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Abstract: The root traits of many warm-season pasture species have not been characterised thoroughly.
Depending on the nature of legume root architecture, alternative phosphorus (P) application strategies
may improve the success of legume establishment and persistence, particularly if legumes exhibit
a spatially responsive root system. The purpose of the present experiment was to investigate the
root morphology of several warm-season pasture species and to determine the response of these
species to a subsurface application of P fertiliser. Monocultures of two grasses (Panicum coloratum and
Digitaria eriantha) and two legumes (Medicago sativa and Desmanthus spp.) were established in pots
to investigate root morphology and P acquisition in response to three soil-P distribution treatments.
The P fertiliser that was applied to the subsurface ‘band’ layer was labelled with 32P-radioisotope to
determine P recovery. There were significant differences in shoot yield and root morphology among
the species. The largest shoot yields were usually produced by plants grown in the uniform high-P
treatment, while the grasses generally produced longer roots more efficiently than the legumes across
the three soil-P distribution treatments. Nevertheless, each species responded to the banded high-P
treatment by acquiring more P from the zone of P enrichment (banded high-P = 31% cf., uniform
low-P = 3%, and uniform high-P = 9%). This result suggests that a subsurface application of P
fertiliser at the planting stage will benefit warm-season pasture species, particularly grasses that are
highly responsive to fertiliser placement. Nevertheless, preferential placement of fertiliser below
legumes may improve the productivity of this component if their root systems have more time to
respond spatially.

Keywords: 32P-radioisotope tracer; Desmanthus spp.; Digitaria eriantha; Medicago sativa; Panicum
coloratum; root proliferation

1. Introduction

Legumes are expected to improve the productivity of northern Australian grazing
systems by facilitating nitrogen fixation and improving forage quality [1,2]. However, C4
grasses, such as Cenchrus ciliaris L. and Panicum spp., generally dominate mixed pasture
swards [3,4] because tropical pasture legumes often lack persistence [5]. Poor legume
persistence may occur due to the relatively high palatability of legumes, which results
in preferential grazing of the legume component [6,7]. Alternatively, poor persistence
may occur due to differences in growth rates between legumes and grasses, or because of
varietal differences in root traits that influence nutrient-acquisition efficiency [8,9].

The acquisition of relatively immobile nutrients, such as phosphorus (P), is mainly
determined by the root–soil interface developed by plants in P-deficient soil [10]. Con-
sequently, differences in root traits often determine the P requirements of many plant
species. For example, temperate pasture grasses produce relatively long, thin roots with
long root hairs, whereas temperate pasture legumes produce relatively short, thick roots
with short root hairs [9,11,12]. These differences mean that legumes often require higher soil
P concentrations to maintain optimal productivity than grasses [13]. These differences in
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P-acquisition efficiency are well-defined for temperate pasture species, which has enabled
improved nutrient management in the grazing systems of southern Australia. In contrast,
the root traits and P requirements of many tropical pasture species are poorly understood,
meaning that there is potential to improve nutrient management in the grazing systems of
northern Australia.

Phosphorus is often distributed in a patchy manner in soil, meaning that plant roots
must respond spatially to maximise P acquisition [14]. For example, root length pro-
liferation (i.e., the initiation of new lateral roots) results in a highly localised response
to heterogeneously distributed soil P and leads to greater exploitation of a P-enriched
zone [14–16]. However, there are trade-offs in the development of root length because
root elongation, in contrast to root proliferation, leads to greater soil exploration [17] and
water acquisition from depth [18]. The optimal root foraging strategy of pasture species
is likely to involve the acquisition of both nutrients and water [19], particularly in the
nutrient-responsive soils of northern Australia that are seasonally dry.

