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Abstract. In many areas of Australia’s mixed farming zone, cropping rotations are dominated by cereals and some
areas have few suitable broadleaf alternatives. Forage brassicas are widely used in high rainfall livestock systems, but
this study shows that several genotypes offer an alternative to forage oats in drier environments within Australia’s
mixed farming zone. We compared a diverse set of forage brassica genotypes sown in autumn and winter with
benchmark species, principally oats, across 10 experimental site-years. In both early (800–1300 growing degree days
after sowing) and late (1600–2100 growing degree days after sowing) grazing windows, several forage brassica
genotypes had forage production similar or superior to oats and dual-purpose canola. Many forage brassica genotypes
produced higher yields of metabolisable energy (ME) and crude protein (CP), particularly in the late grazing window. In
the early grazing window, Rival and Green globe turnips and HT-R24 forage rape consistently produced ~15% above
the site mean for all productivity measures, whereas kale produced ~40% less than the site mean. In the late grazing
window, oats produced the greatest amount of edible biomass (~44% higher than the site mean); however, Goliath and
HT-R24 forage rapes, Pallaton raphanobrassica and dual-purpose canola had the highest yields of ME and CP (~16%
higher than the site mean). Green globe turnip, Hunter leafy turnip and Regal kale produced ~22% less than the site
mean in this late grazing window. Multi-environment analyses revealed no genotype� environment interactions within
the early grazing window. In the late grazing window, there were several genotypic adaptations, particularly for
Pallaton, which performed better in low–medium production environments than the other genotypes. We show that
forage brassicas offer superior yields of ME and CP, indicating that they may be better able to meet the energy and
protein demands of grazing livestock than forage oats.
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Introduction

Forage brassicas (members of the Brassicaceae family) are
beneficial to livestock systems because they have higher
digestibility and higher metabolisable energy (ME) than
grass-based forages grown in the same season, and have
comparable crude protein (CP) contents (Lindsay et al.
2007; Sun et al. 2012; Barry 2013). Generally, they
have high vernalisation requirements to maintain vegetative
growth (Paridaen and Kirkegaard 2015), and thus nutritive
value, for long periods. Because of these nutritive
characteristics, forage brassicas are widely used as
summer–autumn feed in Australian and New Zealand dairy
farming (Moate et al. 1996) and sheep and beef systems
(Paridaen and Kirkegaard 2015) in higher rainfall regions.

They often replace or complement dry pasture and/or crop
residues or lucerne pastures (Nie et al. 2020; Raeside et al.
2020) that are otherwise utilised during this period. In New
Zealand, forage brassicas represent 70% of all cultivated crops
in dairy and meat-producing livestock grazing systems
(Lindsay et al. 2007; Dumbleton et al. 2012).

A broad range of forage brassicas has been developed for
livestock systems, including several new commercially
available genotypes with improved attributes compared with
older varieties. Forage brassicas used commercially include a
range of different species and interspecific hybrids serving
diverse roles in livestock systems. Bulb turnips (Brassica
campestris var. rapa L.) and swedes (B. napus var.
napobrassica L.) have above- and belowground (bulb)
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biomass that can be grazed by livestock and are generally held
as a standover feed until required and grazed in a single cycle
or event. Kale (B. oleracea var. acephala L.) provides only
aboveground biomass but grazing is typically managed in the
same way as bulb turnips, although it can regrow after light
grazing. Forage rape (B. napus var. biennis L.) and hybrid
brassicas such as leafy turnip (B. rapa var. rapifera L. and
B. campestris � napus) and raphanobrassica (B. oleracea var.
acephala L.� Raphanus sativus L.) provide only aboveground
biomass but are suitable for multiple grazings; however,
different variety groups are recommended for different
grazing windows. Even within these different forage
‘types’, forage brassicas are genetically diverse, with most
evolving from three diploid species (B. oleracea, B. rapa, B,
nigra) and three crosses of these diploid species
(allotetraploid: B. napus, B. juncea, B. carinata) (Waters
and Schaal 1996) as well as some interspecific hybrid
genotypes. As a result, there are often considerable
functional differences (phenology, plant allocation, nutritive
value) between genotypes of the same type and/or species (de
Ruiter et al. 2009).

It is clear that forage brassicas provide significant benefits
to livestock systems in higher rainfall regions; however, in
Australia’s mixed farming zone, they have the potential to
diversify the forage grown on-farm and may help to fill feed
gaps and reduce risks in forage-dependant livestock systems
(Bell et al. 2018). The mixed farming zone is a major feature of
Australia’s agricultural industry, occupying ~70 Mha of land
(Healy et al. 2013; Bell et al. 2014) with a wide variety of soil
types (e.g. black Vertosols to sands) and a comparatively hot
and dry climate (Bell et al. 2020). Traditionally, crops were
grown in rotation with self-regenerating ley pastures, but a
recent shift towards more intensive cropping and use of annual
forages and short-term pastures (1–3 years) in this zone
(Howieson et al. 2000) has resulted in fewer forage options
to fill winter feed gaps, and these options are largely limited to
cereals such as forage oats (Avena sativa L.), dual-purpose
wheat (Triticum aestivum L.), barley (Hordeum vulgare L.)
and triticale (T. aestivum L. � Secale cereale L.). As a result,
cropping rotations remain cereal dominated, and a greater
diversity of broadleaf options is desirable to manage weeds
and soilborne pests and diseases (Smith et al. 2004;
Kirkegaard et al. 2014; Angus et al. 2015). However, in
semi-arid subtropic regions, broadleaf options such as
canola are rarely used in crop rotations owing to unreliable
winter rainfall and a shorter growing season, which limits the
productivity and overall profitability of the crop (Robertson
and Holland 2004). Preliminary studies undertaken in southern
Queensland (Qld) and northern New South Wales (NSW)
under dry winter growing conditions identified some forage
brassica genotypes that have production potential of >5 t/ha of
dry matter (DM), which is comparable or superior to other
commonly used forage cereals and alternative legumes (Bell
et al. 2020). However, that study included relatively few
genotypes from a narrow set of forage brassica species/
types. In areas with reliable rainfall >450 mm, the increased
adoption of dual-purpose canola (Brassica napus var. annua
L.), which can be grazed by livestock in winter and harvested
for grain in summer (Kirkegaard et al. 2016), indicates the

desire of producers to diversify their forage options. The
expansion of dual-purpose canola into the medium rainfall
environments has the potential to contribute to on-farm
profitability (McCormick et al. 2012) and has also
heightened interest in the use of forage brassicas within this
zone.

Although significant opportunities are apparent, there is
limited knowledge and information about the suitability of
the range of forage brassicas for use in drier environments
within Australia’s mixed farming zone. In the present study,
we aimed to address these limitations by evaluating the
productivity of a broad range of forage brassica genotypes
across multiple environments spanning different agro-climatic
regions of the mixed farming zone, and comparing them to
relevant benchmark species, principally oats and canola. We
show that forage brassicas provide a useful forage alternative
across many different environments, and thus offer more
diversified forage options for livestock producers.

