
Perennial cereal crops: An initial evaluation
of wheat derivatives grown in mixtures with
a regenerating annual legume
Richard C. Hayes1*, Matthew T. Newell2, Timothy E. Crews3 and Mark B. Peoples4
1

NSW Department of Primary Industries, Wagga Wagga Agricultural Institute, Pine Gully Road, Wagga Wagga,
NSW 2650, Australia.
2

NSW DPI, Cowra Agricultural Research and Advisory Station, Binni Creek Rd, Cowra, NSW 2794, Australia.
3

The Land Institute, 2440 E. Water Well Rd., Salina, Kansas 67401, USA.
4

CSIRO Agriculture and Food, GPO Box 1600, Canberra, ACT 2601, Australia.
*Corresponding author: richard.hayes@dpi.nsw.gov.au

Accepted 19 June 2016; First published online 26 July 2016 Preliminary Report

Abstract
A field experiment was established to test the impact on crop yield, total productivity and biological di-nitrogen (N2)
fixation of a self-regenerating annual legume, subterranean clover (Trifolium subterraneum L.), grown in mixtures
with experimental perennial wheat lines. Legume content was altered in one intermediate wheatgrass (Thinopyrum inter-
medium (Host) Barkworth & Dewey) and two wheat (Triticum aestivum L.) × wheatgrass (Th. spp.) hybrid-based stands
by sowing the legume in the same drill row as the perennial crop, or in every second or third row, spatially separated from
the perennial crop. The hybrid perennial crops were more vigorous than intermediate wheatgrass in year 1, competing
strongly and reducing legume biomass over the 2 yr period leading to reduced inputs of fixed nitrogen (N). However,
both hybrid crops declined to negligible levels following the first summer with only the intermediate wheatgrass persist-
ing in adequate densities in year 2. Spatially separating the perennial crop from the legume in alternate drill rows
increased legume biomass by 32–128% and clover regeneration by 31–195%, and reduced weed incursion by up to
47% compared with where it was sown in mixed rows. However, spatial separation more than halved grain yields in
year 2 compared with where the perennial crop was grown in every drill row. This likely reflected changed competition
dynamics where the modified spatial configurations at sowing limited the perennial crops’ access to resources. When esti-
mates of the total inputs of fixed N from the clover (5–165 kg N ha−1 in year 2) were compared with the amounts of N
removed in grain by the different perennial wheat treatments (10–55 kg N ha−1 in year 1), it appears feasible that a com-
panion legume could fix sufficient N to maintain the N balance of a cropping system producing 1.5–2.0 t grain ha−1 each
year. The inclusion of a legume increased total above-ground biomass by up to 142%, particularly in year 2, but this did
not translate into increased grain yields. It seems unlikely that a self-regenerating annual legume will be able to effectively
coexist among a dense perennial wheat canopy where both species are sown in the same drill row. Further research is
required to develop strategies to channel more of the additional resources apparently accessed by the companion
legume into grain production.
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Introduction

Previous reviews have described the vision for future grain
production systems, which incorporate perennial crop
species to reduce the reliance of agriculture on annual
crops, and to redress the environmental degradation of
agricultural landscapes (Crews and DeHaan, 2015;
Crews et al., 2016). Environmental degradation arises
from inherent phenological characteristics of annual

crops such as their short life cycle resulting in reduced
soil cover exposing soils to wind and water erosion, and
a shallow rooting habit increasing the opportunity for
movement of water and nutrients to below the plant
root zone (Dunin and Passioura, 2006). However, degrad-
ation is also attributable to common management prac-
tices used in the cultivation of annual crops, such as
tillage, excessive fertilizer use (Gomiero et al., 2011),
and periods of fallow between crops increasing the
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vulnerability of soil to nitrogen (N) and organic matter
loss (Crews and Peoples, 2005).
To minimize the use of fertilizers, it has been proposed

that non-leguminous perennial crops should be grown in
mixtures with a N2-fixing legume to supply a proportion
of the perennial crop’s N requirements (Crews et al.,
2016). This approach is analogous to practices widely
employed in grazing systems whereby perennial forage
grasses are commonly grown in a ‘mixed’ sward contain-
ing one or more legume species (Davies, 2001). While
Crews et al. (2016) contend that it is theoretically possible
to supply sufficient quantities of N through biological N2

fixation and other endogenous sources to meet much of
the perennial crop’s needs, the supply of N from the
legume will depend upon factors such as the ability to re-
liably grow sufficient legume biomass to fix adequate
quantities of N (Peoples et al., 2012), the efficiency of
N-transfer between legume and non-legume (Pirhofer-
Walzl et al., 2012), and the ability to achieve a stable
mixture of legumes and non-legumes through time
(Davies, 2001). It remains unclear whether an intercrop
of legumes and perennial grains might improve or
reduce perennial crop production in the long-term.
Inter-seeded legumes could compete with the perennial
crop for space, water, light, and nutrient resources. On
the other hand, previous studies have shown that pure
stands have reduced resource-use efficiency compared
with a mixture of multiple species (Jolliffe, 1997; Picasso
et al., 2011). To date no field experimentation has been
reported, which examines the performance of perennial
wheat derivatives grown in mixtures with legumes.
Achieving stable mixtures of forage grasses and

legumes is difficult largely due to interspecific competition
between the sward components. Perennial forage grass
swards grown in crop rotations often become grass-dom-
inant with legume productivity quickly becoming insuffi-
cient to meet minimumN-demands of the perennial grass,
much less the subsequent cropping phase (Dear et al.,
1998, 1999, 2004). Novel approaches are required to
enhance the stability of mixed swards, particularly if per-
ennial cereal crops are to be grown in conjunction with
legumes. Previous researchers (e.g., Harper, 1977;
Boschma et al., 2010) have postulated that spatially separ-
ating legumes from non-legumes at sowing could be away
to reduce the interspecific competition between sward
components and achieve a more stable mixture.
Although various studies have taken this approach when
establishing previous experiments (e.g., Wolfe and
Southwood, 1980; Sleugh et al., 2000), few studies have
evaluated the effect of alternative sowing configurations
on sward productivity and composition (Sandral et al.,
2015). Butler et al. (2011) demonstrated that alternating
drill rows at sowing reduced interspecific competition of
an establishing binary mixture of a perennial forage
grass, tall fescue (Schedonerus arundinaceus Schreb.),
and a perennial forage legume, alfalfa (lucerne;
Medicago sativa L.), compared with swards where both

species were sown in each drill row. Spatial separation
of species may be required in order to maintain adequate
legume density among a vigorous perennial crop canopy.
The current study is an initial examination of the re-

sponse of three perennial wheatgrass-derived genotypes
grown in mixtures with a legume over 2 successive
years. The experiment was conducted in south-eastern
Australia, where elite breeding lines of perennial wheat
derivatives have been previously observed to persist for
up to 4 years (Hayes et al., 2012; Larkin et al., 2014).
The legume was a self-regenerating annual forage, subter-
ranean clover (Trifolium subterraneum L.), with known
adaptation to the target environment and a demonstrated
capacity to fix large quantities of atmospheric N2 (Peoples
et al., 2012). Features of subterranean clover, such as its
prostrate, annual and cool season growth habit contrast
that of alfalfa, potentially making it a more compatible
species with a perennial wheat in this target environment.
The experiment tested two hypotheses: (i) that perennial
crop productivity can be maintained with the addition
of an annual legume component and (ii) that the annual
legume content is enhanced in a perennial crop binary
mixture when components are spatially separated at
sowing.