Legume persistence and productivity may be improved by identifying root traits
that confer better P-acquisition efficiency. There are likely to be varietal differences in P-
acquisition among warm-season legumes. Indeed, differences in root morphological traits
were observed among several Desmanthus spp. genotypes [20]. A greater understanding
of these root traits may assist in the future selection of P-efficient legumes. Alternatively,
improvements in legume productivity and persistence may be achieved by using P fertiliser
placement strategies. Phosphorus fertiliser is not commonly applied in the extensive
grazing systems of northern Australia, but there may be an opportunity to apply fertiliser
in arable paddocks during pasture establishment [21]. Previous research has suggested that
the P recovery of temperate pastures can be improved through a subsurface application
of P fertiliser [22]. A similar response may occur in tropical pastures, which could lead to
improved P-acquisition efficiency and pasture productivity. The objectives of the present
study were to determine: (i) varietal differences in root morphology among several warm-
season pasture species, and (ii) the response of these species in terms of root morphology
and P acquisition to a subsurface application of P fertiliser.

2. Materials and Methods
2.1. Plant Material

Four warm-season pasture species were grown to investigate shoot and root growth in
response to three soil-P distribution treatments. The pasture species were Bambatsi Panic
(Panicum coloratum L.), Premier Digit (Digitaria eriantha Steud. cv. Premier), Haymaster
Lucerne (Medicago sativa L. cv. Haymaster), and Progardes® Desmanthus (a mixture of
five cultivars, JCU 1–5, comprising three Desmanthus species, D. bicornutus S. Watson,
D. leptophyllus Kunth and D. virgatus (L.) Willd). These pasture species were selected
because they are commonly grown in the mixed pastures of northern, inland New South
Wales, Australia.

2.2. Plant Growth Conditions

A sandy soil (Grey Tenosol [23]) was gathered from the top 15 cm of a paddock in
Armidale, NSW, Australia (30◦26′21.4′′ S 151◦39′55.5′′ E). This soil was used because it
enables easy recovery of roots for analysis. The soil had a Colwell extractable P concen-
tration of 5 mg P kg−1, a Phosphorus Buffering Index of 29, and a pH (1:5 w/v; 0.01 M
CaCl2) of ~5.3 (see [24] for the various methods). The soil was sieved to 5 mm and a
basal nutrient solution was applied to the soil that contained 150 mg kg−1 soil CH4N2O,
100 mg kg−1 K2SO4, 100 mg kg−1 MgSO4·7H2O, 0.4 mg kg−1 MnCl2·4H2O, 0.4 mg kg−1

CuCl2·2H2O, 0.4 mg kg−1 ZnCl2·2H2O, 0.4 mg kg−1 Na2MoO4, and 0.4 mg kg−1 H3BO3.
Two P-amended soils (5 and 50 mg P kg−1) were prepared by adding Ca(H2PO4)2·H2O
salt to the soil. The calcium that was applied in the 5 mg P kg−1 soil was balanced using a
CaCl2·2H2O solution to be equivalent to that applied in the 50 mg P kg−1 soil. The Colwell
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extractable P concentrations of the amended 5 and 50 mg P kg−1 soils were 9 and 37 mg
Colwell P kg−1, respectively.

The two amended soils were used to prepare three contrasting soil-P distribution
treatments, as shown in the Supplementary Materials (Figure S1). The banded high-P
treatment provided a concentrated, localised source of P that mimicked a shallow band
of P fertiliser below the soil surface. The uniform low-P and high-P treatments were
the negative and positive controls, respectively. The uniform low-P treatment included
the addition of 5 mg P kg−1 soil throughout the profile because it was expected that the
low Colwell extractable P concentration of the unamended soil (i.e., 5 mg P kg−1) would
constrain plant growth substantially, particularly for the two legumes. The uniform high-P
treatment included the addition of 50 mg P kg−1 soil throughout the profile because it
was expected that this application rate would allow maximum plant growth. These soil-P
distribution treatments were prepared in cylindrical PVC pots (87 mm internal diameter;
200 mm height) using three layers of soil: a ‘subsoil’ layer (780 g oven-dry soil; 123 mm soil
height), a ‘band’ layer (125 g oven-dry soil; 20 mm soil height), and a ‘topsoil’ layer (295 g
oven-dry soil; 47 mm soil height). The thickness of the soil layers was expected to allow the
pasture species to respond to the applied P within the timeframe of the experiment. The
soil that was used in the ‘band’ layer was labelled with ~10.5 MBq kg−1 of 32P-radioisotope
tracer. The band layer was marked by placing Alkathene beads at the soil layer interfaces.