Materials and methods
Site locations and design

Edible biomass and yields of ME and CP of a broad range of
forage brassica genotypes were evaluated across multiple
environments and compared with benchmark forage species.
The rationale for the selection of the forage brassica genotypes
included in this study was to test a diversity of plant types
(i.e. leaf type, bulb producing and hybrids) and cultivars
within type that varied in functional traits, and thus, were
expected to vary in productivity potential and adaptation. A
multi-environment trial analysis was used to assess whether
genotypes were niche specific or had broader potential use
across the mixed farming zone.

The core experimental sites varied considerably
in geographical location and soil type (Fig. 1). Eight
experimental site-years were derived from two growing
seasons (2018 and 2019) at four core experimental sites:
Tummaville and Condamine in southern Qld, Iandra in central
west NSW, and York in the central wheatbelt of Western
Australia (WA) (Fig. 1). At each core site, eight or nine
forage brassica genotypes were compared with the
benchmark species of dual-purpose canola and forage oats.
The cultivars of dual-purpose canola and forage oats used at
each site were selected based on relevance to the region and
sowing window (Table 1). Forage oats failed to germinate at
the York 2019 site. Another two satellite sites in northern
NSW, at Armatree and Pine Ridge (Fig. 1), established in 2019
compared eight forage brassica genotypes (including six
genotypes used at the core sites) with forage barley, which
is commonly used in this region (Table 1). Data from the
satellite sites were included only in the multi-environment trial
analyses. The details for each of the experimental sites,
including location, soil type, sowing date, rainfall and
irrigation received over growing season, and nitrogen (N)
applied, are presented in Table 1.

All sites except the Pine Ridge 2019 satellite site included
four replicates of genotypes arranged in a randomised
complete block design. The Pine Ridge site had only three
replicates. Plots at all sites varied in size from 40 to 70 m2 with

394 Crop & Pasture Science L. J. Watt et al.

Downloaded From: https://complete.bioone.org/journals/Crop-and-Pasture-Science on 16 Aug 2024
Terms of Use: https://complete.bioone.org/terms-of-use



5–7 planting rows and row spacings 250–320 mm, depending
on area and equipment available. Seed was sown at depths of
20–50 mm by knife point with a press wheel (at Tummaville
2018, Condamine 2018 and 2019, York 2018 and 2019) or
tines (at Tummaville 2019, Iandra 2018 and 2019). The forage
brassicas were sown at a set sowing rate (Table 2), and starter
fertiliser (Granulock Z: 11% N; 21.8% P; 4% S; 1% Zn; Incitec
Pivot, Melbourne) was applied at sowing.

The sites were monitored regularly for weed and insect
infestations, fungal infections and diseases, and appropriate
management was implemented when needed.

Forage sampling, processing and nutritive value analysis

At all sites, plant biomass samples were taken at several, but
varying, times during the growing season based on there being
adequate bulb and/or biomass for collection. To allow for
cross-site comparisons with different sowing dates and
environmental conditions, forage production among
genotypes was compared within two phenological windows
that represented an early (800–1300 growing degree days
(GDD) after sowing) and late (1600–2100 GDD after
sowing) grazing window. GDD were calculated based on
the sum of average daily temperature after sowing, with a
base temperature of 08C. The base temperature for canola is
also 08C (Vigil et al. 1997), and so this was considered the
most appropriate approach to deal with the diversity of

genotypes. However, because of drought conditions and
biomass availability, some sites were sampled within only
one of these grazing windows.

Forage biomass was collected from quadrats (0.5–1.0 m2)
in the central rows of each replicated plot. Both aboveground
(leaf/petiole and stem) and belowground (bulb, for bulb
species) portions were collected when sufficient bulb
biomass had accumulated. Bulb/belowground biomass was
not collected within the early grazing window at the
Tummaville 2018 and Condamine 2019 core sites, or at the
Armatree 2019 and Pine Ridge 2019 satellite sites.

Prior to drying, bulb and stem portions were chopped to a
size of ~20 mm2. All forage samples were weighed and then
dried in an oven at 60–808C until constant dry weight and re-
weighed for calculation of DM content and total edible
biomass (t DM/ha).

At core sites, forage nutritive value was determined from
biomass samples taken at each sampling time (above- and
belowground portions were analysed separately). In the late
grazing window at the Tummaville 2018 site, canola cv.
Wahoo was in the late reproductive phase (seedset) and
hence was not analysed for nutritive value. Samples were
ground through a 1-mm sieve and stored in an airtight
container. Forage samples were analysed for DM
digestibility (DMD) (DMD corrected, DMDC) and total N
at the CSIRO Rural Research Laboratory, Floreat, WA. Near-

York
Perth

N

Grey Vertosol
Grey sandy loam

Grey Vertosol

Red Kandosol

Armatree

Iandra

Canberra

Black Vertosol

Brisbane
Condamine

Tummaville

Pine Ridge

Fig. 1. Distribution of core experimental (white circles) and satellite sites (dark grey circles) within Australia’s mixed
farming zone (shaded grey), including the soil type at each site.
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infrared reflectance spectrophotometry (NIRS; SpectraStar
2500X rotating top window system (680–2500 nm); Unity
Scientific) was used to predict DMDC. Spectral data were
collected by InfoStar3-11-1.exe software and converted using
spc.in.exe software (Unity Scientific) for forage nutritive value

predictions via a CSIRO feed calibration developed using a
trimmed wave specification employing the wavelengths
1350–2500 nm, at intervals of 1 nm. The performance of
the calibration equations was assessed by using R2 value
and standard error of validation as criteria; for DMDC, R2

Table 1. Site characteristics and forage genotypes sown at eight core sites in 2018 and 2019, and two satellite sites in 2019
PAW, Plant-available water; TT, triazine-tolerant; �, indicates presence; – , indicates absence of genotype in that site year

Core sites Satellite sites
Tummaville Condamine Iandra York Pine Ridge Armatree

2018 2019 2018 2019 2018 2019 2018 2019 2019 2019

Soil type Black Vertosol Grey Vertosol Red Kandosol Grey sandy loam Grey Vertosol
Sowing date 13 June 12 April 11 July 04 April 21 June 28 March 26 June 28 June 03 April 05 April
Starting PAWcanola (mm) 81 176 64 39 139 85 93 85 – –

Starting soil N (kg/ha)A 80 502 217 233 80 145 120 226 – –

In-crop rainfall + irrigation
(mm)

