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Abstract. Germplasm of the perennial pasture grass Phalaris aquatica L., from Sardinia, Italy, is a potentially valuable
source for grass breeders owing to climatic similarities to regions where P. aquatica is used, a relatively high incidence of
acidic soils, and exposure to prolonged grazing pressure.Atfield sites in south-easternAustralia, Sardinian accessionswere
compared as spaced plants and drill-rows with accessions from southern Europe and north-western Africa and with
commercial cultivars. They were also evaluated in grazed swards at three sites over 4 years under conditions that challenge
persistence, including heavy grazing pressure, acid soils and drought.Morphologically, the accessionswere comparatively
dense, fine and short, with similarities to southern European accessions and cultivars of the cv. Australian type. However,
they were earlier heading and more summer-dormant, particularly those from southern Sardinia. In drill-rows, Sardinian
accessionswere later heading and less productive inwinter than accessions fromMorocco. In swards, Sardinian accessions
had lower seedling vigour and winter growth potential than modern winter-active cultivars. However, they were dense and
persistent under high grazing pressure, and some accessions survived better than all cultivars on an acid, low-fertility soil.
Developing cultivars that are superior to the cv.Australian typewith acceptable seed production and alkaloid levels presents
a challenge to breeders. However Sardinian germplasm offers a range of maturity times combined with higher levels of
summer dormancy and a grazing-tolerant morphology, attributes that may expand the area of adaptation of the species into
the hotter and more drought-prone margin.
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dormancy.
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Introduction

The Mediterranean Basin has been a rich source of pasture
grass and legume germplasm for regions of the world with
mild winters and drought-prone summers, such as southern
Australia (Donald 1970; Cunningham et al. 1997; Nichols
et al. 2012; Porqueddu et al. 2016). The Mediterranean
perennial grass Phalaris aquatica L. (phalaris) was first
recognised as a valuable forage species through a single
introduction into Australia now known as cv. Australian,
possibly from Italy (Oram et al. 2009). Phalaris is widely
used in Australia and to a lesser extent in Argentina, Uruguay,
New Zealand, USA, South Africa and regions of the
Mediterranean. Following agronomic and selection work
within the original introduction (Trumble 1933; Trumble
and Cashmore 1934), germplasm-collection expeditions to
the Mediterranean region in the 1950s, such as those of
Donald and Miles in 1951 and Neal-Smith in 1954 (Neal-
Smith 1955), led to the recognition by Australian pasture
breeders of valuable variation in the species. A breeding
strategy was adopted that formed broad-based populations

from which so-called ‘winter-active’ cultivars were bred,
with attributes such as wider adaptation, more vigorous
seedlings and higher cool-season productivity than cv.
Australian (McWilliam and Latter 1970; Oram et al. 2009).
Accessions used in these broad-based populations were widely
distributed in geographic origin: Morocco, Algeria, Portugal,
Spain, Italy (mainland), Greece and Israel (Oram et al. 2009).
Collection localities were predominantly neutral to alkaline in
soil pH and frequently in areas protected from grazing or in
cultivated areas (Neal-Smith 1955).

One region overlooked by earlier expeditions was the island
of Sardinia, Italy. Sardinia is of particular interest to Australian
pasture breeders because of its general climatic similarity to
the medium- to high-rainfall areas of southern Australia, its
higher incidence of acidic soils than in the Mediterranean
region more generally, and a long history of continuous, close
grazing by sheep, similar to that applied to many Australian
pastures (Nichols and Francis 1993). For example, Sardinia
has been a major source of accessions and cultivars of
subterranean clover (Trifolium subterraneum L.), including
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several highly valued, late-maturing cultivars (Nichols et al.
2012, 2013). Subterranean clover is a species that prefers
acidic rather than alkaline soils (Francis and Gillespie 1981)
and is the most common companion legume with P. aquatica
in Australia.

Soil acidity and grazing pressure are two factors that
reduce the persistence of P. aquatica pastures in southern
Australia, particularly when they occur together (Culvenor and
Simpson 2014). Acidic soils are widespread in medium- to
high-rainfall areas in south-eastern Australia where
P. aquatica is climatically well adapted. Breeding for
improved acid-soil tolerance has been a priority for
P. aquatica in Australia since the 1980s, and two cultivars,
Landmaster and Advanced AT, resulted from this (Culvenor
and Simpson 2014). Whereas the original cultivar, cv.
Australian, is a densely tillered, relatively prostrate cultivar
that is highly persistent under commercial grazing pressures,
the more erect, large-leaved winter-active cultivars have been
less persistent, requiring considerable breeding effort to
address (Culvenor and Simpson 2014, 2016).

Phalaris aquatica is widely distributed in Sardinia
(Baldini 1993). Given prolonged exposure to both acid
soils and high grazing pressure, Sardinian germplasm of
P. aquatica may prove valuable for future breeding in
southern Australia and similar environments elsewhere. For
this reason, collection of P. aquatica germplasm from Sardinia
was a priority for a joint Australian and USA perennial-forage
collection mission conducted in 1994 in collaboration with
institutions in Sardinia, Tunisia and Morocco (Cunningham
et al. 1997). A second collection was made in 2000 by G
Sandral, NSW Department of Primary Industries, in an
expedition focused on perennials for cropping systems in
low-rainfall environments. The purpose of the present study
was to characterise germplasm from both collections.
Phenological and morphological characteristics of spaced
plants were compared with those of commercial cultivars
and some earlier accessions held by CSIRO. Agronomic
performance of the accessions from the 1994 expedition
was also examined at multiple sites in south-eastern
Australia.