Monocultures of each pasture species were established by sowing seed to achieve a
population of ~9 plants pot−1. The Progardes® Desmanthus seeds were immersed briefly in
hot water prior to sowing to break seed dormancy [25]. Three replicate pots of each species
in each soil-P distribution treatment were prepared. The pots were then watered and placed
in a glasshouse (natural daylight, 30/20 ◦C) in Armidale, NSW, Australia. Plants were
grown in July/August of 2019. The pots were watered daily so that soil moisture was
maintained between 80 and 100% field capacity. An additional 150 mg kg−1 soil CH4N2O
and 100 mg kg−1 K2SO4 were applied to each pot at the midpoint of the experiment.

2.3. Harvest and Analysis

Plants were harvested after six weeks of growth. Shoots were cut at the soil surface and
oven-dried at 70 ◦C for 72 h and weighed. The soil from each pot was removed as an intact
core and cut at the interfaces of the three soil layers. The roots were then washed from the
soil over 2 mm sieves. Roots were washed from each section as a whole for scanning and
drying. Root samples were scanned with an Epson Perfection V700 Photo flatbed scanner
(Seiko Epson Corporation, Suwa, Japan) at 600 dpi. When a root sample was too large for
scanning in one pass, a representative subsample was scanned while the remaining roots
were dried. Root length and average root diameter were assessed using WinRHIZOTM

software Version 2009c (Regent Instruments Inc., Quebec City, QC, Canada) [26]. Roots
were then oven-dried at 70 ◦C for 72 h and weighed. Total root mass fraction was calculated
as the mass of roots divided by total plant dry mass (i.e., the combined dry mass of shoots
and roots). Root length densities were calculated as root length per unit soil volume. Soil
volumes were 279, 119, and 731 cm3 in the topsoil, band, and subsoil layers, respectively.

Shoot samples were ground before a ~0.5 g subsample was pre-digested for at least 16 h
in 1 mL deionised water and 4 mL 70% (v/v) nitric acid. These samples were then digested
using a Milestone UltraWAVE 640 (Milestone Srl, Sorisole, Italy). The P concentration of the
digested samples was determined using an Inductively Coupled Plasma-Optical Emission
Spectrometer (ICP-OES) (Agilent, Mulgrave, Australia). Shoot P content was calculated by
multiplying shoot P concentration and shoot dry mass. Digested shoot samples were also
analysed for 32P-radioisotope activity using a PerkinElmer Tri-Carb 2810TR (PerkinElmer,
Waltham, MA, USA). A scintillation cocktail was prepared by mixing 3 mL of digested
sample with 17 mL of scintillant (PerkinElmer UltimaGold AB). All samples were then
analysed by liquid scintillation counting (LSC) for 5 min and were corrected for radioactive
decay and dilution. The 32P-radioisotope counts were used to calculate the specific activity
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of the shoot material, the amount of plant P derived from applied P, and the recovery of
applied P (see [27] for further details) as follows:

Speci f ic activity =
radioactivity in shoots

total P in shoots
(1)

Plant P derived f rom applied P =
speci f ic activity o f shoots

speci f ic activity o f applied P in band layer
× 100 (2)

Recovery o f applied P =
applied P f rom band layer in shoots

total applied P in band layer
× 100 (3)

The specific activity of P applied to the ‘band’ layer was ~2.1 MBq mg P−1 in the
uniform low-P treatment, and ~0.2 MBq mg P−1 in the uniform high-P and banded high-P
treatments.

Measured parameters were analysed in R Version 4.0.2 [28] by fitting linear models
and using an analysis of variance (ANOVA) with ‘species’ and ‘P treatment’ as predictor
variables. Linear mixed-effects models were fitted to the root traits that were measured
in each soil layer (i.e., topsoil, band, and subsoil) (R package: nlme) [29]. These models
included ‘species’, ‘P treatment’, and ‘soil layer’ as fixed effects, and ‘pot’ as a random
effect. When appropriate, the effect of ‘replicate’ was included in the most parsimonious
model. Means and standard errors were calculated from the fitted models (R package:
emmeans) [30] and means were compared using Tukey’s honest significance differences
(HSD). Normal quantile–quantile plots and Shapiro–Wilkes tests were used to test the
normality of the residuals for all fitted models. When required, these models were log-
transformed to meet the assumptions of normality. A 5% level of significance was applied
for all statistical tests.