193 + 135C 30 + 128D 132 26 198 73 233 135 29 + 30 56

N applied (kg/ha) 55 98 6 6 18 26 84 76 115 115
Cereals

Forage oat
cv. Flinders � � � � – – � – – –

cv. Eurabbie – – – – � � – – – –

Barley cv. Moby – – – – – – – – � �
Brassicas

Canola
cv. Hyola970CL – � – � – � – � – –

cv. Wahoo (TT) � – � – – – – – – –

cv. 45Y91CL – – – – � – – – – –

cv. Bonito (TT) – – – – – – � – – –

Forage rape
cv. HT-R24 � � � � � � � � � �
cv. GoliathB � � � � � � � � � �
cv. Winfred � � � � � � � � – –

cv. Interval – – – – – – – – � �
cv. Leafmore – – – – – – – – � �

Raphanobrassica cv.
Pallaton

� � � � � � � � � �

Kale cv. Regal � � � � � � � � � �
Bulb turnip
cv. Rival � � � � � � � � � �
cv. Green globe � � � � � � � � – –

Leafy turnip cv. Hunter � � � � � � � � – –

Forage radish cv. Graza � � � � � � – – � �

ASoil nitrate-N from0–90 cmdepth. BForage rape�kale interspecies cross. CIrrigation: 45mmat 12, 63 and 84 days after sowing. DIrrigation: 42.5mmat 32, 43
and 73 days after sowing.

Table 2. Sowing rates and established plant populations for forage oats and brassicas sown across the eight core experiments
Establishment targets based on laboratory germination counts and estimated emergence of 85% for all genotypes

Sowing
rates (kg/ha)

Plant populations (plants/m2) Plant establishment
targets (plants/m2)Tummaville Condamine Iandra York

2018 2019 2018 2019 2018 2019 2018 2019

Oats 50 227 144 84 34 226 229 148 – 210
Canola 3 28 53 14 4 52 46 47 31 60
Goliath rape 3 38 46 20 3 45 35 52 18 60
HT-R24 rape 3 38 40 21 4 41 32 52 24 50
Winfred rape 3 48 45 23 3 53 41 54 27 60
Pallaton raphanobrassica 3 26 19 11 2 23 11 21 12 25
Regal kale 3 35 32 20 1 42 16 34 18 60
Green globe turnip 1.5 6 4 14 1 40 26 35 14 60
Rival turnip 1.5 13 13 12 2 37 31 36 23 40
Hunter leafy turnip 4 40 18 13 3 38 23 25 21 100
Graza radish 6 32 24 18 2 29 22 – – 40
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was 0.89 and standard error of validation was 1.61. A 10%
subsample from the test set was also analysed by using wet
chemistry for further validation of the predictions.
Metabolisable energy was calculated from predicted DMDC
for in vivo conditions using AFIA standards (AFIA 2014), as:
0.172�DMDC – 1.707. Total N was measured by combustion
(Dumas method; AFIA 2014) in a CN628 N Analyser
(LECO). Crude protein (as % of DM) was calculated as:
total N (% of DM) � 6.25.

Yields of ME (Eqn 1) and CP (Eqn 2) were calculated within
each grazing window to account for both the biomass and
nutritive value characteristics of the forages:

ME yield GJME=hað Þ ¼ edible biomass t DM=hað Þ
�ME MJ=kg DMð Þ

ð1Þ

CP yield kg CP=hað Þ ¼ edible biomass kgDM=hað Þ
� CP g=gDMð Þ

ð2Þ

Site characterisations

Owing to the diversity of the environments where these forage
brassicas were grown, soil cores were taken before sowing at
all core sites to characterise for soil available water and
nutrients. Four to six soil cores were taken to 1.5 or 1.8 m
depth across each replicate block (n = 4 blocks). Soil cores
were partitioned into soil layers 0–150, 150–300, 300–600,
600–900, 900–1200, 1200–1500 and 1500–1800 mm and split
in half lengthwise. Each half was placed into separate soil bags
for soil water and nutrient determinations, and layers within
each replicate block were bulked into one representative
sample. Soil water samples were weighed (taring bag
weight) immediately following collection and subsequently
dried at 100–1058C for 3–5 days (until constant dry weight) to
determine gravimetric soil water content. Volumetric soil
water was calculated using assumed bulk density values for
previously characterised soils that were nearby the sites. Soil
nutrient samples were dried at 408C for 3–5 days, finely ground
and stored in an airtight container before analysis at the CSBP
Soil and Plant Analysis Laboratory, Bibra Lake, WA. Soil
samples from the top four layers underwent a basic set of
analyses for soil characterisation: the standard CSBP test
including electrical conductivity, pH (in water and CaCl2),
NO3, NH4, Colwell P, Colwell K, sulfur (KCl 40), organic
carbon (Walkley Black). All other samples underwent analyses
for NO3 and NH4 only.

Statistical analyses

Edible biomass and yields of ME and CP for each core
experimental site within the early and late grazing windows
were analysed with linear mixed models using REML with the
lme4 package (Bates et al. 2015) in the statistical software
program R (R Foundation, Vienna). All data were initially
tested for normality and heteroscedasticity of the residuals and
all data met these criteria. In all analyses, genotype was fitted
as a fixed effect and replicate block was fitted as a random
effect. Results were considered significant with a P-value
�0.05.

A multi-environment trial analysis (Smith et al. 2005) for
edible biomass and yields of ME and CP at both core and
satellite sites was done by using linear mixed models with
ASReml-R (Butler et al. 2017) to correlate the genetic (forage
genotype) effects across environments, and employing factor
analytic models (Smith et al. 2001). This method also
accounted for other non-genetic sources of variation including
experimental design and spatial location of experimental plots
using the approach of Gilmour et al. (1997) and allowed each
experiment to have a separate residual model. The factor analytic
models provide an approximation to the fully unstructured
covariance matrix (with a reduction in the number of
parameters required) to model the genotype � environment
interaction by estimating a separate genetic variance for each
experiment and all pairs of genetic covariances between
experiments (Kelly et al. 2007).

A square root transformation was applied to the edible
biomass data for better approximation of the assumptions for
the analysis. Genotype predictions (best linear unbiased
predictors, BLUPs) were calculated for each experiment for
all analysed traits, and genotype was ranked within
experiment (on a square root scale for edible biomass). For
the two grazing windows, a regression on the environment
mean was used to explore the genotype � environment
interactions (Finlay and Wilkinson 1963). The environmental
mean was based on the mean of the BLUPs for all genotypes
to represent best the sites with low and high productivity
potential (Lawes et al. 2016).

Results

The growing conditions at all sites were very challenging with
well below average annual rainfall conditions; in-crop rainfall
ranged from 26 to 233 mm at all sites, except Tummaville
2019 that received 328 mm due to irrigation (Table 1). At
some sites, decile 1 drought conditions were reported. Some
irrigation was applied at the Tummaville 2018 and 2019 sites;
however, total water received by these sites was similar to, or
just below, the average growing season rainfall. This set of
different production environments resulted in a wide range in
forage productivity potential, with the mean edible biomass
production across the sites in the range 2.0–6.4 t DM/ha in the
early grazing window, and 0.6–8.5 t DM/ha in the late grazing
window (Tables 3 and 4).