Materials and Methods

Treatments

A field experiment was sown on May 14, 2013 at the
Cowra Agricultural Research and Advisory Station,
NSW, Australia (S 33°48.211′ E 148°42.236′, elevation
385 m) and monitored over a 3 yr period. Soil type at
the site was a Red Chromosol (Isbell, 1996) with
pHCaCl2 in the soil surface 0.10 m of 5.1. For several
years prior to experimentation the site grew alfalfa
for grazing. Initial soil cores taken to 1.2 m depth
from across the site for characterization purposes indi-
cated there to be 140–150 kg nitrate-N ha−1 in the soil
profile, nearly 65% of which was observed in the surface
0.30 m.
The experiment was a split-plot design replicated 3

times with plot dimensions of 7 m × 4 m. Main plots
were sown to one of three perennial wheat-derived geno-
types including twowheat (Triticum aestivum L.) × wheat-
grass (Thinopyrum spp.) hybrid entries, 11955 and CPI-
147235a (hereafter 235a), and the perennial intermediate
wheatgrasss (Th. intermedium (Host) Barkworth &
Dewey), CPI-148055 (hereafter wheatgrass). More detail
of the pedigree of these lines as well as their previous per-
formance at this location is given in Hayes et al. (2012)
and Larkin et al. (2014). Subplots included four row confi-
guration treatments designed to alter the legume content
of the perennial cereal swards; nil legume (perennial
cereal only; Nil), legume and perennial cereal sown to-
gether in mixed rows (Mix), perennial cereals sown in al-
ternate rows with the legume (1crop:1clover), and two rows
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of perennial cereal sown to every one row of legume
(2crop:1clover).
The sowing rate (kg ha−1) of the cereals was calculated

separately for each genotype to achieve a seedling density
of 80 plants m−2. All treatments containing legume were
sown with subterranean clover cv. Coolamon at a rate
of 8 kg ha−1 of pre-coated seed. The experiment was
direct drilled with two passes of a cone seeder comprising
8 tynes set at a row spacing of 250 mm with narrow points
and press wheels, delivering 16 drill rows per plot. The
1crop:1clover treatment was achieved by condensing the
number of rows into which seed of a particular species
was drilled from 16 to 8. The crop seed in the 2crop:1clover
treatment was condensed from 16 to 10 drill rows per plot
and the clover was condensed to the remaining six rows. A
mix of diammonium phosphate and superphosphate was
broadcast across the experimental area immediately prior
to sowing at rates calculated to deliver 22 kg P, 14 kg N
and 9 kg S, per hectare.

Seasonal conditions

The long-term average annual rainfall at this site is
620 mm with a reasonably uniform monthly distribution.
Higher temperatures in summer typically lead to less
effective rainfall due to greater evaporation rates
(Table 1). Annual rainfall during the experimental
period was drier than average with 2013 and 2014 receiv-
ing 26 and 16% less rainfall compared with the long-term
average, respectively. Relatively little rainfall was received
during the first summer (December 2013–February 2014)
and average monthly maximum temperatures during this
period were up to 2.5°C hotter than average. Late winter
and spring rainfall in both years was generally close to
half the long-term monthly average at that site (Table 1).

Management and sampling

The trial area was sprayed prior to sowing with 2 L ha−1

of 135 g L−1 Paraquat + 115 g L−1 Diquat. Post emergent
grass and broadleaf weeds were controlled with herbicides
known to be relatively safe on wheat and subterranean
clover; separate applications of 250 ml ha−1 of 100 g L−1

pinoxaden + 25 g L−1 cloquintocet-mexyl and 25 g ha−1

of 800 g kg−1 flumetsulam plus 700 ml ha−1 of 200 g L−1

bromoxynil. Also, 1.8 l ha−1 of 340 g L−1 MCPA+
80 g L−1 dicambawas applied to the nil legume treatments
only, to remove any background legumes. A small amount
of supplementary irrigation was applied to all plots
during summer in year 1 using an overhead sprinkler
system to assist perennial cereal survival. In year 2 the
same herbicides were used for in-crop weed control as in
year 1. A further 15 kg ha−1 P and 19 kg ha−1 S was
broadcast across the site in May 2014 in the form of
single superphosphate.
Plant density was determined on 17 June in year 1 when

the majority of seedlings had developed three leaves, by

counting the number of perennial crop and legume seed-
lings in two randomly placed 0.5 m × 0.5 m quadrats
per plot. In the 2crop:1clover treatment, establishment dens-
ities were determined by counting seedling number in two
0.50 m × 0.75 m quadrats per plot such that each quadrat
included two crop and 1 legume sowing row. Spring dry
matter (DM) production in year 1 was assessed on
October 30 by removing herbage within a 0.5 m × 0.5 m
quadrat randomly placed in each plot. Again a larger
quadrat, 0.75 m wide, was used in the 2crop:1clover treat-
ment to ensure the sample area included two rows of per-
ennial crop and one row of legume. Herbage was sorted
into species, dried at 60°C for 72 h and weighed.
Herbage samples were taken using the same technique
in year 2 during summer (February 18), fall (May 8)
and winter (July 22) to assess available biomass.
Subterranean clover was not sampled during summer
(February) because it had senesced. Following these
DM samplings in year 2, the remaining herbage was
grazed by sheep to approximately 1.0 t ha−1 of residual
biomass. The hybrid wheat lines showed some reproduct-
ive physiology prior to grazing in fall and winter in year 2,
such as elongated stems and flowering heads, consistent
with previous performance at this site (Hayes et al.,
2012). A final sampling of biomass in year 2 was timed
according to flowering times of each perennial crop
species which was November 4 for the wheatgrass
hybrid 11955, November 13 for 235a and December 20
for wheatgrass. No grazing took place following the
final sampling and perennial crops were left to develop
through to grain harvest. Subterranean clover was not
sampled at this time due to the fact it had already
senesced, attributable to the drier than average spring con-
ditions (Table 1).
Samples of subterranean clover and of perennial crops

collected in October year 1 and July year 2 were retained
for N analysis of shoot tissue. Only perennial crop
samples were collected in the nil legume treatments.
Samples were analyzed for N concentration (%N) and
15N composition using automatic N and carbon analysis
(ANCA-SL) interfaced to a 20–20 stable isotope mass
spectrometer (Europa Scientific; Crewe, UK). The
amounts of above-ground (shoot or herbage) N accumu-
lated by the different treatments was calculated frommea-
sures of shoot DM and N concentrations as:

Shoot N ¼ shoot dry matterð Þ × %N=100ð Þ
The proportion of subterranean clover herbage N derived
from N2 fixation was calculated using the natural 15N
abundance method based on the 15N analysis of the sub-
terranean clover and perennial crop samples, and glass-
house-derived determinations of the 15N composition of
shoots of subterranean clover grown with N2 as the sole
source of N (Unkovich et al., 2008). The perennial crop
in each treatment was assumed to provide a measure of
the 15N composition of the plant-available soil
N. Estimations of the contribution of below-ground N
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to the total N of subterranean clover were calculated by
multiplying the clover shoot N data by a root factor of
1.72 representing the equivalent of 42% of the total
plant N being associated with nodulated roots (McNeill
et al., 1997; Unkovich et al., 2010; Peoples et al., 2012).
Total amounts of N2 fixed in the various treatments
were subsequently calculated as:

Total N fixed ¼ clover shoot N × 1:72ð Þ
× % clover N fixed=100ð Þ

All plots were harvested for grain in years 1 and 2 when
individual genotypes were considered mature. For the
two wheatgrass hybrid entries this occurred in the third
weekof December in both years; the wheatgrass treatment
was harvested 5 weeks later during the final week of
January in both years. Samples were taken for the calcula-
tion of harvest index by cutting all perennial crop biomass
at the soil surface from two randomly placed 0.5 m ×
0.5 m quadrats per plot, or two 0.50 m × 0.75 m quadrats
per plot in the 2:1 treatment. The remainder of the plots
were harvested with a small plot header shortly after
quadrat cuts were taken, and the weight of grain recorded
for each plot. Harvest data from only the harvest index
cuts are presented. Stubble and grain components from
the harvest index samples were ground to <2 mm and
sub samples tested for N content following LECO com-
bustion. Protein content of these samples was calculated
by multiplying %N× 5.7 (AOCS, 1995). All trash from
the harvesting operation was collected and removed to
minimize the emergence of volunteer cereal seedlings in
plots.
Subterranean clover regeneration was assessed in

autumn in years 2 and 3 by counting the number of seed-
lings in two randomly selected 0.250 m2 areas, or in the
case of the 2crop:1clover treatment, two 0.375 m2 areas
per plot. Basal frequency of the cereals was assessed at
the same time by placing two 0.9 m × 1.0 m quadrats,

divided into 0.1 m × 0.1 m squares, on each plot and
counting the number of squares containing the base of a
perennial crop plant. Basal frequency is an accepted
method of non-destructively monitoring density of peren-
nial species such as alfalfa beyond year 1 when it is impos-
sible to visually determine the number of individuals
comprising an alfalfa crown (Lodge and Gleeson, 1984).
The initial measure of basal frequency was taken in year
1 at the same time seedling establishment density was
determined. Values from each quadrat were summed,
and expressed as a percentage.

Statistical analysis

Analyses of variance were conducted with a replicate +
replicate.mainplot blocking structure, and a crop*row
configuration treatment structure (Genstat version 17;
VSN International Ltd). Analysis of the clover herbage
N content data excluded the nil legume treatment in the
analysis as this treatment was not sampled. Each sam-
pling of the same variable was analyzed independently.
Data were in transformed where it was necessary to nor-
malize the distribution of data and residuals, and this
usually occurred with data collected in year 2 where
density of perennials in some treatments had declined to
very low levels. Transformed data were back-transformed
for presentation, and can be identified by the presence of a
superscript letter in place of a determination of the least
significant difference (l.s.d.). All data were analyzed at
the 95% significance level (P < 0.05).

Results

A significant (P < 0.05) perennial crop × row configura-
tion interaction existed for perennial crop density
throughout the experiment (Table 2). All perennial

Table 1. Long-term average (LAR) and monthly rainfall (mm), and long-term average minimum and maximum temperatures (°C) at
the Cowra site compared with the experimental period.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Rainfall (mm)
2013 8 33 74 1 22 118 42 22 34 22 53 35 463
2014 11 20 103 50 34 55 34 26 34 34 17 72 520
2015 73 8 5 105 40 20 – – – – – – –
LAR 58 49 48 42 46 52 52 51 51 57 53 58 623

Minimum temperature (°C)
2013 17.0 16.0 13.5 7.2 4.4 5.2 2.8 3.2 4.2 4.6 9.3 13.1 8.4
2014 16.2 17.0 14.5 10.1 5.4 4.8 1.6 1.1 2.7 6.1 11.4 15.0 8.8
2015 16.3 16.2 12.3 10.4 5.9 2.3 – – – – – – –
LAR 16.8 16.3 13.1 8.5 4.3 3.7 2.4 2.4 3.9 6.6 11.4 14.2 8.6

Maximum temperature (°C)
2013 36.1 31.6 28.3 24.7 19.4 15.2 15.4 15.8 21.5 24.9 27.4 31.9 24.3
2014 34.4 32.7 27.4 23.0 19.5 15.0 14.1 16.3 20.1 26.4 31.3 31.4 24.3
2015 30.9 32.7 29.4 21.9 17.5 15.1 – – – – – − –
LAR 33.5 31.2 28.2 23.5 19.1 15.1 14.2 16.2 20.0 24.0 27.9 30.5 23.7
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crops established at higher densities in the mixed or nil
legume treatments compared with the 2crop:1clover or
1crop:1clover treatments. The wheatgrass established at
lower densities than either of the hybrid treatments.
However, the basal frequency of the hybrid perennial
crops declined to negligible levels (<5%) following the
first summer, significantly lower than neighboring wheat-
grass treatments (16–27%). By year 3 there was no signifi-
cant difference in basal frequency of the wheatgrass
treatments due to sowing configuration (17–22%).
No significant (P > 0.05) perennial crop × row

configuration interaction existed for subterranean clover
establishment or regeneration densities (Table 3).
Establishment density of subterranean clover in year 1
was unaffected by perennial crop treatment, andwas sign-
ificantly higher in the mix treatments where subterranean
clover was sown in every row compared with where it was
sown only in every third row (2crop:1clover). There was no
subterranean clover detected in the nil legume treatments
in the establishment year. The combined density of wheat
and subterranean clover in year 1 was highest in the mix
treatments (141 plants m−2), followed by 1crop:1clover
(113), 2crop:1clover (103) and nil legume (79; P < 0.05, l.s.
d. = 16.31). Subsequent subterranean clover regeneration

was lower in the treatments sown to the hybrid perennial
crop, 11955, than the remaining perennial crop treat-
ments, and highest in the alternate row (1crop:1clover) treat-
ment. Subterranean clover regeneration remained low in
the nil legume treatments throughout the 2 yr period indi-
cating that pre-existing seed reserves were low across the
site prior to the establishment of experimental treatments.
Year 1 above-ground perennial crop biomass was, on