3. Results and Discussion

Shoot dry mass was influenced by soil P supply, with the largest yields usually
produced in the uniform high-P treatment (p = 0.004; Table 1). The banded high-P treatment
was also expected to improve plant growth compared to the uniform low-P treatment, but
this did not occur within the six-week growth period. Because warm-season pasture species
are relatively slow to establish, it is likely they would have explored more of the banded
fertiliser and acquired more P if they had been grown for longer. The exception to these
results was Premier Digit, which was highly productive in each of the soil-P distribution
treatments. Accordingly, there were differences in shoot dry mass among the species as
follows: Premier Digit > Haymaster Lucerne = Bambatsi Panic > Progardes® Desmanthus
(p < 0.001; Table 1). Known differences in growth rate and preferred soil type, along with
potential differences in P-acquisition efficiency and P-utilisation efficiency, are likely to
have influenced the growth of the different species. Regardless, these varietal differences
in shoot yield indicate that some species may be more compatible to be grown together in
mixed pasture swards than others.

Shoot P concentrations were generally highest in the uniform high-P treatment (p < 0.001;
Table 1). The exception was Progardes® Desmanthus, which also achieved a high shoot P
concentration in the banded high-P treatment. The increase in shoot P concentrations asso-
ciated with higher levels of soil-P supply indicates that warm-season grasses and legumes
will accumulate tissue P, with consequent improvements in forage quality, provided suf-
ficient P is available in the soil. There were varietal differences in shoot P concentration
(p = 0.003; Table 1), but these were primarily due to the high shoot P concentration of
Progardes® Desmanthus in the banded high-P treatment. Differences in shoot dry mass
and shoot P concentration meant that shoot P content, which provides an indication of
total plant P uptake, also differed according to soil-P distribution treatment (p < 0.001) and
pasture species (p < 0.001) (Table 1).
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Table 1. Shoot dry mass, shoot phosphorus (P) concentration, shoot P content, and shoot P content
per unit total root length of four warm-season pasture species grown in three soil-P distribution
treatments. Values show the mean ± standard error (n = 3). ANOVA results are provided for species,
P treatment, and the species × P treatment interaction.

P Treatment and Species Shoot Dry Mass Shoot P
Concentration Shoot P Content Shoot P Content/RL

(g DM pot−1) (mg P g DM−1) (mg P pot−1) (µg m−1)

Uniform low-P
Bambatsi Panic 1.28 ± 0.29 2.04 ± 0.35 2.73 ± 0.52 23.9 ± 4.82
Premier Digit 4.39 ± 0.29 0.83 ± 0.14 3.64 ± 0.52 4.80 ± 0.96

Haymaster Lucerne 1.94 ± 0.29 1.38 ± 0.24 2.66 ± 0.52 15.0 ± 3.02
Progardes® Desmanthus 0.35 ± 0.29 1.76 ± 0.30 0.64 ± 0.52 27.6 ± 5.58

Uniform high-P
Bambatsi Panic 2.34 ± 0.29 4.74 ± 0.82 10.99 ± 0.52 97.3 ± 19.7
Premier Digit 4.07 ± 0.29 3.77 ± 0.65 15.39 ± 0.52 29.0 ± 5.86

Haymaster Lucerne 2.95 ± 0.29 3.54 ± 0.61 10.44 ± 0.52 53.7 ± 10.8
Progardes® Desmanthus 1.26 ± 0.29 3.07 ± 0.53 3.89 ± 0.52 62.5 ± 12.6

Banded high-P
Bambatsi Panic 1.81 ± 0.29 0.91 ± 0.16 1.62 ± 0.52 16.0 ± 3.23
Premier Digit 3.99 ± 0.29 1.49 ± 0.26 5.77 ± 0.52 9.20 ± 1.85