Productivity of forage brassica genotypes compared with
benchmark species

Early grazing window

At all sites sampled within the early grazing window
(800–1300 GDD after sowing), at least six of the forage
brassicas produced edible biomass and ME yield similar to
or higher than oats. More forage brassicas (eight or all nine
genotypes) produced CP yield similar to or higher than oats
across these sites (Table 3). A clear example of the forage
brassicas outperforming oats in this early window was at the
Tummaville 2019 site, where the top three forage brassicas
outperformed oats by around 1.8 times for yields of ME (94 vs
51 GJ/ha) and CP (1670 vs 963 kg/ha) (Table 3). This was also
evident at the Iandra 2019 site (lower mean site production),
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where forage brassicas outperformed oats by ~1.9 times for
yields of ME (41 vs 22 GJ/ha) and CP (770 vs 408 kg/ha)
(Table 3). Compared with dual-purpose canola, forage
brassicas also ranked well for all productivity measures,
with at least seven forage brassicas producing yields
similar or higher at four of the five sites, and at least four
of the forage brassicas at the other site (Table 3). Dual-
purpose canola produced below site average edible biomass

and ME yield at both the Tummaville 2018 and York 2018
sites, likely due to the use of triazine-tolerant cvv. Wahoo and
Bonito, respectively, in these experiments. The other sites,
which used hybrid cvv. 45Y91CL and Hyola970CL, had
edible biomass and ME yields similar to or higher than the
site mean.

Of the forage brassicas, the best performing genotypes in this
early grazing window were Green globe and Rival turnip, and

Table 3. Early grazing window (800–1300 growing degree days after sowing) edible biomass (bulb, stem and leaf portions) and yields of
metabolisable energy and crude protein (biomass �ME or CP content) produced by forage brassicas, canola and forage oats at five experiments

across the Australian mixed farming zone
Each genotype was ranked as a percentage of the site mean of all genotypes, and the mean and range of these ranks across sites is provided

Tummaville Iandra York Mean
rank (%)

Site rank
range (%)2018A 2019 2019 2018 2019

Edible biomass (t DM/ha)
Green globe turnip – 8.2 3.2 2.5 2.0 117 104–127
Rival turnip 1.1 8.1 3.8 2.9 2.6 116 53–142
HT-R24 rape 2.6 8.0 3.1 2.3 2.2 116 103–125
Goliath rape 2.4 7.0 2.9 2.5 1.9 108 95–112
Winfred rape 2.5 6.2 3.2 2.1 2.0 106 90–125
Hunter leafy turnip 2.6 7.3 2.8 2.2 1.7 105 86–122
Canola 2.0 6.4 3.4 2.2 2.0 105 95–131
Oats 2.6 5.3 1.9 2.3 – 95 76–123
Pallaton raphanobrassica 1.8 5.2 2.2 2.3 2.2 94 81–114
Graza radish 2.2 4.5 2.1 – – 86 70–106
Regal kale 1.4 4.4 1.2 1.4 1.0 60 48–69
Site mean 2.1 6.4 2.7 2.3 2.0
l.s.d. (P = 0.05) 0.78 2.14 0.47 0.36 0.72
P-value <0.01 <0.01 <0.001 <0.001 0.02

Metabolisable energy yield (GJ/ha)
Green globe turnip – 95.0 39.2 30.1 22.9 121 103–135
Rival turnip 13.7 95.2 46.4 34.4 29.3 121 55–154
HT-R24 rape 31.2 91.2 37.4 26.7 24.6 119 102–130
Goliath rape 28.5 77.0 34.8 29.6 21.0 110 95–121
Winfred rape 29.7 69.7 39.2 23.3 23.1 109 89–135
Hunter leafy turnip 31.0 84.6 34.2 25.6 19.3 108 87–123
Canola 23.6 73.3 40.7 23.8 22.9 106 91–142
Pallaton raphanobrassica 21.9 60.5 28.0 27.0 25.0 96 83–113
Graza radish 27.1 51.5 26.2 – – 90 71–108
Oats 27.1 50.7 22.3 24.1 – 88 70–108
Regal kale 17.3 49.4 15.1 16.8 11.3 61 51–69
Site mean 25.1 72.6 33.0 26.1 22.2
l.s.d. (P = 0.05) 9.25 24.5 5.45 4.78 8.16
P-value <0.01 <0.001 <0.001 <0.001 0.02

Crude protein yield (kg/ha)
Green globe turnip – 1802 757 354 333 121 111–132
Rival turnip 320 1583 833 386 408 116 63–142
Canola 554 1374 710 366 293 109 99–122
HT-R24 rape 560 1504 645 336 315 108 105–110
Hunter leafy turnip 604 1622 644 320 249 106 84–119
Goliath rape 578 1494 648 307 268 104 90–114
Pallaton raphanobrassica 492 1258 572 337 351 102 92–118
Winfred rape 501 1271 725 289 291 101 91–124
Graza radish 595 1132 524 – – 97 83–117
Oats 479 963 408 275 – 80 70–94
Regal kale 386 1026 295 224 166 66 50–76
Site mean 507 1336 615 319 297
l.s.d. (P = 0.05) 170 507 105 82.9 113
P-value 0.03 0.04 <0.001 0.02 0.01

ABased on aboveground biomass only because bulbs were insufficient in size for collection.
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HT-R24 forage rape, which consistently ranked ~15% above
the sitemean across all sites for all productivitymeasures, except
for Rival performing poorly at the Tummaville 2018 site. Across
at least three of the five sites sampled, Goliath forage rape and
Hunter leafy turnip also ranked above the site mean for all
productivity measures. Regal kale performed poorly across all
sites in this early grazingwindow andwas on average 40% lower
than the site mean for all productivity measures (Table 3).