average, 35% greater in the 11955 treatments compared
with the 235a treatment, and 6-fold greater compared
with wheatgrass. Year 1 biomass of all perennial crops
was lowest in the alternate row configuration (1crop:1clover)
and generally higher in the nil legume treatments
(Table 4). There was no significant (P > 0.05) perennial
crop × sowing configuration interaction in year 2 spring
perennial crop biomass, but significant main effects were
observed where wheatgrass was the most productive per-
ennial crop, and the nil legume (2.36 t ha−1) and mix
(1.76) treatments were more productive than the
2crop:1clover (1.16) and 1crop:1clover (0.69) treatments
(Table 4). Subterranean clover biomass was consistently
higher in the 1crop:1clover treatments, yielding 32%, 126
and 128% more in spring year 1, fall and winter year 2,
respectively, compared with where it was sown in mixed
rows. Clover biomass was generally lowest in the 11955
treatments where crop biomass was greatest, and was
almost negligible when sown with 11955 in mixed rows.
Total above-ground biomass (i.e., the sum of measured

subterranean clover, perennial crop and weed dry matter)
was significantly less in the nil legume treatment in the
wheatgrass plots only in year 1, but in year 2 all nil
legume treatments were less productive swards. At the
final sampling of biomass in winter of year 2, total
biomass in the mix, 1crop:1clover, and 2crop:1clover treat-
ments were 52, 142 and 59% greater, respectively, com-
pared with the nil legume plots (1.2 t ha−1). Weeds

Table 2. Crop establishment density (plants m−2) and basal fre-
quency (%) in the 3 years of experimentation when grown as a nil
legume or in combination with subterranean clover in mixed
rows (Mix), in alternate rows (1crop:1clover) or in a ratio of 2
rows of perennial crop: 1 row of clover (2crop:1clover).

Perennial
crop

Row configuration

2crop:1clover 1crop:1clover Mix
Nil
legume

Establishment (plants m−2)
Wheatgrass 48 37 69 57
11955 71 82 99 93
235a 69 69 85 87

l.s.d.0.05 9.6
Year 1 basal frequency (%)

Wheatgrass 24 14 32 25
11955 27 19 38 37
235a 28 19 37 36

l.s.d.0.05 3.0
Year 2 basal frequency (%)

Wheatgrass 23 16 27 24
11955 6 4 3 4
235a 2 3 1 3

l.s.d.0.05 3.7
Year 3 basal frequency (%)

Wheatgrass 21a 20a 17a 22a

11955 0bc 4ab 0c 1ab

235a 0bc 3ab 1ab 0c

Values followed by a superscript letter have been back-trans-
formed; values followed by the same letter are not significantly
different at P= 0.05.

Table 3. Effect of perennial crop and row configuration treat-
ments on the emergence of subterranean clover (plants m−2) in
the 3 years of experimentation.

Treatment Year 1 Year 2 Year 3

Perennial crop effect
Wheatgrass 39 141 552
11955 39 29 356
235a 32 121 560

P-value 0.48 <0.001 0.07
l.s.d.0.05 ns 40.1 ns

Row configuration effect
2crop:1clover 40 79 640
1crop:1clover 50 230 743
Mix 56 78 566
Nil legume 0 0 21

P-value <0.001 <0.001 <0.001
l.s.d.0.05 15 46 214

Non-significant differences at P= 0.05 are marked ‘ns’.
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Table 4. Perennial crop × row arrangement interactions on seasonal measures of perennial crop and legume herbage production
(t ha−1) and determinations of weed incursion (% of total biomass) during the experimental period.

Perennial crop

Row configuration

2crop:1clover 1crop:1clover Mix Nil legume

Perennial crop; spring year 1
Wheatgrass 1.97 1.29 1.61 1.91
11955 9.57 9.13 10.96 11.51
235a 6.82 6.55 7.65 9.56

l.s.d.0.05 1.323
Subterranean clover; spring year 1

Wheatgrass 1.78 2.48 2.08 0.00
11955 1.03 0.44 0.07 0.00
235a 1.93 1.52 0.51 0.00

l.s.d.0.05 1.21
Percentage weed biomass; spring year 1

Wheatgrass 12 14 10 18
11955 3 2 2 2
235a 6 7 6 2

l.s.d.0.05 ns
Perennial crop; summer year 11

Wheatgrass 0.33 0.66 0.53 0.71
11955 1.14 0.72 0.43 1.11
235a 0.27 0.58 0.16 0.23

l.s.d.0.05 ns
Perennial crop; autumn year 2

Wheatgrass 1.88 2.24 1.86 2.67
11955 0.48 0.40 0.37 0.64
235a 0.14 0.32 0.19 0.26

l.s.d.0.05 0.406
Subterranean clover; autumn year 2

Wheatgrass 0.45 0.89 0.49 0.00
11955 0.33 0.63 0.03 0.00
235a 1.16 1.62 0.86 0.01

l.s.d.0.05 0.59
Percentage weed biomass; autumn year 2

Wheatgrass 7 4 9 7
11955 58 40 80 70
235a 41 25 48 78

l.s.d.0.05 22.4
Perennial crop; winter year 2

Wheatgrass 0.92 0.56 0.57 0.70
11955 0.13 0.26 0.13 0.18
235a 0.09 0.18 0.16 0.12

l.s.d.0.05 0.221
Subterranean clover; winter year 2

Wheatgrass 0.67 1.84 1.29 0.01
11955 1.22 1.27 0.21 0.12
235a 1.44 3.58 1.43 0.04

l.s.d.0.05 0.88
Percentage weed biomass; winter year 2

Wheatgrass 8 3 2 9
11955 37 29 69 66
235a 24 10 41 90

l.s.d.0.05 26.3
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comprised 13% of total above-ground biomass in the
wheatgrass treatment in year 1, which was significantly
(P < 0.01) greater than in either the 11955 (2%) or 235a
(5%) treatments, but there was no significant effect of
row configuration on weed content in year 1 (average
7%; data not shown). There was no effect of perennial
crop or row configuration treatment on weed content at
the end of the first summer (average 20%), but in the
fall of year 2 weeds comprised a significantly (P<
0.001) lower percentage of total above-ground biomass
in the wheatgrass (7%) plots compared with the 235a
(48%) and 11955 (62%) treatments (l.s.d.0.05 = 11.2). The
nil legume treatments at this sampling also comprised a
higher percentage of weeds (52%) compared with the
mix (45%), 2crop:1clover (35%), and 1crop:1clover (23%)
configurations (l.s.d.0.05 = 12.9). A very similar pattern
of weed incursion was also observed in the winter sam-
pling of year 2 (data not shown).
There was no significant (P > 0.05) perennial crop ×

row configuration interaction in the grain yield data
from either year. Grain yields in year 1 were 21% and 7-
fold higher in the 11955 treatment compared with the
235a and wheatgrass treatments, respectively (Table 5).
Grain protein and kernel size was significantly less in
the wheatgrass compared with the hybrid perennial
crops, but the N concentration of stubble was higher in
the wheatgrass treatments. There was no effect of
sowing configuration on yields or grain attributes in
year 1 despite there being a greater number of tillers in
the mix and nil legume treatments. Grain yields in year
2 were very low (<280 kg ha−1), being highest in the
11955 and lowest in the wheatgrass treatments, and
highest in the mixed and nil legume treatments compared
with the other spatial configurations. There was no differ-
ence in grain protein between the different perennial crops
in year 2 at P = 0.05, although there were marked differ-
ences in grain size with grain from the hybrid perennial
crops 4–6 fold greater compared with the wheatgrass.
The wheatgrass stubble %N was almost double (1.77%)
that of the average of the hybrid perennial crops
(0.95%). Grain protein in year 2 was significantly lower
and harvest index higher in the nil legume treatments.
However, there was no significant difference in kernel
size between row configurations. Nitrogen concentration

of stubble was also lowest in the nil legume treatments
and highest in the 2crop:1clover treatments (Table 5).
There was a significant (P < 0.01) negative correlation