Haymaster Lucerne 1.78 ± 0.29 1.64 ± 0.28 2.93 ± 0.52 24.3 ± 4.91
Progardes® Desmanthus 0.54 ± 0.29 5.00 ± 0.86 1.98 ± 0.52 64.8 ± 13.1

ANOVA
Species p < 0.001 p = 0.003 p < 0.001 p < 0.001

P treatment p = 0.004 p < 0.001 p < 0.001 p < 0.001
Species × P treatment p = 0.176 p < 0.001 p < 0.001 p = 0.004

Total root mass fraction (i.e., the proportion of plant biomass allocated to roots) did
not vary in response to the soil-P distribution treatment (p = 0.168). However, there were
differences in total root mass fraction among the pasture species (p < 0.001). On average
across the soil-P distribution treatments, Premier Digit (0.45 g g−1) and Haymaster Lucerne
(0.44 g g−1) allocated more biomass to roots than Progardes® Desmanthus (0.35 g g−1) and
Bambatsi Panic (0.30 g g−1). These differences in total root mass fraction were associated
with differences in biomass allocation to the three soil layers (i.e., topsoil, band, and
subsoil), depending on the soil-P distribution treatment (p = 0.065). Varietal differences
in the allocation of biomass to roots only partly explained the shoot yield results, which
suggests that other factors contributed to the efficiency of P acquisition.

Specific root length differed among the pasture species, with the grasses (i.e., Pre-
mier Digit and Bambatsi Panic) producing roots more efficiently than the legumes (i.e.,
Progardes® Desmanthus and Haymaster Lucerne) (p < 0.001; Figure 1). This result was asso-
ciated with varietal differences in average root diameter (on average across the treatments,
Premier Digit = 0.14 mm, Bambatsi Panic = 0.18 mm, Progardes® Desmanthus = 0.24 mm,
and Haymaster Lucerne = 0.28 mm; p < 0.001) and is consistent with what has been ob-
served among temperate grasses and legumes [8]. It is likely that the efficient production
of root length by the grasses influenced the efficiency of P acquisition in the present experi-
ment, as has been found among temperate pasture species [11,12]. Specific root length also
differed according to the soil layer (p < 0.001) and, to a lesser extent, the soil-P distribution
treatment (p = 0.014). On average across the soil-P distribution treatments, the specific root
lengths of the grasses were highest in the ‘band’ layer whereas that of the legumes were
highest in the ‘subsoil’ layer. This result may be associated with inherent differences in
root development between the grasses, which produce fibrous roots that are effective for
surface foraging, and the legumes, which produce taproots that are generally more effective
for subsoil exploration. Further research is warranted to characterise more root traits of a
wider range of pasture species.
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show the mean ± standard error (n = 3). Data points of the uniform low-P and uniform high-P treat-
ments are joined by solid lines whereas data points of the banded high-P treatment are joined by 
dashed lines. 

Root length density differed among the pasture species (p < 0.001: Figure 2). The larg-
est root length densities were achieved by Premier Digit, followed by Bambatsi Panic and 
Haymaster Lucerne, then Progardes® Desmanthus. These species responded differently 
across the three soil layers (species × soil layer interaction; p < 0.001). In general, the grasses 
produced the highest root length densities in the band layer, whereas the root length den-
sities of the legumes were stable or increased with soil depth. Furthermore, there was a 
higher responsiveness among the grasses to the localised source of P fertiliser than the 
legumes in the banded high-P treatment. When comparing the root length densities in the 
topsoil and band layers (i.e., an indication of root proliferation in response to the P ferti-
liser), Premier Digit and Bambatsi Panic achieved 2.1-fold and 1.5-fold increases, respec-
tively. In contrast, the root length densities of Haymaster Lucerne and Progardes® Des-
manthus were either stable or decreased between these soil layers. 
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Figure 1. Specific root length in the topsoil, band, and subsoil layers of four warm-season pasture
species grown in three soil-phosphorus (P) distribution treatments. Soil depth values correspond to
the depth below the soil surface of the mid-point of each soil layer (i.e., topsoil = 2.4 cm, band = 5.7 cm,
and subsoil = 12.9 cm) and the horizontal lines depict the interfaces between soil layers. Values
show the mean ± standard error (n = 3). Data points of the uniform low-P and uniform high-P
treatments are joined by solid lines whereas data points of the banded high-P treatment are joined by
dashed lines.