Late grazing window

In the late grazing window (1600–2100 GDD after sowing),
oats often produced more edible biomass (ranking 44%
higher than the site mean) than the forage brassicas
(Table 4). However, the forage brassicas had higher
nutritive value than oats and during this late grazing
window; yields of ME and CP for oats were only 22% and

Table 4. Late grazing window (1600–2100 growing degree days after sowing) edible biomass (bulb, stem and leaf portions), and yields of
metabolisable energy and crude protein (biomass � ME or CP content) of forage brassicas, canola and forage oats at seven experiments across

the Australian mixed farming zone
Each genotype was ranked as a percentage of the site mean of all genotypes and the mean and range of these ranks across sites is provided

Tummaville Condamine Iandra York Mean
rank (%)

Site rank
range (%)2018 2019 2018 2019 2018 2018 2019

Edible biomass (t DM/ha)
Oats 7.5 9.4 2.6 0.8 3.6 5.1 – 144 110–180
Canola 5.5 8.0 1.8 1.2 2.5 4.1 2.7 124 94–201
Pallaton raphanobrassica 5.1 7.9 2.3 0.5 1.7 4.5 3.9 114 83–181
HT-R24 rape 3.5 9.7 1.8 1.1 2.0 3.8 2.3 112 84–191
Goliath rape 3.3 11.2 3.0 0.7 2.2 3.4 2.3 109 80–140
Rival turnip 3.6 9.4 2.2 0.5 1.7 3.6 1.9 94 81–110
Winfred rape 2.8 7.9 2.5 0.6 1.9 2.9 1.9 92 67–120
Graza radish 5.0 5.5 1.8 0.5 2.1 – – 91 65–119
Regal kale 5.2 8.4 1.6 0.0 1.7 2.3 1.9 77 8–124
Green globe turnip 3.1 8.3 2.0 0.2 1.2 3.8 1.6 76 32–104
Hunter leafy turnip 1.7 8.1 1.6 0.3 1.7 3.2 1.0 69 40–96
Site mean 4.2 8.5 2.1 0.6 2.0 3.7 2.2
l.s.d. 1.1 2.2 0.9 0.7 0.5 0.9 0.5
P-value (P = 0.05) <0.001 <0.01 0.05 0.03 <0.001 <0.001 <0.001

Metabolisable energy yield (GJ/ha)
Oats 63.0 88.8 24.1 8.5 37.2 44.9 – 122 92–163
Pallaton raphanobrassica 60.7 93.5 28.0 6.0 18.8 53.8 47.6 121 83–192
Canola – 94.3 19.3 14.1 25.8 29.9 31.0 117 77–208
HT-R24 rape 41.7 110.1 21.8 12.7 23.3 43.6 26.6 115 89–187
Goliath rape 39.5 124.9 35.5 7.6 25.6 37.9 25.5 113 87–145
Rival turnip 43.2 110.0 26.8 6.0 19.1 40.0 20.7 97 84–114
Winfred rape 33.6 90.9 30.6 7.0 24.2 32.5 21.5 96 74–126
Graza radish 54.2 63.3 21.4 5.8 23.1 – – 92 66–120
Green globe turnip 36.7 97.8 23.5 2.2 14.3 42.8 17.9 80 32–111
Regal kale 59.4 92.4 19.2 0.5 18.8 26.4 20.5 78 8–131
Hunter leafy turnip 20.6 97.1 18.7 3.7 20.6 34.3 11.3 72 45–101
Site mean 45.3 96.6 24.4 6.7 22.8 38.6 24.7
l.s.d. 11.3 24.8 10.4 7.5 5.1 10.2 5.8
P-value (P = 0.05) <0.001 <0.01 0.05 0.01 <0.001 <0.001 <0.001

Crude protein yield (kg/ha)
Canola – 1808 386 232 368 441 338 124 88–195
Pallaton raphanobrassica 912 1807 512 112 285 443 476 116 90–159
HT-R24 rape 630 1835 378 255 291 373 280 112 83–214
Goliath rape 658 2240 620 136 330 264 314 108 77–142
Graza radish 1018 1415 406 106 357 – – 102 82–135
Rival bulb turnip 783 1924 452 115 314 327 312 102 95–112
Oats 872 1296 375 97 344 495 – 101 75–143
Winfred rape 596 1483 547 133 329 219 256 93 64–125
Green globe turnip 858 1845 403 42 251 368 291 90 35–113
Regal kale 812 1612 371 10 314 310 285 82 9–107
Hunter leafy turnip 437 1653 366 62 312 211 147 72 49–98
Site mean 758 1720 438 118 318 345 300
l.s.d. 236 415 182 131 87 146 54
P-value (P = 0.05) <0.001 <0.001 0.10 0.01 0.28 <0.01 <0.001
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1% higher than the site mean, respectively. Within this late
grazing window, at least seven of the forage brassicas
produced edible biomass similar to or higher than oats at
three of the six sites, but very few (if any) of the forage
brassicas outperformed oats at the other three sites. Pallaton
was the only forage brassica to produce edible biomass similar
to oats at the York 2018 site. On the other hand, the forage
brassicas performed better for CP yield, with eight or all nine
of the forage brassica genotypes producing CP yields similar to
or higher than oats at four of six sites, and four or six of the
forage brassicas at the other two sites (Table 4). This was most
evident at the Tummaville 2019 site and both years at
Condamine, where the CP yield of oats was ~20% lower
than the site mean, and the top three performing forage
brassica genotypes at these three sites produced 1.5–2 times
more CP yield than oats (Table 4). In the late grazing window,
there were some instances where dual-purpose canola was
reproductive, particularly in the 2018 season; in these cases,
the ME content of canola was lower than of the forage brassica
genotypes  (Supplementary Materials Table S1). Compared
with dual-purpose canola, several forage brassicas (ranging
from three to all nine genotypes) produced edible biomass and
ME yields similar to or higher than canola. Many more of the
forage brassicas produced CP yields similar to or higher than
canola (ranging from five to all nine genotypes) across all sites
in this late grazing window (Table 4).

The best performing forage genotypes in the early grazing
window were not the best performing genotypes in the late
grazing window. Oats performed the best for edible biomass,
but in terms of yields of ME and CP, the best performing
genotypes (i.e. those ranked most consistently higher than the
site mean) were Goliath and HT-R24 forage rapes, Pallaton
raphanobrassica and canola, all of which produced on average
16% higher yields than site means. The lowest performing
genotypes were Hunter leafy turnip, Green globe turnip and
Regal kale, which produced ~22% less than the site mean for all
productivity measures (Table 4).

Genotype � environment interactions

Across the range of production environments measured here,
the multi-environment trial analysis revealed limited genotype
� environment interactions in the early grazing window;
however, in the late grazing window, several genotype �
environment interactions were found for the various
productivity measures (Tables 5 and 6). In the early grazing
window, there were no genotype � environment interactions
for edible biomass, but there were some slightly negative
correlations for ME yield and particularly CP yield. These
slightly negative correlations between sites always featured the
Tummaville 2018 site (Table 5) and were strongly related to
the lower performance of Rival at this site, which was
inconsistent with the other sites (Fig. 2a–c). Within this
early grazing window, all genotypes other than Rival had a
stable performance ranking across the range of production
environments. Relative to the other genotypes, Rival was
highly responsive in higher production environments, as
indicated by a steeper regression (Fig. 2a–c). To illustrate,

Goliath had similar relative ME yield to Rival in low
production environments, but a much lower relative
performance in higher production environments (Fig. 2b).