Materials and methods
Germplasm

Accessions from the 1994 (Cunningham) and 2000 (Sandral)
collections were examined in this study. The 1994 collection
emphasised locations in Sardinia with acidic soils
(Cunningham et al. 1997). These were largely in central
and northern Sardinia, with medium to high rainfall, at
altitudes of 540–1100 m (Fig. 1, Table 1). Cunningham
et al. (1997) record 24 accessions of P. aquatica as being
collected. Of these, 20 were obtained after isolated seed
increases were conducted by Agriculture Victoria. The
2000 collection targeted lower altitude and lower rainfall
(500–700 mm) areas in the southernmost areas of Sardinia
(Fig. 1, Table 1). Of 18 accessions collected, seed of 13
accessions was available for this study. Collection localities
in the 1994 expedition were subjected to more grazing pressure
than those in the 2000 expedition (Table 1).

Spaced-plant experiment at Canberra

Sardinian accessions with seed available, 16 from the 1994
collection and 13 from the 2000 collection, were compared
with seven accessions from southern Europe (Italy, Greece,
Portugal and Spain) and one accession from Algeria residing
in the early CSIRO collection, and one accession fromMorocco
collected by Cunningham et al. (1997). The CSIRO accessions
from southern Europe had been selected as being of
agronomic interest during screening in Australia in the
1960s. Both accessions from north-western (NW) Africa
were selected because they were among the earliest heading
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Fig. 1. Collection localities of the 1994 expedition (S2–S103, circles)
and 2000 expedition (465–498, triangles) superimposed on a map of
Sardinia showing average rainfall isohyets. Reprinted from Arrigoni
(1968) by permission of the publisher (Taylor and Francis).

Short title: Sardinian germplasm of Phalaris aquatica Crop & Pasture Science 851



and most summer-dormant entries in the study of Culvenor and
Boschma (2005); they were included in this study to set a
benchmark for earliness and summer dormancy. Two cultivars
of the ‘Australian’ type, cvv. Australian and Australian II,
and four cultivars of the winter-active type, Holdfast, Holdfast
GT, Landmaster and Advanced AT, were also included

(Table 1). The Australian-type cultivars are more densely
tillered and prostrate with lower winter growth rates than
the winter-active cultivars.

Accessions were characterised in a spaced-plant
experiment conducted at the CSIRO Ginninderra
Experiment Station, Hall, Australian Capital Territory

Table 1. Entries in the spaced-plant study at Canberra, identity of accessions, and features of their natural environment where information
was available

Another four Sardinian accessions included in other experiments are also listed. Average annual rainfall (AAR) was taken from passport information. –,
Not known

Entry Accession Source Altitude AAR Soil pH Parent
material

Soil type Grazing
(m) (mm)

1 465 Sardinia 34 – 6.5 Granite Loamy sand Light
2 466 Sardinia 34 – 6.5 Granite Loamy sand Light
3 467 Sardinia 34 – 6.5 Granite Loamy sand Light
4 468 Sardinia 34 – 6.5 Granite Loamy sand Light
5 469 Sardinia 34 – 6.5 Granite Loamy sand Light
6 470 Sardinia 34 – 6.5 Granite Loamy sand Light
7 478 Sardinia 84 – 7 Schist Loamy sand Moderate
8 479 Sardinia 84 – 7 Schist Loamy sand Moderate
9 480 Sardinia 84 – 7 Schist Loamy sand Moderate
10 484 Sardinia 122 – 6–6.5 Granite Clay loam Light
11 485 Sardinia 122 – 6–6.5 Granite Clay loam Light
12 491 Sardinia 46 – 6–6.5 Granite Sandy loam Moderate
13 498 Sardinia 77 – 7 Alluvial Sandy loam Light
14 S2 Sardinia 320 540 6.5 – Clay Grazed

S5 Sardinia 540 – – – Heavy clay Grazed
S8 Sardinia 520 750 8.5 – Loam Past-grazed

15 S10 Sardinia 350 670 8.5–9 Limestone Clay Grazed
16 S16 Sardinia 220 650 7 – Loam Grazed
17 S30 Sardinia 358 850 5.5 Alluvial Loam Grazed
18 S33 Sardinia 315 1000 5.5 – Loam Grazed
19 S37 Sardinia 35 900 7 Alluvial Heavy loam Grazed
20 S47 Sardinia 360 780 6 – Clay Grazed
21 S49 Sardinia 650 960 6 – Loam Grazed
22 S54 Sardinia 960 1000 5.5 – Loam Grazed
23 S58 Sardinia 610 1014 4–4.5 Alluvial Loam Grazed
24 S61 Sardinia 700 1174 5–5.5 – Loam Past-grazed
25 S64 Sardinia 255 – 6.5 – Loam Grazed
26 S69 Sardinia 106 780 7 Trachyte/basalt Loam Grazed

S70 Sardinia 440 – 6–6.5 Granite – Grazed
S92 Sardinia 592 850 6.5–7 Granite Loam Grazed

27 S96 Sardinia 450 710 6 Schist/granite Loam Past-grazed
28 S99 Sardinia 115 560 6–6.5 Alluvial Loam Grazed
29 S103 Sardinia 538 700 10 Dolomite Loam Grazed
30 CPI14072 Italy 100 – – Limestone – –