(R2 = 0.44) between subterranean clover biomass and
clover shoot N concentration in spring year 1, but no re-
lationship was apparent in year 2 (Fig. 1). In year 2 there
was no significant difference in subterranean clover
herbage %N between treatments (Table 6). Clover’s reli-
ance upon N2-fixation for growth was substantially
greater in year 2 (63–86%) than year 1 (17–38%), but
was not affected by either perennial crop or row confi-
guration treatment in either year. Not surprisingly this
greatly influenced the estimates of the total amounts of
N2 fixed in each year (1–21 kg N ha−1 in year 1 cf 5–165
kg N ha−1 in year 2; Table 6) except for treatments where
clover growth had been suppressed in mixed rows with
11955.
Perennial cropN concentration during the spring of year

1 was significantly (P< 0.05) greater in the wheatgrass
herbage (average 2.18%) compared with the hybrid peren-
nial crops (average 1.54%). There was no difference attrib-
utable to row configuration in that year (Table 7). In year 2,
N concentrations were generally lower in the shoots of
11955 compared with the other perennial crops.
Wheatgrass shoot N concentrations were lowest in the nil
legume treatment compared with where it was grown
alongside subterranean clover. Calculated N accumulation
in above-ground perennial crop biomass in year 1 was
greatest in the 11955 hybrid, and also greatest in the nil
legume treatments. The percentage of total N partitioned
in grain was higher in 11955 (45%) compared with the
235a (38%) andwheatgrass treatments (24%). Nitrogen ac-
cumulation in year 2 above-ground biomass was substan-
tially less in most treatments compared with year 1
values. Wheatgrass stubble values were similar between
years (32 and 37 kg ha−1, respectively), but very little N
was harvested in wheatgrass grain in year 2 (Table 8).

Discussion

Perennial crop productivity

The wheat × wheatgrass hybrids, 235a and 11955, were
more vigorous in year 1 and had higher grain yields and

Table 4. (Cont.)

Perennial crop

Row configuration

2crop:1clover 1crop:1clover Mix Nil legume

Perennial crop; spring year 2
Wheatgrass 2.10 1.09 2.64 3.18
11955 0.89 0.68 1.75 2.37
235a 0.49 0.31 0.88 1.54

l.s.d.0.05 ns

1 Weed incursion at this sampling date was negligible (0.1 t ha−1) and is not reported.
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larger kernel size than the intermediate wheatgrass. This is
consistent with previous field experience (Hayes et al.,
2012). However, the hybrid lines were less persistent
than the wheatgrass, and generally less persistent than
previously observed at the same Cowra location (Hayes
et al., 2012; Larkin et al., 2014). Undoubtedly, the drier
seasonal conditions experienced during the current ex-
periment contributed to this outcome.
An unavoidable challenge of conducting agronomy re-

search with perennial wheat derivatives is the fact that
breeding is ongoing and no commercial cultivars are yet
available for the establishment of field experiments. Line
11955 was included in the current experiment as it was
previously shown to have the highest year 1 grain yield
and also a demonstrated capacity to persist beyond 1 yr
(Larkin et al., 2014). Line 235a was also among the
most persistent of the hybrid derivatives evaluated in the
target environment (Larkin et al., 2014). The wheatgrass
line, CPI148055, was selected because it was the most per-
sistent of the previously tested intermediate wheatgrass
lines at this location, and had among the best grain
quality attributes of the intermediate wheatgrasses
(Hayes et al., 2012). More advanced breeding lines of
intermediate wheatgrass and wheat × wheatgrass

derivatives may now exist (DeHaan et al., 2013), but at
the time of initiating the current experiment, newer lines
had not yet undergone agronomic evaluation in
Australia. Continued progress in germplasm development
will undoubtedly bring elite germplasm to market in the
coming decades (Cox et al., 2010; Larkin et al., 2014),
but until then researchers are forced to work with
analog crops, or as in this case, genotypes that are
known to be insufficiently robust for commercial deploy-
ment. With this in mind, the relative differences between
treatments become more important than absolute yields.
Establishment density of all perennial crops decreased

when sown in the 2crop:1clover and 1crop:1clover configura-
tions compared with the mix and nil legume treatments,
despite being sown at the same seeding rate on an area
basis. The sowing regimes meant that for a given perennial
crop type, seeding rates per drill row increased by 60% in
the (2crop:1clover) treatment and doubled in the
(1crop:1clover) treatment, compared with where perennial
crop seed was sown in every drill row. Reductions in
plant populations have also been observed in a range of
conventional grain crops when moving to wider row spa-
cings due to an increase in seeding density within the drill
row (Scott et al., 2013). The decrease in crop population

Table 5. Effect of perennial crop and row configuration on grain yield (kg ha−1), grain protein (%), tiller number (m−2), harvest index
(HI), thousand kernel weight (TKW; g) and stubble N content (%) at crop maturity in years 1 and 2.

Treatment Grain yield (kg ha−1) Grain protein (%) Tillers m−2 HI TKW (g) Stubble N (%)

Perennial crop effect year 1
Wheatgrass 409 14.6 191 11.3 4.7 1.1
11955 1700 18.5 271 16.7 33.0 1.0
235a 1106 18.8 238 14.3 24.0 0.9

P-value <0.001 <0.001 <0.001 0.01 <0.001 0.01
l.s.d.0.05 330.7 0.86 34.7 3.08 0.66 0.13

Row configuration effect year 1
2crop:1clover 1079 17.2 172 14.4 20.6 1.0
1crop:1clover 939 16.8 215 14.5 20.5 1.0
Mix 1030 18.1 268 13.6 20.6 1.0
Nil legume 1240 17.0 277 13.7 20.4 1.0

P-value 0.44 0.08 <0.001 0.65 0.95 0.69
l.s.d.0.05 ns ns 40.2 ns ns ns

Perennial crop effect year 2
Wheatgrass 7c 21.1 – 0.004 4.5 1.8
11955 277a 18.0 – 0.151 24.0 0.8
235a 73b 19.2 – 0.086 17.9 1.1

P-value <0.001 0.09 – <0.001 <0.001 <0.001
l.s.d.0.05 – ns – 0.025 1.70 0.13

Row configuration effect year 2
2crop:1clover 34c 21.2 – 0.045 14.8 1.4
1crop:1clover 80b 20.0 – 0.087 16.2 1.3
Mix 174ab 20.4 – 0.071 14.8 1.2
Nil legume 188a 16.1 – 0.116 16.1 1.0