In the late grazing window, some moderate negative
correlations between experimental sites were identified,
particularly for yields of ME and CP. In the late grazing
window, there was no single forage brassica genotype that
ranked consistently across all production environments for any
of the productivity measures. Moderate negative correlations
for ME yield were mostly related to the Tummaville 2019 site,
and moderate negative correlations for CP yield were related to
both the Tummaville 2019 and Condamine 2018 sites
(Table 6). This indicated that several of the forage
genotypes ranked very differently within the Tummaville
2019 experiment compared with their ranking at the sites
that had lower production potential (Fig. 2e, f). This was
most apparent for Hunter leafy turnip, which performed
poorly for all productivity measures in environments with
low–moderate production potential but quite favourably at
the Tummaville 2019 site (Fig. 2d–f). This revealed that
some genotypes, such as Hunter, are better suited to higher
production environments than to low production environments
(i.e. drier environments), where they were poorly adapted. The
moderate negative correlations for CP yield related to the
Condamine 2018 site were due to the relative ranking of
several genotypes including oats, Graza, Winfred and
Goliath, which varied considerably at this site compared
with the York 2018 and Iandra 2018 sites (Figs 2d–f). It is
not known why these genotypes responded so differently
because they were all grown in low–moderate production
environments. Of the forage brassicas, Pallaton had high
relative productivity at sites with low–moderate mean
production but was far less responsive at sites with high
production potential in the late grazing window (Figs 2d–f).

Table 5. Correlations between sites from multi-environment trial
analyses indicating genotype � environment interactions for edible
biomass, and yields of metabolisable energy and crude protein
(biomass � ME or CP content) within the early grazing window

(800–1300 growing degree days after sowing)

Iandra  
2019 

Tummaville  
2018 

Tummaville  
2019 

York  
2018 

York 
2019 

Edible biomass 
Iandra 2019 – 
Tummaville 2018 0.20 – 
Tummaville 2019 0.98 0.20 – 
York 2018 0.85 0.02 0.87 – 
York 2019 0.92 0.08 0.94 0.99 – 
Armatree 2019 0.89 0.32 0.91 0.59 0.71 

Metabolisable energy yield 
Iandra 2019 – 
Tummaville 2018 –0.01 – 
Tummaville 2019 0.99 –0.05 – 
York 2018 0.83 –0.17 0.90 – 
York 2019 0.94 –0.11 0.98 0.97 – 

Crude protein yield 
Iandra2019 – 
Tummaville 2018 0.08 – 
Tummaville 2019 0.99 0.18 – 
York 2018 0.99 –0.04 0.98 – 
York 2019 0.94 –0.28 0.90 0.97 – 

Highly positive Moderate Highly negative
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Discussion

The most important finding of this study was that several
forage brassica genotypes produced yields of ME and CP
similar to or greater than forage oats across a range of
environments spanning Australia’s mixed farming zone.
Although the forage cereals produced more edible biomass
in some instances in the late grazing window, they declined in
nutritive value and yields of ME and CP relative to the forage
brassicas. Compared with canola, a broad range of forage
brassicas had edible biomass and yields of ME and CP that
were similar or higher in the early grazing window, when
canola would be typically grazed. In the late grazing window,
comparisons were made between canola and the forage
brassicas, although in some instances, the canola was
already reproductive. This was most evident in many of the
2018 site-years where sowing was delayed because of
insufficient early-season rainfall, and hence, faster
developing spring canola cultivars (i.e. triazine-tolerant
Wahoo and Bonito) were used. In a commercial system,
grazing of canola would cease just before bud elongation
(Sprague et al. 2015). The potential value of forage
brassicas in drier environments was further highlighted by
the ability of several genotypes, namely forage rape cultivars
and Pallaton, to remain productive under very dry and
challenging growing conditions across most sites within the
late grazing window.

Measurement of yields of ME and CP was important in this
study for quantifying forage value, because ME and CP are

essential nutrient components for ruminant production (ACC
1990; Van Soest 1994). The results from this study confirm
that forage brassicas grown in drier environments are able to
maintain nutritive value for longer than cereal forages because
they have an extended vegetative state. In this study, some
genotypes such as Pallaton showed no signs of reproductive
development throughout the experimental period, even into
early summer (e.g. November or December; data not shown),
and this is due to the high vernalisation requirements of many
forage brassica genotypes. Forage brassica genotypes with
particularly high vernalisation requirements, such as
Pallaton and forage rapes (Paridaen and Kirkegaard 2015),
are of considerable advantage to livestock production systems
within the mixed farming zone, especially in those areas where
crops are less exposed to vernalising temperatures (i.e. higher
minimum temperatures), such as semi-arid subtropics. Thus,
the integration of forage brassicas could extend the window
during which nutritious feed is available for grazing, and hence
provide greater flexibility around how they could be used to fill
feed gaps when forage nutritive value or quantity is limiting
livestock production. These attributes of forage brassicas are
likely to be of major benefit in meat-producing livestock
systems within drier environments, where higher ME and
CP yields are necessary to maximise animal liveweight gain
to meet target market specifications. Using the nutritive value
attributes measured for the forages in this study (see Tables S1
and S2), the GrazFeed model (Freer et al. 1997) predicts
average daily gain of lambs grazing forage brassicas in the
early grazing window to be 280 g/head.day, compared with

Table 6. Correlation between sites frommulti-environment trial analyses for edible biomass and yields
of metabolisable energy and crude protein (biomass�MEorCP content) within the late grazing window

(1600–2100 growing degree days after sowing)

 Condamine 
2018 

Condamine 
2019 

Iandra 
2018 

Tummaville 
2018 

Tummaville 
2019 

York 
2018 

York 
2019 

 Edible biomass 
Condamine 2018 –       
Condamine 2019 0.62 –      
Iandra 2018 0.53 0.71 –     
Tummaville 2018 0.44 0.28 0.80 –    
Tummaville 2019 0.13 0.32 0.13 –0.09 –   
York 2018 0.65 0.65 0.58 0.61 0.10 –  
York 2019 0.63 0.52 0.75 0.90 0.01 0.84 – 
Pine Ridge 2019 0.31 0.17 0.80 0.96 –0.11 0.42 0.76 

 Metabolisable energy yield 
Condamine 2018 –       
Condamine 2019 0.08 –      
Iandra 2018 0.17 0.93 –     
Tummaville 2018 0.23 –0.09 0.29 –    
Tummaville 2019 –0.10 0.01 –0.16 –0.43 –   
York 2018 0.12 –0.21 0.02 0.57 –0.24 –  
York 2019 0.23 0.34 0.63 0.79 –0.35 0.38 – 

 Crude protein yield 
Condamine 2018 –       
Condamine 2019 –0.22 –      
Iandra 2018 –0.27 0.07 –     
Tummaville 2018 –0.04 0.05 0.33 –    
Tummaville 2019 0.49 –0.12 –0.20 –0.22 –   
York 2018 –0.30 0.10 0.39 0.96 –0.34 –  
York 2019 0.26 –0.02 0.24 0.95 –0.07 0.85 – 
        