31 CPI19357 Italy 50 700 Alkaline – Clay loam –

32 CPI15220 Spain 200 450 – – – –

33 CPI19344 Portugal 208 500 – – Clay loam –

34 CPI19350 Greece 100 700 – Alluvial Clay loam –

35 CPI14279 Greece 400 650 – – – –

36 CPI19353 Greece 5 900 – Clay –

37 M225 Morocco 894 350 – Limestone –

38 CPI19280 Algeria 900 375 – Limestone Loam –

39 Australian Italy? – – – – – –

40 Australian II Bred – – – – – –

41 Holdfast Bred – – – – – –

42 Holdfast GT Bred – – – – – –

43 Landmaster Bred – – – – – –

44 Advanced AT Bred – – – – – –
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(3581005800S, 14980303100E; elevation 600 m a.m.s.l.). The site
has 690 mm average annual rainfall (AAR) with a slight
autumn trough and spring peak. There were 44 entries in
the experiment, each represented by a row plot of five
plants spaced 0.5 m apart and replicated four times in a
randomised block design with a row spacing of 1 m
(Table 1). Seedlings were raised in a glasshouse and
transplanted to the fertilised field site in late April 2016 and
watered by hand to achieve establishment. Rainfall was well
above average during winter and early spring 2016, and no
further irrigation was required in that year. Growing-season
rainfall was below average in 2017, and the experiment
received irrigation (25 mm by sprinkler) in July to prevent
growth restriction by drought. The experiment was also
irrigated (20 mm) on 31 January 2018 as a supplement to a
natural rainfall event the day before, allowing observation of
summer growth potential.

The experiment was mown to 10–12 cm early in summer
2016 and 2017 to prevent fall of seed, and mown again to 5 cm
in June 2017 at the start of the main growth period. Soil tests
indicated no need to apply phosphorus (P) fertiliser in 2017
(Colwell P 52 mg/kg). Urea (46% N) was applied in July 2017
at a rate of 100 kg/ha just before irrigation.

Phenological and morphological measurements were made
to characterise the germplasm. Seedling size was scored on a
scale of 1 (lowest) to 10 (highest) in late August 2016; head
emergence date in October–November 2016 and 2017 (at least
two heads emerging per plant); reproductive plant height in
December 2016 and November 2017; length and width of a
typical youngest fully expanded leaf collected in early
September 2016 and 2017; average tiller angle from the soil
surface estimated visually in early September 2016 and 2017;
tiller density scored on a scale of 1 (very sparse) to 7 (very
dense) in September 2017; second-year autumn growth scored
on a scale of 1 (lowest) to 10 (highest) in May 2017; second-
year winter growth scored on a scale of 1 (lowest) to 10
(highest) in September 2017; and area of plant base estimated
from measurements made in January 2018. Summer dormancy
is an important adaptive mechanism for survival of summer
drought in Mediterranean environments (Volaire and Norton
2006). Summer dormancy was assessed as new tillering
activity after summer rainfall and the amount of new
growth later in summer. Summer tillering activity was
visually scored in January 2017 and February 2018 as the
number of new tillers shooting from the base of the plant per
number of old stems after summer rainfall (first summer) or
rainfall plus irrigation (second summer) on a 0–4 scale
(adapted from Oram 1984): 0, no new tillers; 1/4, one or
two new tillers; 1/2, a few new tillers; 1, half as many new
tillers as old stems; 2, number of new tillers » number of old
stems; 3, number of new tillers > number of old stems; 4,
number of new tillers >> number of old stems. The amount of
summer regrowth was visually scored on a 0–7 scale in March
2017 and February 2018.

Agronomic evaluation in drill-rows

Accessions in the Cunningham collection from Sardinia,
Morocco and Tunisia were evaluated as part of a commercial
breeding program atMeredith, centralVictoria (37849 10S, 1438

59 15 E; elevation 360 m a.m.s.l.; AAR 690 mm with a late-
winter–spring maximum), during 2013–15. All years had
below-average annual rainfall (580, 460 and 480 mm,
respectively). Results for accessions from Tunisia are not
presented here owing to varying levels of contamination
from other phalaris species. Rows 2 m long and 0.5 m apart
were sown by hand at a rate of ~100 seeds/m in early October
2013.

Rows were scored visually for a range of attributes, only
some of which are presented here. Seedling vigour was scored
on a scale of 1 (lowest) to 5 (highest) on 10 December 2013;
and seasonal row dry matter (DM) yield on a scale of 1
(lowest) to 9 or 10 (highest) during 2014 for autumn (27
May), winter (4 August), spring (24 September) and summer
(30 January 2015). DM scores were not calibrated. Heading
date was assessed in October and November 2014 and the date
of 50% heading in the row was recorded.

Agronomic evaluation in swards

Sardinian accessions from the 1994 collection were evaluated
in small sward plots from 1999 to 2003 at three sites in south-
eastern Australia established to test the persistence of phalaris
germplasm:

(i) Rye Park on the Southern Tablelands of New South
Wales (34.578S, 148.938E), uniform rainfall
distribution, AAR 670 mm; soil strongly acidic (pH in
1 : 5 soil : 0.01 M CaCl2 4.0–4.3 to a depth of 0.4 m) and
of moderate fertility, aluminium (Al) extracted in 1 : 5
soil : 0.01 M CaCl2 6–14 mg/g to a depth of 0.4 m, Red
Sodosol (Australian Soil Classification (ASC), Isbell
2002; Entisol in USDA Soil Taxonomy (ST), Hughes
et al. 2018); hard continuous grazing by sheep.

(ii) Sutton on the Southern Tablelands of New South Wales
(35.128S, 149.288E), uniform rainfall distribution, AAR
650 mm; soil strongly acidic (pH in CaCl2 4.0–4.2 to a
depth of 0.4 m) and of low fertility, CaCl2-extractable Al
14–22 mg/g to a depth of 0.4 m, Australian soil
classification Yellow Kurosol (ASC; Ultisol in ST);
occasional hard grazing by sheep

(iii) Bulart in Western Victoria (37.398S, 141.768E), winter-
dominant rainfall distribution, AAR 637 mm; soil
moderately acidic (pH in CaCl2 4.6–5.3 to a depth of
0.4 m), CaCl2-extractable Al 1–5 mg/g to a depth of 0.4
m, Yellow Sodosol (ASC; Entisol in ST); hard rotational
grazing by sheep.