Root length density differed among the pasture species (p < 0.001: Figure 2). The largest
root length densities were achieved by Premier Digit, followed by Bambatsi Panic and
Haymaster Lucerne, then Progardes® Desmanthus. These species responded differently
across the three soil layers (species × soil layer interaction; p < 0.001). In general, the
grasses produced the highest root length densities in the band layer, whereas the root
length densities of the legumes were stable or increased with soil depth. Furthermore, there
was a higher responsiveness among the grasses to the localised source of P fertiliser than
the legumes in the banded high-P treatment. When comparing the root length densities
in the topsoil and band layers (i.e., an indication of root proliferation in response to the
P fertiliser), Premier Digit and Bambatsi Panic achieved 2.1-fold and 1.5-fold increases,
respectively. In contrast, the root length densities of Haymaster Lucerne and Progardes®

Desmanthus were either stable or decreased between these soil layers.
The significant correlations between total root length and shoot P content (i.e., an

indicator of total plant P uptake) (Figure 3) demonstrated the importance of root length
for P acquisition among the species. On average across the pasture species, the highest
correlation was observed for the banded high-P treatment (R2 = 0.72, p < 0.001), followed by
the uniform high-P (R2 = 0.67, p = 0.001) and uniform low-P (R2 = 0.33, p = 0.029) treatments.
Previous experiments have demonstrated the importance of long nutrient-foraging roots
for P acquisition [11] because P is relatively immobile in soil and longer roots increase the
root surface area and thus improve the chance of P interception and acquisition. There
were also significant differences in shoot P content per unit total root length (Table 1).
On average across the pasture species, P uptake per unit root length was highest in the
uniform high-P treatment, followed by the banded high-P treatment, and then the uniform
low-P treatment (p < 0.001). There were also varietal differences for this trait (p < 0.001)
and differences in how the pasture species responded to the soil-P distribution treatments
(species × P treatment interaction; p = 0.004). For example, most of the species had a
similarly small shoot P content per unit total root length in the uniform low-P and banded
high-P treatments, whereas the shoot P content per unit total root length of Progardes®

Desmanthus was similarly large in the uniform high-P and banded high-P treatments.
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Figure 2. Root length density in the topsoil, band, and subsoil layers of four warm-season pasture
species grown in three soil-phosphorus (P) distribution treatments. Soil depth values correspond to
the depth below the soil surface of the mid-point of each soil layer (i.e., topsoil = 2.4 cm, band = 5.7 cm,
and subsoil = 12.9 cm) and the horizontal lines depict the interfaces between soil layers. The x-axes
showing root length density are not the same for each pasture species (Premier Digit > Bambatsi
Panic = Haymaster Lucerne > Progardes® Desmanthus). Values show the mean ± standard error
(n = 3). Data points of the uniform low-P and uniform high-P treatments are joined by solid lines
whereas data points of the banded high-P treatment are joined by dashed lines.
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Figure 3. The relationship between total root length and shoot phosphorus (P) content among four
warm-season pasture species grown in three soil-P distribution treatments. The uniform low-P
and uniform high-P treatments have solid regression lines whereas the banded high-P treatment
has a dashed regression line. The regression lines and R2 coefficients of determination were fitted
separately for each soil-P distribution treatment and include all data points of each species.

