucerne plants.

Conclusion

Surface applied lime used in conjunction with deep
rooted perennial pasture species increased the pasture
productivity, improved persistence of perennial species
and utilised more soil water deep in the profile. Lucerne
and phalaris, previously reported to be the two species
most sensitive to acid soil-related toxicities, were shown
to be the most productive and persistent species at this

acid soil site despite a prolonged period of unfavourable
seasonal conditions. Sowing lucerne and phalaris in
conjunction with lime on sufficiently deep soils with
moderate levels of acidity will enhance the productivity
and resilience of pastures in environments prone to
drought. Lime used in conjunction with these deep-
rooted perennial species will also likely help mitigate
the risk of further soil degradation attributable to deep
drainage due to the increased capacity to extract water
from the subsoil. In the case of phalaris in particular we
concur with previous studies that existing recommenda-
tions may need to be revised to reflect the fact that
phalaris is adapted to acidic or high-Al soil environ-
ments. Further breeding and selection of lucerne for
enhanced acid soil tolerance would be a worthwhile
endeavour to further improve the adaptation of this
species to acid soil environments.
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