Sites on the Southern Tablelands of New South Wales were
typical of areas used for wool production where P. aquatica has
sometimes persisted poorly. The western Victorian site was in a
higher production environment suitable for wool and meat
production with a Mediterranean-type climate. Detailed
climatic and soil descriptions for Rye Park and Bulart are
presented in Culvenor et al. (2007), and for the Sutton site
in Culvenor et al. (2004). All sites, but particularly the New
South Wales sites, experienced a severe drought in 2002; for
example, April–November growing-season rainfall at Rye
Park was 250 mm (long-term average 460 mm).
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Site management for Rye Park and Bulart is presented in
Culvenor et al. (2005, 2009), and for the Sutton site in
Culvenor et al. (2004). Briefly, 20 Sardinian accessions and
eight control cultivars or breeding lines were sown in 1-m2

plots replicated three times in a row–column design. Controls
were two Australian-type cultivars (Australian, Australian II),
four winter-active cultivars (Sirosa, Holdfast, Landmaster,
Atlas PG), and two winter-active breeding lines (LD97
selected for low summer dormancy, AT98 selected for acid-
soil tolerance). The Rye Park and Sutton sites were sown with
a seed drill in mid-May 1999 and the Bulart site by hand in
June 1999 at a rate of 3 kg/ha, adjusted for germination
percentage. The Rye Park site was grazed heavily for short
periods up to September 2000, then subjected to continuous
grazing mostly at a stocking rate ~12 sheep/ha until June 2003
except for short periods during winter 2001 and early spring
2002. The Sutton site was grazed heavily by mobs of sheep six
times in 2000, three times in 2001 and once in the 2002
drought year. The Bulart site was grazed rotationally
(~2 weeks on, 4 weeks off) from December 1999 to June
2000, then grazed rotationally (~2 weeks on, 6 weeks off) from
August 2000 to June 2003 at an average stocking rate varying
from 21 to 30 sheep/ha for the whole period.

Seedling density and DM at Rye Park and Sutton were
measured by counting and cutting seedlings in three lengths of
0.2 m placed randomly along rows on 23 September 1999 and
weighing the herbage dried at 708C. At Bulart, all seedlings in
a plot were counted on 23 September 1999 and total plot DM
was estimated visually on a scale of 1 (lowest) to 9 (highest)
calibrated by cutting 22 plots (R2 = 0.80).

Phalaris density was measured as presence of plant base
(basal frequency) in cells of wire grids placed over the plots
during winter or early spring in each year from 1999 to 2003 at
Rye Park and Sutton and during winter in 2002 and 2003 at
Bulart. Grids at Rye Park and Sutton contained 54 cells, each
0.15 m by 0.10 m, placed so as to divide each of the six drill-
rows into nine 0.10-m segments. A grid of 80 cells, each 0.10
m by 0.10 m, was used at Bulart.

Sward herbage DM at Rye Park was estimated visually on a
1–9 scale calibrated by cutting nine plots (R2 = 0.84) on 9
September 2000 after 4 months of exclusion from grazing, and
on a 1–10 scale calibrated by cutting 10 plots (R2 = 0.79) on 25
October 2001 after 2 months of exclusion from grazing. Sward
herbage DM at Sutton was estimated visually on a 1–9 scale
calibrated by cutting nine plots (R2 = 0.87) in September 2000.

Statistical analyses

All data in the spaced-plant experiment were subjected to
analysis of variance (ANOVA) for a randomised block design
using GENSTAT 18 (VSN International, Hemel Hempstead,
UK). Analyses with 2 years of data included year, entry,
and entry � year effects. Least significant differences at P
= 0.05 were calculated. Differences in characteristics between
groups of entries formed a priori were analysed by mixed
models with group as a fixed effect and entries within groups
and replicates as random effects for single-year data. For
characters with 2 years of data, group, year, and group
� year were fixed effects and entry, entry � year, and
replicate within year were random effects. A priori groups

were Sardinian 1994 collection, Sardinian 2000 collection,
south European accessions, NW African accessions, cultivars
Australian-type, and cultivars winter-active type. A principal
coordinate analysis (PCA) was performed by using R version
3.6.1 (The R Foundation, Vienna, Austria) on 11 of the 12
characters measured, and a biplot of the first two components
was produced using the R package ‘factoextra’ (Kassambara
and Mundt 2017). Tiller angle was deleted for clarity in the
biplot because it overlaid another character, leaf length, and
because its inclusion reduced the variance explained in the
PCA. The analysis was restricted to the first three components
explaining 90.1% of the variance after inspection of scree
plots (Cattell 1966) but only the first two components which
explained 85.9% of the variance are presented for simplicity.

Data from the drill-row evaluation were subjected
to randomised block ANOVA to determine significant
differences among entries. Differences and their significance
in the mean values for the Sardinian and Moroccan groups of
accessions were analysed by mixed models with origin as a
fixed effect and accession and replicate as random effects.

Data from the sward evaluation trials were initially
subjected to spatial analysis with random row and column
effects modelled as AR1 � AR1 (Gilmour et al. 1997).
However, these effects were usually non-significant or
marginally significant, so subsequent analyses were
conducted as randomised blocks analyses. Comparable basal
frequency data for all three sites were available only for 2002
and 2003. Across-sites analyses indicated a highly significant
(P < 0.001) entry effect and a much less significant (P < 0.05)
site � entry interaction. Comparable yield data for all three
sites were available only for seedling DM, for which a highly
significant (P < 0.001) entry effect and a non-significant
(P > 0.05) site � entry interaction were observed.
Otherwise, data were analysed as randomised blocks
ANOVA separately for each site to determine significant
differences among entries.