Shoot P derived from P applied to the band layer (i.e., a measure of how important
applied P fertiliser was for plant growth) was relatively low for each of the pasture species
when P fertiliser was distributed evenly throughout the soil profile but was significantly
higher when P fertiliser was localised in the banded high-P treatment (p < 0.001; Figure 4a).
Each of the pasture species responded to the subsurface application of P fertiliser, which
indicates that this may be a useful technique to improve the productivity of warm-season
pasture species in northern Australia. However, the way in which the grasses and legumes
responded was different. The two species of grass responded by proliferating root length
in the vicinity of the applied P fertiliser. The spatial distribution of root length for nutrient
foraging is important in pasture systems because soil P is generally stratified [31,32] or
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distributed in a heterogeneous manner [14,15]. In contrast to the grasses, the two legumes
did not respond spatially; therefore, other root traits must have been important for P acqui-
sition. For example, the legumes may have upregulated P transporters under conditions
of higher P concentration. Indeed, Progardes® Desmanthus had a relatively high shoot P
content per unit of total root length in the uniform high-P and banded high-P treatments.
Alternatively, mycorrhizal colonisation may have improved P uptake if mycorrhizal hyphae
proliferated within the band layer.
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Figure 4. Shoot phosphorus (P) derived from P applied to the band layer (a) and recovery of P
applied to the band layer (b) of four warm-season pasture species grown in three soil-P distribution
treatments. Values show the mean ± standard error (n = 3). ANOVA results for shoot P derived from
P applied to band were: species p = 0.016, P treatment p < 0.001, and species × P treatment interaction
p < 0.001. ANOVA results for recovery of P applied to band were: species p < 0.001, P treatment
p = 0.017, and species × P treatment interaction p < 0.001.

Recovery of P applied to the band layer was influenced by pasture species (p < 0.001)
and, to a lesser extent, by soil-P distribution treatment (p = 0.017) (Figure 4b). On average
across the soil-P distribution treatments, the recovery of P was the highest for Premier
Digit, followed by Haymaster Lucerne and Bambatsi Panic, then Progardes® Desmanthus.
In general, the recovery of P was similar across the three soil-P distribution treatments
for Premier Digit and Haymaster Lucerne. In contrast, Bambatsi Panic recovered less P in
the banded high-P treatment, whereas Progardes® Desmanthus recovered more P in this
treatment, compared to when P fertiliser was distributed evenly throughout the soil profile.
This result indicates that a subsurface application of P fertiliser may be a relatively efficient
way of applying P fertiliser within tropical pasture systems. This is consistent with the
findings of McLachlan, Guppy, and Flavel [22], who suggested that banded applications
of fertiliser may improve P fertiliser recovery in temperate pasture systems. Nevertheless,
the recovery of P fertiliser by Premier Digit in the present experiment was substantially
higher than that of Progardes® Desmanthus, suggesting that the grass component of
tropical pasture swards is likely to compete more effectively for applied P fertiliser than
the legume component.
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Nutrient inputs are currently limited in the extensive grazing systems of northern
Australia. Under these conditions, improved P-acquisition efficiency and overall pasture
productivity may be achieved by growing plants with superior root morphologies. For
example, there were clear differences in root morphology between the different grasses and
legumes that influenced P acquisition. It is expected that under mixed sward conditions,
highly productive C4 grasses will outcompete the legume component. Nevertheless, the
grasses and legumes both responded in some way to the banded application of P fertiliser
in the present experiment. Further research is required to determine the viability of
a subsurface application of P fertiliser in warm-season pasture swards. A subsurface
application of P fertiliser, particularly below the legume component, may help improve the
productivity and persistence of mixed pasture swards.

4. Conclusions

There were substantial differences in shoot yield and root morphology among the four
warm-season pasture species. In particular, the two species of grass responded spatially by
proliferating root length in the vicinity of the banded P fertiliser, whereas the two legumes
did not. This may be because it takes longer for legumes to proliferate roots when compared
to grasses. Nevertheless, each of the species responded to the subsurface application of P
fertiliser by deriving more P from the zone of P enrichment. The collective results indicate
that a subsurface application of P fertiliser may be effective in warm-season pasture swards,
particularly when plants have more time to respond to a localised source of P fertiliser. This
application strategy could be used to improve the productivity and persistence of legumes
by placing fertiliser in the vicinity of this component only at the planting stage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13102524/s1, Figure S1: Diagrammatic illustration of
the three soil-P distribution treatments used to investigate the root morphology and P acquisition
of four warm-season pasture species. Thick lines represent the pot confine whereas dashed lines
represent the soil surface and soil layer interfaces. The 5 and 50 mg P kg−1 labels depict the amount
of P that was applied to each soil layer (i.e., topsoil, band, and subsoil). The P applied to the ‘band’
layer was labelled with ~10.5 MBq kg−1 of 32P-radioisotope tracer.
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