P-value 0.01 0.01 – <0.001 0.26 <0.001
l.s.d.0.05 – 3.19 – 0.029 ns 0.15

Non-significant differences at P= 0.05 are marked ‘ns’. Values followed by a superscript letter have been back-transformed; values
followed by the same letter are not significantly different at P= 0.05.
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may be due to increased intraspecific competition for
resources such as water early in seedling development,
as suggested by Amjad and Anderson (2006) referring
to a dry sandy environment of the Western Australian
wheatbelt, but may also potentially be associated with
compounds released from germinating seeds which
inhibit the development of neighboring seedlings
(Linhart, 1976). Our data suggest that some reduction
in seeding rates may be possible when seed is concentrated
in fewer drill rows, but the extent of the reduction possible
before plant densities decline requires further refinement.
Increased seedling density in the mix and nil legume

treatments led to improved perennial crop productivity
in year 1, suggesting that at lower densities the perennial
crops were unable to fully utilize available resources. To
use 235a as an example, average seedling density was
reduced by 20% in the 2crop:1clover and 1crop:1clover com-
pared with the average of the mix and nil legume
treatments and perennial crop biomass production
observed in spring of year 1 was also reduced by a corre-
sponding amount (22%) between those same treatments.
In relatively high-yielding environments, such as Cowra,
yield is maximized through rapid groundcover by a
newly sown crop, which maximizes the capture of light
and minimizes evaporation of water from the soil

surface (Scott et al., 2013). However, excluding the crop
from some drill rows inhibits the ability of the crop to
achieve complete canopy cover. With drill rows 0.25 m
apart, the spacing between perennial crop rows was
0.50 m where the perennial crop was excluded from the
intervening drill row and as observed, the perennial crop
had relatively little capacity to compensate.
The inability for the perennial crop to compensate and

fill the void left by the intervening row was exactly the
reason for adopting this strategy when the objective was
to facilitate greater legume survival within the perennial
crop canopy. While perennial crop productivity was im-
portant, it was total productivity, in this case perennial
crop plus legume, which determined the overall re-
source-use efficiency of the system. Total above-ground
biomass was significantly less in the wheatgrass nil
legume treatment in year 1, reflecting the low productivity
of wheatgrass in the establishment year. In year 2 biomass
accumulation in the nil legume treatment for each peren-
nial crop was numerically lower than all other treatments,
although not all differences were significant (P > 0.05).
The change from years 1 to 2 suggests a relative abun-
dance of available resources such as N in the establish-
ment year and highlights the importance of running
these types of experiments over several years. The increase
in clover N content in year 2 comparedwith year 1 despite
seemingly high initial soil N values is likely explained by
the reduced biomass (average 1.1 t ha−1) of clover in year
2 comparedwith year 1 (1.5 t ha−1), as well as the fact that
clover herbage analysis in year 2 was conducted following
a winter sampling rather than in spring.
The diversion of resources away from the perennial

crop into the production of a forage legume has ramifica-
tions for grain production enterprises. In the current
study, grain yield was always numerically higher in the
nil legume treatments. It remains to be seen whether this
holds true over a longer period. The profitability of peren-
nial cropping systems based on crop-legume mixtures is
enhanced by substantially reduced N-fertilizer costs, but
may also be reliant upon being able to utilize the non-
crop biomass, such as through grazing. This is similar to
existing cropping systems utilized in Australia and else-
where, which already integrate grazing livestock and con-
ventional crop production (Bell and Moore, 2012). Using
perennial crop biomass for biofuel may also be a feasible
option in some locations (Boehmel et al., 2008). An alter-
native approach would be to substitute the forage legume
with a crop legume and harvest both components for
grain (Jensen, 1996). However, in a perennial cropping
system it is difficult to envisage how the legume compo-
nent might be retained in the absence of inter-row disturb-
ance and resowing annually to re-establish the legume,
unless viable perennial legume crops are developed.
There would also be challenges in finding compatible
crops that mature at a similar time to aid harvest (Weik
et al., 2002). The advantages of the forage legume
option used here is that it was self-regenerating, and

Figure 1. The relationship between subterranean clover biomass
and shoot N concentration in spring year 1 and winter year 2.
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Table 6. Nitrogen concentration (%), shoot and total plant N (kg N ha−1), and estimates of the proportion (%) and total amounts of
N2 fixed (kg N ha−1) by subterranean clover in spring year 1 andwinter year 2 when grown in mixtures with three perennial crop types
in either mixed rows (mix), in alternate rows (1crop:1clover) or in a ratio of 2 rows of perennial crop: 1 row of clover (2crop:1clover).

Perennial crop

Row configuration

2crop:1clover 1crop:1clover Mix

Subterranean clover N concentration year 1 (%)
Wheatgrass 2.09 1.90 2.21
11955 2.49 2.48 2.45
235a 2.14 2.61 2.38

l.s.d.0.05 0.355
Year 1 legume shoot N (kg N ha−1)

Wheatgrass 33 45 46
11955 26 11 2
235a 42 40 12

l.s.d.0.05 12.3
Year 1 total (shoot + calculated root) legume N (kg N ha−1)

Wheatgrass 57 78 79
11955 44 19 3
235a 72 68 21

l.s.d.0.05 36.7
Year 1 N fixed (%)

Wheatgrass 26 22 22
11955 22 29 38
235a 21 24 17

l.s.d.0.05 ns
Year 1 total N fixed (kg N ha−1)

Wheatgrass 10 21 15
11955 9 5 1
235a 14 17 5

l.s.d.0.05 ns
Subterranean clover N concentration year 2 (%)

Wheatgrass 3.99 3.69 3.66
11955 3.72 3.75 3.87
235a 3.98 3.71 3.95

l.s.d.0.05 ns
Year 2 legume shoot N (kg N ha−1)

Wheatgrass 27 67 47
11955 44 47 4
235a 57 133 57

l.s.d.0.05 34.6
Year 2 total (shoot + calculated root) legume N (kg N ha−1)

Wheatgrass 46 115 81
11955 76 81 7
235a 98 228 98

l.s.d.0.05 59.5
Year 2 N fixed (%)

Wheatgrass 86 80 63
11955 76 71 80
235a 78 73 74

l.s.d.0.05 ns
Year 2 total N fixed (kg N ha−1)

Wheatgrass 37b 91ab 44b

11955 55b 56ab 5c

235a 67ab 165a 44b

Non-significant differences at P= 0.05 are marked ‘ns’. Values followed by a superscript letter have been back-transformed; values
followed by the same letter are not significantly different at P = 0.05.
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compared with a companion crop legume, more likely to
result in a net return of fixed N to the system due to a large
proportion of N exported in the legume grain following
harvest (Peoples et al., 2001).
Grain protein in the current study was not affected by

sowing configuration in year 1 suggesting adequate N
and water resources were available for grain production
in that year, but in year 2 grain protein was significantly

lower in the nil legume treatments compared with where
legumes had been included in the mix. The reduction in
grain protein was not fully explained by the increase in
grain yield in the nil legume treatments, suggesting that
the presence of legumes increased N-availability to the
perennial crop. The other novel finding was the signifi-
cantly greater N content of the wheatgrass stubble com-
pared with stubble of the hybrid perennial crops. At
1.8%N (equivalent to 10.1% protein) in year 2 it would
seem wheatgrass stubble in particular has potential to
add significant value to grazing enterprises following
harvest. By comparison, other perennial forage grasses
grown in a similar environment have been shown to
have a protein content of 6–9% at that time of year
(Hayes et al., 2010). Further research on the grazing
value of perennial crops is warranted. Stubble N
(protein) content was not affected by row configuration
in year 1, but in year 2 was greater in the 2crop:1clover treat-
ment and lowest in the nil legume treatment where N add-
ition was minimal.