Results

Spaced-plant experiment

Variation among entries was significant (P < 0.001) for all
phenological and morphological characters measured on
spaced plants. For those measured in each of 2 years, the
F-ratios for the entry main effect greatly exceeded those for the
entry � year interactions even where these were significant at
P = 0.01 or 0.001 (Table 2). Because of this, combined with
high correlations across years for all characters (Table 2), only
means across years are considered here.

A biplot of the first two components of a PCA of 11
phenological and morphological characters is shown in
Fig. 2. PC3 (not presented here, 4.2% of total variance) was
related most closely to area of plant base, and to a lesser extent
summer tillering and regrowth. PC1 (66% of total variance)
was weighted positively for characters related to DM and
plant-size attributes and negatively to tiller density. PC2
(20% of total variance) was weighted most strongly to
heading date, base area and summer tillering activity. The
biplot clearly separated the modern winter-active cultivars
from all other entries on the PC1 axis owing to their larger
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size, longer and broader leaves, sparser tillering and taller
stature. By comparison, both collections of Sardinian
accessions were smaller with finer and shorter leaves and a
high tiller density. The two collections were separated but with
some overlap on the PC2 axis. Accessions from southern
Sardinia (2000 collection) were earlier and slightly less
summer-active, grouping near an accession from inland
Algeria (Entry 38, CPI19280). Accessions from higher
altitude and rainfall localities in central and northern
Sardinia (1994 collection) tended to be later, more summer-
active and more densely tillered. They grouped nearer to the
Australian-type cultivars and several accessions from southern
Europe. An accession from southern Morocco (Entry 37,
M225) was an outlier in the biplot, being very early and
low in summer activity with long leaves and sparse
tillering. CPI15220 from Spain was also an outlier in the
southern European group on the PC2 axis, being earlier and
more summer-dormant. It was also relatively tall for this
group.

Means and ranges of entry groups formed a priori for all
attributes are presented in Table 3 and data for selected

characters for all entries in Figs 3 and 4. As a group,
accessions from the 2000 Sardinian collection were
significantly earlier in heading than the 1994 collection
group and the southern European accession group, but later
than the NW African group (Table 3). The 1994 collection was
similar in heading date to the relatively late Australian-type
cultivars but nevertheless displayed considerable variation
(Fig. 3). The 2000 collection group was similar in heading
date to the winter-active group of cultivars. Both groups of
Sardinian accessions were lower (P < 0.05) in summer tillering
activity and growth than all the commercial cultivars and
southern European accessions as a group, and were not
significantly (P > 0.05) different from each other. Again,
there was considerable variation within each group (Fig. 3).
The 1994 Sardinian accession group was higher in summer
tillering activity than the NW African group, and the 2000
collection was not different from the NW African group in
both summer tillering and growth (Table 3).

Both groups of Sardinian accessions had relatively small
seedlings on average, and both were lower in autumn growth
than the Australian-type and winter-active cultivar groups

Table 2. F-Ratios and significance of line and line � year interactions for characteristics in the spaced-plant experiment where data were combined
over 2 years, and the correlation coefficient (r) between years

**P < 0.01; ***P < 0.001; n.s., not significant (P > 0.05)

Effect Head emergence date Summer tiller score Summer growth score Height Leaf length Leaf width Tiller angle

Line 23.64*** 10.75*** 23.01*** 18.50*** 20.92*** 39.73*** 18.48***
Line � year 2.09*** 1.41n.s. 1.21n.s. 2.47*** 1.27n.s. 2.39*** 1.77**
r 0.86 0.77 0.83 0.81 0.90 0.95 0.84
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Fig. 2. Principal components biplot for PC1 and PC2 derived from 11 phenological and morphological characters in the
spaced-plant experiment.
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(Table 3). All accession groups were similar in winter growth
activity to the Australian-type cultivar group except the 2000
Sardinian group, which was lower. All were much lower in
winter growth than the winter-active cultivar group
(Table 3, Fig. 4). Two accessions in the 1994 Sardinian group

were higher in winter growth than other accessions in this
group and similar to a high-yielding southern European
accession (CPI19344 from Portugal) and the Moroccan
accession M225 (Fig. 4). All accession groups and the
Australian-type cultivar group had markedly shorter plants

Table 3. Mean and range (in parentheses) of phenological and morphological characteristics in spaced plants

Character Sardinian 1994
accessions

Sardinian 2000
accessions

Southern
European
accessions

NW African
accessions

Cultivars,
Australian

type

Cultivars,
winter-active

l.s.d.
(P = 0.05)

Head emergence
(days after 30 Sept.)

34.0 (29.1–40.2) 29.3 (26.6–31.3) 34.5 (29.2–38.2) 25.0 (22.9–27.2) 36.8 (36.4–37.2) 29.4 (27.0–31.0) 3.3

Summer tillering score (0–4) 0.66 (0.26–1.06) 0.46 (0.19–0.69) 1.26 (0.72–1.63) 0.23 (0.1–0.36) 1.66 (1.49–1.83) 1.76 (1.53–1.91) 0.32
Summer growth (0–7) 1.19 (0.61–2.03) 0.88 (0.43–1.51) 2.10 (1.17–2.83) 0.69 (0.41–0.97) 2.98 (2.61–3.36) 3.77 (3.66–3.88) 0.57
Seedling vigour (1–10) 3.1 (1.9–4.6) 2.8 (1.7–3.4) 3.3 (1.8–5.1) 4.1 (2.0–6.5) 3.8 (3.7–3.8) 8.3 (7.9–8.6) 1.2
Autumn growth, second

year (1–10)
3.6 (2.8–5.0) 2.7 (2.2–3.4) 4.0 (2.4–6.2) 2.9 (2.2–3.5) 5.0 (4.6–5.5) 8.1 (7.3–8.6) 1.0