                    
Highly positive Moderate Highly negative 
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only 160 g/head.day for those grazing oats. Furthermore, the
relative difference is larger in the late grazing window, where
predicted daily growth rate of lambs was 94 g/head.day for
oats and 250 g/head.day for forage brassicas. The high
livestock productivity potential and fast-growing nature of
several forage brassicas grown in diverse environments,

such as Hunter, Green globe and Rival, will appeal to
producers looking for an early-season forage of high
nutritive value. However, forage brassicas such as Pallaton
and forage rapes HT-R24 and Goliath are likely to be of
greatest value later in the season when other forage options
such as dual-purpose canola are reproductive and no longer

Oats
Canola
Barley

Rival turnip
Green globe turnip
Hunter leafy turnip

Pallaton raphano.
Graza radish
Regal kale

Sovereign kale
Goliath rape
HT-R24 rape

Winfred rape
Interval rape
Leafmore rape

(a) Edible biomass - early

(b) Metabolisable energy yield - early

(c) Crude protein yield - early (f) Crude protein yield - late
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80

70

60

50

40

30

40 45 55 65 75 85

85

75

65

55

45

35

25

15

5

95

105

50 60 70 80 20 30 40 50 60 70 80 90 100

20100

0
10
20
30
40
50
60
70
80
90

100

10

1700

1500

1300

1100

900

700

500

300

100

200 400 600 800 1000 1200 1400 200

200

0

0

400

400

600

600

800

800

1000

1000

1200

1200

1400

1400

1600

1600

1800

1800

2000

2200

20

30

40

50

60

70

80

90

100

110

120

30 40 50 60 70 8020 30 40 50 60 70 80 90 100

85

75

65

55

45

35

Mean site genotype predictions (BLUPs)

G
en

ot
yp

e 
pr

ed
ic

tio
ns

 (
B

LU
P

s)

Fig. 2. Relationships between forage genotype and environment using best linear unbiased predictors (BLUPs) obtained from multi-
environment trial analyses for a diverse range of forage brassica genotypes, canola and cereal crops for (a, d) edible biomass,
(b, e) metabolisable energy yield, and (c, f) crude protein yield within (a–c) an early grazing window (800–1300 growing degree days
after sowing), and (d–f) a late grazing window (1600–2100 growing degree days after sowing. Regression on the environment mean was used
to explore the genotype � environment interactions within different production environments. Forage genotypes with a higher genotype
prediction performed well within that environment. Genotypes with points close to the line are stable (ranked consistently) between
environments. Regression lines are shown only for key genotypes (i.e. those that display consistently high or low relative productivity and/or
stability).
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suitable for grazing, and the feeding value of forage cereals is
rapidly declining. This will make forage brassicas, particularly
multi-graze species such as Pallaton and forage rapes, appealing
to late-season livestock finishing systems within the mixed
farming zone, especially in low production environments
(i.e. low available moisture), where they were shown to reliably
produce forage of high nutritive value (Table 7). However, the
grazing management guidelines of forage brassica grown in drier
environments will need to be better defined to ensure that
productivity and utilisation by livestock is maximised.

The higher nutritive value of forage brassicas, as further
highlighted in this study, may have other livestock systems
benefits. Sheep fed forage brassicas have been shown to
produce less methane per unit DM intake than those fed
grasses (Sun et al. 2012, 2016), and this is correlated with
ME and digestibility (Sun et al. 2012); the forage brassicas in
this study were high in ME content (~11.8–12.0 MJ ME/kg
DM) and DMD (~77–80%). Rumen conditions produced when
lambs graze brassicas appear to decrease methanogenic
activity during fermentation (Sun et al. 2015). Brassicas
may also lower methane intensity because livestock can
reach their target weights in less time, as demonstrated in
the above GrazFeed model predictions. Given the high
digestibility and ME content of the forage brassicas relative
to the forage oats in this study, there is considerable potential
for forage brassicas to reduce ruminant-derived carbon
emissions. Despite the range of livestock production
benefits, there are challenges to maximising production in
brassica-fed livestock, including early suppression of intake,
possibly associated with anti-nutritional factors (Nichol 2003),
the risk of ruminal acidosis induced by insufficient neutral

detergent fibre content (Westwood and Mulcock 2012), and
the risk of photosensitisation where livestock intakes are not
appropriately managed, such as break-feeding, as done in dairy
systems (Collett and Matthews 2014). These issues can reduce
the feeding value of forage brassicas and complicate their
grazing management (Barry 2013), especially in extensive
systems where greater livestock numbers and paddock size
limit the rigorous monitoring of animals. Furthermore, low-
yielding crops grown under hot, dry ‘drought stressed’
conditions such as those that occur in Australia’s mixed
farming zone may also increase the risk of higher
concentrations of anti-nutritional compounds and associated
health disorders such as photosensitisation (Morton and
Campbell 1997; Collett and Matthews 2014).

Among the diverse set of forage brassica genotypes tested
in this study, we identified several genotypic adaptations that
have implications for their use in the drier environments in
Australia’s mixed farming zone. First, the forage rapes
HT-R24 and Goliath produced edible biomass and yields of
ME and CP that ranked most consistently above the site
mean within both the early and late grazing windows
(Table 7) across multiple environments. The consistently
good performance of the forage rapes was not observed in
the other forage brassicas, suggesting that these modern forage
rape cultivars, and potentially other forage rape cultivars not
included in this study, are viable in drier environments. This
was particularly evident given the challenging growing
conditions in this study. The ability of the forage rapes to
remain productive under these dry conditions, relative to the
other genotypes, indicates that they were able to access
moisture to sustain late-season growth. This demonstrates
that forage rapes are adaptable to environments with low
available moisture (Table 7). Brassica species including
forage rapes are known to have a deep root system
(Paridaen and Kirkegaard 2015; Kirkegaard et al. 2021) that
enables them to extract more soil water from deeper stores
(Fletcher et al. 2010), which may explain their good
performance under the dry conditions. However, root depth
was not measured at any of the sites in this study and so this
suggestion cannot be confirmed.