Forage legume growth and N2 fixation

Although subterranean clover seeding rate was the same
on an area basis for all except the nil legume treatments,
seeding density within the drill row was double and
167% greater in the 1crop:1clover and 2crop:1clover treat-
ments, respectively, compared with the mix treatments.
This perhaps explains why establishment density of sub-
terranean clover in year 1 was unaffected by perennial
crop type, but was significantly lower in the 2crop:1clover
treatment compared with where it was sown in mixed
rows. The combined density of wheat and subterranean
clover was greatest in the mix compared with other
spatial configuration treatments and greatest in the
11955 compared with other perennial crop treatments,
which is where competition for resources might be pre-
sumed to be greatest in year 1. Indeed, subterranean

Table 7. Nitrogen concentration (%) in herbage of three perennial crop types grown in nil legumes or in or with subterranean clover in
mixed rows (Mix), in alternate rows (1crop:1clover) or in a ratio of 2 rows of perennial crop: 1 row of clover (2crop:1clover), sampled in
October year 1 and July year 2.

Perennial crop

Row configuration

2crop:1clover 1crop:1clover Mix Nil legume

Year 1
Wheatgrass 2.29 2.11 2.19 2.14
11955 1.62 1.57 1.54 1.52
235a 1.50 1.52 1.59 1.48

l.s.d.0.05 0.182
Year 2

Wheatgrass 3.08 3.49 3.54 2.72
11955 2.51 2.06 2.21 2.02
235a 3.33 3.05 3.61 3.45

l.s.d.0.05 0.734

Table 8. Calculated N accumulation (kg N ha−1) in perennial
crop biomass and grain at harvest in years 1 and 2.

Treatment Grain N Stubble N Total N

Year 1
Wheatgrass 10 32 42
11955 55 68 123
235a 36 58 94

P-value <0.001 <0.001 <0.001
l.s.d.0.05 10.2 9.1 7.7

2crop:1clover 34 51 85
1crop:1clover 29 42 71
Mix 33 57 90
Nil legume 39 60 99

P-value 0.43 0.01 <0.001
l.s.d.0.05 ns 10.5 8.9

Year 2
Wheatgrass <1 37 37
11955 8 11 19
235a 2 7 9

P-value <0.001 <0.001 <0.001
l.s.d.0.05 1.9 5.6 6.1

2crop:1clover 1 19 20
1crop:1clover 3 12 14
Mix 5 22 27
Nil legume 6 20 26

P-value <0.001 0.02 0.004
l.s.d.0.05 2.2 6.4 7.1

ns = differences not significant at P = 0.05.
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clover biomass in spring in year 1 was lowest where it was
sown in a mixed row configuration with 11955, and regen-
eration in year 2 was also lowest in the 11955 treatment
and lower in the mix compared with the 1crop:1clover treat-
ments. It is interesting that regeneration in the 2crop:1clover
treatments in year 2 was significantly less than in the 1crop-
:1clover treatment and similar to that observed in the mix
treatments, particularly considering total plant density
(perennial crop plus subterranean clover) was signifi-
cantly higher in the mix treatments in year 1. This result
is likely explained by the lower subterranean clover dens-
ities in year 1 leading to lower regeneration in the 2crop-
:1clover treatments. Donald (1951) described the relative
plasticity of subterranean clover growing in a pure
sward and how maximum yields, including seed yields,
could be achieved at relatively low plant densities. The
plant density in all treatments in the current experiment
(40–56 plants m−2) were well below the minimum
density (296 plants m−2) observed by Donald to achieve
maximum yields in pure subterranean clover swards.
There appears to be few established benchmarks for
minimum subterranean clover density required for
optimal levels of production in mixed swards with peren-
nial species. Values in the current experiment appear
lower than was achieved by Dear et al. (2001) in a
similar environment where subterranean clover grown in
mixtures with perennial forage species regenerated at
densities of 66–96 plants m−2. It would seem subterra-
nean clover density at 40–90 plants m−2 is too low for ad-
equate legume abundance and our study suggests a limit
exists to the extent seeding density can be intensified
within a smaller number of drill rows.
Subterranean clover biomass in year 2 remained lower

in the 11955 mix treatment, presumably as a result of
increased competition inhibiting the ability of subterra-
nean clover to set seed in year 1, and in year 2 was gener-
ally higher in the 1crop:1clover treatments. From the
perspective of increasing annual legume composition of
mixed swards, the 1crop:1clover approach to sowing would
seem to offer potential by providing benefits to legume
production and regeneration compared with the mixed
row configurations, without the negative effects on
legume population observed in the more extreme
2crop:1clover configuration. The lower incursion of weeds
in the 1crop:1clover treatment in year 2 provides additional
encouragement that the alternate row configuration may
present as a viable strategy to achieve a more balanced
perennial crop/legume mixture than conventional
approaches to sowing.
There was no effect of treatment on the clover’s reliance

upon N2 fixation for growth, although values were notice-
ably higher in year 2 (average 76%) compared with year 1
(25%). This was most likely due to the high levels of
mineral N in the soil profile at the commencement of
the experiment (Peoples et al., 2012). However, poor
nodulation in year 1 attributable to the factory applied
rhizobial inoculant as a seed coating has previously

been reported to result in suboptimal nodulation of
pasture legumes (Gemell et al., 2005) and, although not
measured in the current study, cannot be ruled out as a
factor contributing to the low rates of N2 fixation
observed. Nitrogen concentration was also relatively low
for subterranean clover in year 1, was negatively corre-
lated with shoot biomass (Fig. 1), and the amount of
shoot N fixed per tonne of shoot DM accumulated in
all treatments (<10 kg N t−1 DM; calculated from data
in Tables 6 and 7) was less than the previously established
benchmark of around 20 kg N t−1 DM (Unkovich et al.,
2010; Peoples et al., 2012). All these indicators are con-
sistent with a constraint to the N2 fixation process in
year 1.
Legume shoot biomass measured in the current study

largely reflected legume abundance, with greater inputs
of legume and fixed N observed in treatments with the
highest legume content. This presents a paradox in devel-
oping viable and sustainable mixtures of perennial cereal
crops and self-regenerating annual legumes in as much as
mixtures with a strong legume component maximize N-
inputs to the cropping system, but also represent
increased competition for the perennial crop. In the
current study the 1crop:1clover treatments provided promis-
ing compromises between reducing competition between
species while maximizing legume composition and
inputs of biologically fixed N. More research is required
to further refine efficiencies and trade-offs in binary mix-
tures, especially as perennial crops become closer to com-
mercial reality on a broad scale.
The N accumulated in the perennial crop above-ground