Winter growth, second
year (1–10)

3.2 (2.5–5.2) 2.6 (1.9–3.3) 3.3 (2.2–5.1) 3.5 (1.6–5.3) 3.9 (3.9–4.0) 8.3 (7.7–9.0) 1.1

Height (cm) 116 (107–126) 114 (105–124) 123 (108–141) 118 (91–145) 115 (112–118) 151 (148–152) 13
Leaf length (cm) 176 (155–210) 184 (157–218) 188 (168–223) 212 (145–279) 186 (185–188) 278 (270–301) 32
Leaf width (mm) 7.2 (6.5–8.0) 7.0 (6.0–8.3) 8.9 (7.3–11.1) 9.3 (7.4–11.3) 9.3 (8.9–9.7) 12.1 (11.6–13.4) 1.3
Tiller density score (1–7) 6.3 (5.5–6.8) 5.5 (4.6–6.1) 5.2 (4.7–5.9) 4.4 (3.3–5.5) 5.9 (5.9–6.0) 3.4 (2.8–4.2) 0.7
Tiller angle (degrees from

horizontal)
30 (24–36) 26 (20–36) 26 (19–30) 31 (21–40) 25 (23–28) 50 (46–54) 6

Base area, third year (cm2) 802 (696–898) 709 (551–907) 867 (739–992) 535 (486–583) 898 (780–1015) 846 (845–961) 122
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Fig. 3. (a) Heading date and (b) tillering activity score after summer rainfall for entries in the spaced-plant
experiment. Capped lines indicate l.s.d. (P = 0.05).
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and leaves and were more prostrate (lower tiller angle) than the
winter-active cultivar group. Both Sardinian groups had
narrower leaves than all other groups and were similar in
tiller density to the Australian-type cultivars (Table 3, Fig. 4).
The 1994 Sardinian group in particular was densely tillered,
and significantly (P < 0.05) more so than the 2000 group.
There was large variation in base area among Sardinian
accessions; however, all but three were lower in base area
than cv. Australian (Table 3).

Agronomic evaluation

Drill-rows at Meredith, central Victoria

Performance of the Sardinian and Moroccan accessions
from the 1994 collection and of several control cultivars in
spaced drill-rows is shown in Fig. 5. The range of heading
dates for the Sardinian accessions was similar to that of current
cultivars. Compared with Moroccan accessions, the Sardinian
accessions, as a group, were significantly (P < 0.001) later in
heading, less productive in winter, and more productive in
spring and summer but with overlap in these characters
(Fig. 5). Distributions of Sardinian and Moroccan accession
means were similar for seedling vigour and autumn growth.
Although the Sardinian accessions were, in general, less
productive in autumn and winter than the current winter-

active cultivars, the relative difference appeared smaller
than in the spaced-plant experiment, particularly in autumn
(Fig. 5). Several Moroccan accessions were similar in winter
productivity to the winter-active cultivars when grown as drill-
rows, but only one Sardinian accession (S2) approached this
level. All cultivars except Holdfast GT were more productive
in response to summer rainfall than the group of Sardinian
accessions (Fig. 5). The Australian-type cultivar, Australian II,
was later in heading than most Sardinian accessions, similar in
seedling, autumn and winter growth to the mean of the
Sardinian group, and more summer-active (Fig. 5). Spring
growth by the Sardinian accessions spanned the range between
Australian II and the winter-active cultivars.

Multi-site sward plots

Seedling density was considered satisfactory with a mean
of 69 seedlings/m2 across the three sites. There was a
significant (P < 0.001) difference among entries due to
lower establishment by two of the control cultivars
(26 seedlings/m2 for Australian, 40 seedlings/m2 for Atlas
PG), probably associated with the use of old seed. Basal
frequency range was 65–81% among the accessions and
75–79% among the cultivated entries, except for the entries
with low seedling numbers (data not shown). The site � entry
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Fig. 4. (a)Winter drymatter (DM) score (1, lowest; 10, highest), (b) tiller density score (1, lowest; 7, highest), and (c) tiller
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interaction was not significant (P > 0.05) for seedling density
or basal frequency in the establishment year (1999) but was
significant (P < 0.05) for basal frequency in 2002 and 2003.

Sardinian accessions were characterised by their high basal
frequency at all sites at the end of the study (fifth year, 2003)
(Fig. 6). On the acid, moderately fertile soil under continuous
stocking at Rye Park, many accessions were significantly
higher in frequency than most cultivars despite their initial
frequency being similar (Fig. 6a). Eight accessions were
higher in basal frequency than cv. Australian, known for its
higher persistence under grazing, although this comparison
was complicated by the low initial frequency for Australian.
Fifteen accessions were higher in frequency than the highest
winter-active cultivar. On the very low fertility, acidic soil at
Sutton, at least half of the accessions were relatively high in
basal frequency in 2003 (Fig. 6b). However, high error
variance due to high within-site variation meant that only
one accession was higher than all cultivars. Cultivars with

low establishment density, Australian and Atlas PG, had high
final frequencies relative to their low initial frequency. Plants
that did establish may have benefited in survival from this low
density. In the higher production, dry-summer environment at
Bulart, all entries except for cv. Holdfast were reasonably high
in frequency, with the majority of Sardinian accessions being
high and similar to cvv. Australian and Australian II (Fig. 6c).