The productivity of Pallaton was lower than that of many
other forage brassicas within the early grazing window;
however, in the late grazing window, it performed well
compared with other genotypes, particularly at sites with
low moisture availability (Table 7). Why Pallaton is so
persistent later in the season is unclear but may be
attributable to its deep root system (A. Dumbleton, per.
comm.) enabling it to persist under the dry conditions, in
contrast to some of the other forage brassica genotypes. In
both years at York in the WA wheatbelt, Pallaton yielded more
than all other forage brassicas in the late grazing window and
maintained green leaf far later into the season under the hot,
dry Mediterranean summer climatic conditions. At all other
sites, Pallaton yielded similarly to the other forage brassicas.
An explanation for the lower early-season production from
Pallaton than from the other forage brassicas may be the low
plant populations that were achieved compared with the forage
rapes (53%). Pallaton seed is 2.5 times larger than forage rapes
cvv. Goliath and Winfred but was sown at the same rate in this

Table 7. Suitability of forage brassica genotypes to early grazing
(800–1300 growing degree days after sowing) and late grazing
(1600–2100 growing degree days after sowing) windows within
Australia’s mixed farming zone and adaptability to low
environmental moisture conditions (growing season rainfall 25–235
mm) based on yields of metabolisable energy and crude protein across

environments
***, High suitability; **, high–moderate suitability; *, moderate
suitability; –, low suitability/not suitable. For dual-purpose canola, late
grazing opportunities are limited by reproductive development of the crop

to minimise risk of grain-yield penalties

Genotype Early
grazing
window

Late
grazing
window

Adaptability
to low
moisture
conditions

Single graze crop
Rival turnip *** ** **
Green globe turnip *** * –

Regal kale – * –

Multi-graze crop
Goliath rape ** *** ***
HT-R24 rape *** *** ***
Winfred rape ** ** **
Hunter leafy turnip ** – –

Pallaton raphanobrassica * *** ***
Graza radish * ** **
Dual-purpose canola ** – ***
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study. Early biomass growth may have also been limited by a
slower rate of leaf appearance (Adams et al. 2005; Fletcher
et al. 2012). However, this cannot be confirmed because leaf
appearance rate and canopy development of this new species
has not yet been defined. Although raphanobrassica is a kale-
cross hybrid, low plant populations did not appear to impact
nutritive value in Pallaton, particularly late in the season,
unlike kale, for which higher sowing rates are favourable to
improve nutritive value by reducing plant stem size (de Ruiter
et al. 2009). However, the functional traits of Pallaton are very
different from those of older raphanobrassica cultivars (Harper
and Compton 1980).

Our data suggest that Green globe and Hunter were much
better suited to the early grazing window (Table 7) because
they began to senesce in the late grazing window, when their
relative production and yields of ME and CP were reduced.
Green globe is known to have a higher rate of leaf senescence
than Goliath and kale cvv. Gruner and Kestral, but it also has a
higher rate of leaf appearance (Adams et al. 2005). In a rainfed
system in north-west Tasmania, summer-grown turnips have
shown more favourable early growth (90 days after sowing),
yielding 1.9 times more than kale and 1.6 times more than
forage rape (Neilsen et al. 2000). In our study, within the early
grazing window, which was similar to 90 days after sowing,
bulb turnips yielded on average 2.0–2.1 times more than kale
cv. Regal, and up to 1.2 times more than the average of the
forage rape genotypes. The very dry conditions in this study
meant a higher rate of senescence of Green globe and Hunter,
indicating that they are poorly adapted to dry conditions and
unable to persist late in the season (Table 7). This poor
adaptability to dry conditions may be caused by their
shallower root systems (de Ruiter et al. 2009), which
prevent them from extracting deeper soil moisture compared
with the deeper rooted forage rape (Fletcher et al. 2010).

Finally, kale cv. Regal yielded poorly relative to the other
forage brassicas within both grazing windows and across most
environments in this study, which suggests that it has less
application in these drier, hotter environments (Table 7). Kale
biomass potential, in particular, is known to be significantly
limited by insufficient soil water (Chakwizira et al. 2013;
Chakwizira and De Ruiter 2014), and water use efficiency of
kale is up to 2.5 times lower than other forage brassicas
(Neilsen et al. 2000). In addition, leaf appearance rate of
kale is lower than of other forage brassicas (Adams et al.
2005), and since thermal time affects leaf appearance, the
cooler season sowing, particularly in the 2018 experiments,
may have further impaired kale productivity, particularly in the
early grazing window.

Guidelines for the agronomic management of forage
brassicas that best suit drier environments are limited and
there is likely potential to enhance performance further than is
reported here. The sowing dates and sowing rates of the forage
brassicas used in this study were largely a ‘best guess’ based
on some adjustments to the growing guidelines for forage
brassicas in higher rainfall systems. The growing conditions in
several of those studies resulted in sowing dates that may have
been less than optimal for forage brassicas (i.e. too early or too
late). Sowing date is likely to be a significant factor because
soil temperature at the time of sowing is known to be a critical

driver of seedling emergence and early plant vigour in
brassicas (Jacobs et al. 2001). Among our experimental
sites, this is best demonstrated by considering the
productivity of forage brassicas sown in the subtropical
location of Tummaville in April 2019, which produced
substantially more edible biomass than those sown in June
of the previous year. The average daily temperatures at sowing
at these two site-years were 208C and 128C, respectively.
By comparison, the productivity of forage brassicas was
similar in York for both site-years when they were sown
within a week of each other. Further to this point, we
investigated autumn–winter sown forage brassicas in this
study; however, in higher rainfall systems, forage brassicas
are typically sown in spring for a summer–autumn feed. The
potential for spring-sown brassicas in areas of the mixed
farming zone, particularly those with higher summer
rainfall, should be explored, but likely targeting those
genotypes with greater drought tolerance because drier and
hotter environments, as occur in many areas of the mixed
farming zone, are likely to be a considerable challenge to
short- and long-term forage productivity (Bell et al. 2020). It is
also possible that sowing rates of some genotypes within this
study were suboptimal, notably Pallaton, and higher plant
populations may have improved productivity within the
early grazing window. However, in drier environments,
reducing sowing rates may optimise productivity relative to
input costs (Bell et al. 2020) and may be an acceptable trade-
off for producers looking for forage options with relatively low
upfront costs, similar to forage oats. Furthermore, in order to
compete with forage oats as a reliable forage source in drier
environments, better guidelines for optimal sowing depths
of forage brassicas is warranted to ensure more reliable
germination and establishment. In our study, forage oats
exceeded plant establishment targets at three of the core
sites, where forage brassicas were well below establishment
targets and rarely reached or exceeded them (Table 2). Finally,
the forage brassicas were not grazed in these experiments,
and it is possible that the productivity of multi-graze species
such as forage rapes, Hunter and Pallaton would have been
enhanced compared with the management imposed, which
required compromise among multiple species/types.

Conclusions

This multi-environment study has shown that, across a diverse
range of environments spanning Australia’s mixed farming
zone, several forage brassica genotypes offer forage
production similar to or better than forage cereals and
canola. Although forage brassicas did not always produce
the most edible biomass, their high forage nutritive value
meant that they often produced higher yields of ME and
CP, particularly in the late grazing windows. This
underlines the importance of considering the nutritive value
of forages of different types when making comparisons and the
need to calculate productivity measures such as yields of ME
and CP rather than comparing only edible biomass production.
Forage brassicas have the potential to diversify the on-farm
feedbase and serve as a break-crop with livestock systems
benefits within Australia’s mixed farming zone. The
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integration of forage brassicas within this zone will be of
particular importance in regions where canola is not commonly
grown and/or where late season feed gaps occur.
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