biomass at maturity (42–123 kg N ha−1), and the compo-
nent of that N subsequently removed in grain (10–55 kg
N ha−1) generally exceeded the total amounts of N2

fixed by the legume in year 1 (1–21 kg N ha−1). By con-
trast in year 2, the estimated inputs of fixed N by the
clover would have been enough to meet the highest peren-
nial crop demand for N observed (40–92 kg fixed N ha−1

in wheatgrass treatments cf 37 kg N ha−1 in wheatgrass
biomass). The relatively low levels of N accumulated by
the perennial crops and the low grain yields reflected the
poor plant persistence over the dry summer and lower
plant densities in year 2. If it was assumed that a future per-
ennial wheat crop would experience lower plant mortality
rates and achieve similar levels of DM production and
grain yields observed in year 1 in the current experiment
(i.e., in the order of 120–130 kg N ha−1 accumulated in
above-ground biomass) over a period of several years,
then the average inputs of fixed N measured in the second
year of the experiment (average 63 kg fixed N ha−1) would
not fully balance the perennial crop’s N requirements.
However, given that 55–76% of the N accumulated

would remain in the stubble of the perennial plant and
could subsequently be available either to decompose on
the soil surface, or be remobilized internally to support
summer survival and future organ growth, the present
study suggests that perennial crops could feasibly source
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much of their N requirement from a companion legume
such as subterranean clover. This is particularly true in
the alternate row configuration where total inputs of
fixed N averaged over 100 kg N ha−1. Certainly the
annual inputs of fixed N might be sufficient to balance
the N removed each year in 1.5–2.0 t of grain ha−1 (in
the order of 50–60 kg N ha−1). This will be dependent
upon the efficient cycling of N between the legume and
the perennial crop, and on achieving synchrony of N-
supply and demand between the legume and perennial
crop (Crews and Peoples, 2005; Crews et al., 2016).
Modest and strategic applications of fertilizer N during
peak periods of perennial crop N demand may be
required to ensure the perennial crop requirements can
be met.
Crews et al. (2016) also note the need for N-inputs to

exceed harvest-N replacement requirements in order to
meet additional N needs of an agro-ecosystem with an
aggrading soil organic matter pool, as would be expected
under early generation perennial crops. Further research
is required to determine whether the spatial separation
of perennial crop and legume plants by single species
row configurations will pose an obstacle to a perennial
crop accessing N provided by a companion legume.
Root architecture is acknowledged as an important
factor contributing to below-ground N-transfer with
fibrous-rooted species seemingly providing an advantage
in scavenging N from neighboring legumes (Pirhofer-
Walzl et al., 2012). Proximity of the grass root to the
legume root would also no doubt be an important
factor. Grazing of forage by livestock is thought to
assist with N-cycling by increasing the rate of N-turnover,
particularly of above-ground components returned to the
soil in a relatively short period of time in forms largely
available to plants. However, grazing livestock are likely
to cause undue concentration of N in localized areas
and introduce variation in nutrient status across a field
(Hilder, 1966). Although the majority of the herbage N
consumed will be excreted as urine and faeces, livestock
such as sheep represent a sink for nutrients such as N
and some N losses from urine patches would also likely
occur (Virgona et al., 2006; Peoples et al., 2012). The
plots in the current study were relatively small and
grazing was typically intensive with large numbers of
sheep on a small area.We therefore anticipate that the dis-
tribution of nutrients following grazing was perhaps more
even than might be expected in more extensively grazed
systems.
Further research is required to understand the N

requirements and dynamics of a perennial crop maintain-
ing roots and other survival structures year-round. For
example, under controlled conditions and in the absence
of grazing, the perennial forage grass, phalaris (Phalaris
aquatica L.), showed no real loss of N from the plant as
it matured, but a ‘downward migration’ of N from the
herbage to the basal portion of the stem and to the root
system was observed (Richardson et al., 1932). It is

unknown whether a perennial grain crop would respond
similarly to a perennial forage grass, given the known im-
portance of adequate N-translocation to the maturing
seed head to support yield and grain quality. Other peren-
nial forage grasses such as cocksfoot (orchardgrass;
Dactylis glomerata L.) are known to shed and regrow a
large proportion of their root structure from year to
year (Ridley and Simpson, 1994), which may result in
increased net N-loss from the plant unless it can efficiently
translocate N to remaining live structures. Most studies of
N remobilisation within a plant (e.g., Ourry et al., 1988)
have focused on forage species which may have substan-
tially different internal N-demands than a perennial
crop grown for grain.

Future research priorities

This initial experiment provides confidence in the merit of
further refining strategies to grow perennial cereal crops in
mixtures with legumes. Our investigation suggests that N
inputs from a companion forage legume could balance N
requirements of perennial cereals yielding 1.5–2.0 t ha−1

grain, annually. Further development of perennial wheat
germplasm is necessary to improve longevity of the
hybrid wheat × wheatgrass derivatives for future testing.
In the meantime, future studies should target environ-
ments in which perennial wheat longevity is assured to
maximize the opportunity to monitor succession in peren-
nial wheat/legume mixtures over a longer period. It would
seem that existing perennial wheat material would benefit
by being tested in environments where summer tempera-
tures are lower, and humidity and summer rainfall is
higher than at Cowra. An environment similar to the
second environment described in the initial evaluation
of perennial wheat material in Australia, Woodstock
NSW, might perhaps be a more suitable climate (Hayes
et al., 2012); however, there will always be the risk of peri-
odic drought in any rainfed cropping system.
Much remains unknown in this novel field of perennial

crop/legume mixtures research. The choice of companion
legume obviously warrants further investigation, and will
likely be informed by the range of adapted legume options
available in different environments. Maintaining an ad-
equate legume content remains a challenge in perennial-
based pasture swards (Davies, 2001; Dear et al., 2001),
and characteristics particular to perennial crops, such as
the perceived high N demand to fill grain at the end of
spring, promise to present additional challenges to be
overcome. Alternative spatial configurations at sowing
show potential for managing competition dynamics
between species, as was observed by the superior legume
composition and lower weed incursion in our alternate
row (1crop:1clover) treatments. The same approach is
showing some promise in better managing legume com-
position in perennial-based pasture swards for grazing
(Butler et al., 2011; Sandral et al., 2015). Aspects of our
spatial configurations could be further explored, such as
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to identify the optimal row spacing and the optimal seed-
ling density within a drill row. Our data suggest that op-
portunity exists to reduce sowing rates in some spatial
configurations. Again, these factors will likely be
impacted by the choice of companion legume. Arguably,
the highest priority for further research remains in
better understanding the internal N allocation and
demands of a perennial crop. To know how much and
when N is required will enable future researchers to iden-
tify an optimal legume content within a perennial crop
stand and to further develop strategies to achieve the
desired legume composition to meet perennial crop N
demands.
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