Seedling DM on a per-plant basis for the Sardinian
accessions across the three sites was similar to the
Australian-type cultivars and generally lower than the
commercial winter-active cultivars (Fig. 7a). The entry �
site interaction was not significant (P > 0.05) for seedling
DM. At Rye Park, sward DM for the accessions in September
of the second year (2000), following a growth period from
mid-May, was similar to, or occasionally less than, that of the
Australian-type cultivars and less than that of the winter-active
cultivars except for the breeding line LD97 (Fig. 7b).
However, in October of the third year (2001), sward yield
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for the accessions after a period of exclusion from grazing
equalled or exceeded that of most cultivars owing to the high
tiller density of the accessions (Fig. 7b). Under more difficult
soil conditions at Sutton, sward yield by the accessions in
September of the second year was similar to that of the
Australian-type and winter-active cultivars and breeding
lines (Fig. 7c). Two accessions were particularly high in
sward yield relative to other entries and similar to the
breeding line, AT98, which was bred specifically for
tolerance of high-Al acid soils.

Discussion

Accessions of P. aquatica from Sardinia were evaluated for
basic morphological and phenological variation compared
with accessions from southern Europe and NW Africa and
commercial cultivars used in Australia. Sardinian accessions
displayed similarity to accessions from southern Europe and
the Australian-type commercial cultivars; those from warmer
areas of southern Sardinia were somewhat earlier in heading

and less responsive to summer rainfall (more summer-
dormant) than those from cooler and moister areas of
Sardinia. Morphologically, the Sardinian accessions were
dense, fine, short and prostrate compared with modern
winter-active cultivars. Agronomically, an outstanding
feature of accessions in the 1994 collection was their high
density and persistence when evaluated under typical
commercial production conditions in south-eastern
Australia. These included conditions that challenge survival
of P. aquatica such as heavy grazing pressure, drought and
acid soils of low inherent fertility. Yield potential was
generally similar to the Australian-type cultivars and lower
than present winter-active cultivars at similar densities.

The PCA based on characteristics measured in the spaced-
plant experiment suggested that the 1994 collection from
central and northern Sardinia, which includes high-elevation
areas, mapped most closely with the sample of accessions from
southern mainland Europe in terms of heading date, plant
morphology and winter growth rate. CPI15220 from Spain was
an exception among the southern European group, being

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

1

2

3

4

5

6

7

8

9

N
um

be
r 

of
 a

cc
es

si
on

s

Aus
tra

lia
n

Aus
tra

lia
n 

II

Siro
sa

Hold
fa

st

La
nd

m
as

te
r

AT98
Atla

s P
G

LD
97

(a) (b)

(c)

Seedling DM (g/plant)

0 250 500 750 1000 1250 1500 1750
0

200

400

600

800

1000

H
er

ba
ge

 D
M

 O
ct

 2
00

1 
(k

g/
ha

)

Herbage DM Sep 2000 (kg/ha)

Australian

Atlas PG

Holdfast
Landmaster

LD97

AT98

Sirosa

Australian II

0 100 200 300 400 500 600 700
0

1

2

3

4

5

6

7

8

N
um

be
r 

of
 a

cc
es

si
on

s

Herbage DM in Sep 2000 (kg/ha)

Aus
tra

lia
n 

II

Aus
tra

lia
n

Siro
sa

Hold
fa

stLa
nd

m
as

te
r

AT98

LD
97

Atla
s P

G

Fig. 7. Herbage dry matter (DM) in seeded swards for Sardinian accessions from the 1994 Cunningham collection and several control cultivars:
(a) seedlings across three sites (g/plant); (b) winter plus early spring growth at Rye Park in second-year (2000) and third-year (2001) swards;
(c) winter plus early spring growth at Sutton in second-year (2000) swards. Capped lines indicate l.s.d. (P = 0.05).

860 Crop & Pasture Science R. A. Culvenor et al.



relatively tall and early heading. This accession had been
previously noted as morphologically like Moroccan types of
P. aquatica (Anon. 1967). There was a tendency for accessions
in the 1994 collection to be more summer-dormant (lower
summer tillering activity and regrowth) than the southern
European group, although with considerable overlap.
Sardinian accessions from the 1994 collection were
generally more summer-active in the drill-row evaluation
study than Moroccan accessions collected during the same
expedition. Accessions in the 2000 collection from southern
Sardinia were similar to the 1994 collection in morphology and
winter growth rate but were more summer-dormant and often
earlier in maturity time, probably reflecting adaptation to a
warmer, drier environment at low altitude in southern Sardinia.
They grouped near an accession from Algeria (CPI19280) in
the PCA, but were clearly separated from the Moroccan
accession M225 because of the contrasting morphology and
winter growth rate of the Moroccan accession.

Similarity in aspects of the environment of Sardinia to that
of southern Australia was an important motive for undertaking
the collections. Compared with commercial cultivars already
well adapted to southern Australia, the accessions from the
1994 collection varied in range of heading date from that of the
Australian-type cultivars (later) to that of the winter-active
cultivars (earlier), whereas the accessions from the 2000
collection were very similar in heading date to the winter-
active cultivars in both the spaced-plant and row evaluations.
They were also generally later than Moroccan accessions in the
row evaluation. Morphologically, they were much more like
the Australian-type cultivars than the winter-active cultivars in
being short, fine-leaved, densely tillered and relatively
prostrate. Sardinian accessions were finer-leaved than the
Australian-type cultivars.

Maturity time is an important feature of general adaptation
(Cooper and McWilliam 1966; Fjellheim et al. 2014), and
Sardinian P. aquatica appears similar to Australian-adapted
material in this regard and therefore likely to be adapted to the
south-eastern Australian climate. The Sardinian material offers
an Australian-type cultivar morphology adapted to heavy
grazing with the unique combination of relatively high
summer dormancy and a range of maturity times up to very
late maturity.

Agronomic evaluation under realistic planting and
management conditions is important if new wild material is
to be considered for commercial development or incorporated
into existing breeding programs. Only the 1994 collection
accessions were evaluated under these conditions. Winter is
often a time of feed shortage in southern Australia, and winter
feed is of high economic value (Ludemann and Smith 2016).
The accessions were generally less productive during autumn
and particularly during winter than current winter-active
cultivars in second-year drill-rows and swards, and their
productivity was similar to or less than (2000 collection)
that of the Australian-type cultivars. However, there was
variation among accessions in both rows and swards, and
some of the more productive accessions could be selected
for development. Yield during spring in rows was relatively
high, falling between the Australian-type cultivar Australian II
and some of the winter-active cultivars, and generally higher

than Moroccan accessions. Seedling vigour was markedly
lower than most winter-active cultivars in the sward
evaluation, similar to the Australian-type cultivars. This is
unsurprising given the intense selection for seedling vigour in
the early breeding of winter-active populations (McWilliam
and Latter 1970).

Two of the more productive Sardinian accessions were
evaluated by Reed et al. (2008) over 4 years in a
Mediterranean-type climate of western Victoria at a locality
with 680 mm AAR. Seedling vigour was in the
low–intermediate range. Herbage yield over the 4 years was
only 5% lower than cv. Australian and 9% lower than the
winter-active cv. Holdfast, owing mainly to lower autumn and
summer growth.

Improvement of persistence in P. aquatica, and perennial
grasses more generally, under various stresses has been a focus
for both breeding (Culvenor and Simpson 2014) and
management (Kemp et al. 2000). The high density and
persistence of the Sardinian cultivars are therefore of
commercial interest. All three sites in the sward evaluation
received high grazing pressure and experienced periods of
drought. As a group, the Sardinian accessions were denser
and more persistent after 3 years of grazing than the winter-
active cultivars and sometimes cv. Australian, which is
renowned for persistence under grazing in high-rainfall
areas of southern Australia. Some accessions were also
more persistent than the cultivars on a low-fertility soil
highly acidic to depth (Sutton site), conditions often
resulting in low persistence by P. aquatica (Culvenor et al.
2011). Interestingly, one of the denser accessions at this site
was tested for Al tolerance in nutrient solution and found to be
relatively sensitive (Requis and Culvenor 2004), and its greater
persistence at the Sutton site may have been related to higher
grazing tolerance.

Maintenance of high density is desirable for longevity of
the sown pasture, soil protection, exclusion of weeds, and
other factors related to sustainability, but it does not
necessarily lead to the highest levels of animal productivity
if combined with low growth rates. Culvenor et al. (1996)
observed that cv. Australian maintained a higher density and at
times had a higher yield of phalaris herbage than the winter-
active cultivars in mixed swards under grazing. However, total
pasture DM was higher on the winter-active pastures in
autumn–winter, associated with higher phalaris DM per unit
basal area and a higher annual grass component. The result was
higher wool production from the winter-active cultivars.
Combining the high persistence of Sardinian germplasm
with selection for higher growth rates, particularly in autumn
and winter, would be desirable. Whether growth rates equal to
or higher than the Australian-type cultivars can be achieved
while maintaining the dense, prostrate morphology of the
Sardinian accessions will be a breeding challenge.

Other breeding challenges if the Sardinian accessions are
to be exploited are seed production and alkaloids. Efficient
seed production is important for a successful commercial
cultivar, and modern cultivars of P. aquatica used in
Australia have been bred for this. As noted by Oram and
Culvenor (1994), natural populations of P. aquatica may not
be suitable in this regard because they shed seed very readily
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and may best be utilised in crosses with lines already selected
for seed-production traits such as a densely packed head
morphology (McWilliam 1963) or intact rachilla seed
retention (McWilliam and Gibbon 1981). The second
challenge concerns the level of alkaloids, which are
believed to cause toxicity conditions occasionally in
livestock grazing P. aquatica, ranging from acute- and
chronic-onset ‘staggers’ to very acute ‘sudden death’ (Alden
et al. 2014). Although the relationship between toxicity and
alkaloid level is not clear (e.g. Oram 1970), cultivars released
from the CSIRO program in Australia were nevertheless
selected to have lower levels of tryptamine-related alkaloids
than cv. Australian, which is relatively high in these alkaloids
(Culvenor et al. 2005). Accessions from the Cunningham
expedition ranged in levels of tryptamine-related alkaloids
from high to moderately low, similar to several winter-
active cultivars (Culvenor et al. 2005). They were
particularly high in N-methyltyramine, which at one time
was hypothesised as a possible cause of sudden death
(Anderton et al. 1994) but this has since shown not to be
likely (Bourke et al. 2006).

Conclusion

Wild accessions of P. aquatica from the island of Sardinia are
likely to be suited to the climate, soils and agricultural
management conditions of the permanent-pasture zone of
southern Australia and similar environments elsewhere.
They offer a range of maturity times combined with higher
levels of summer dormancy and a grazing-tolerant
morphology which may facilitate expansion of the area of
adaptation into hot, drought-prone margins. The ability to
provide dense, persistent groundcover could also be of
value for soil protection and weed control. Morphologically
and in terms of their productivity potential and persistence
under grazing, they are much more like the cv. Australian-
related group of cultivars than modern winter-active cultivars.
Developing cultivars superior to the present cv. Australian
type, along with good seed production and acceptable alkaloid
levels, will be a breeding challenge. However, variation among
the accessions observed in this study will assist in this task.
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