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Abstract

Purpose  Selection for root traits has become a tar-
get in (pre-)breeding programs aiming at improving
crop ability to capture soil resources. However, the
benefit of selected traits in heterogeneous target envi-
ronments will depend on spatial and temporal interac-
tions between root systems, the soil environment (fer-
tility and water supply) and management (fertiliser
placement).

Methods We assessed growth and phosphorus
acquisition of durum wheat (Triticum durum L.)
lines defined by contrasting seminal root angles (41°
‘Narrow’ vs 82° ‘Wide’), in response to different soil
phosphorus placements and seasonal water dynamics.
Responses were evaluated in clear pots (seedlings),
rhizoboxes (late-tillering stage) and a custom lysim-
eter system (flowering stage).
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Results The Narrow genotype increased deep soil
exploration (down to 50 cm) during early growth,
with a tendency to more rapidly acquire phospho-
rus placed as a deep fertiliser band (25 cm depth).
However, genotypic differences in shoot biomass or
phosphorus uptake were not apparent at anthesis, in
part due to phosphorus-induced changes in pheno-
logical development. Contrastingly, the wide geno-
type increased root growth in the topsoil (0-10 cm)
when phosphorus was stratified in this layer and
produced greater biomass at anthesis under these
conditions. Shoot and root biomass and phosphorus
uptake decreased when the topsoil dried out, with the
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greatest effect observed for phosphorus stratified in
this layer.

Conclusion The benefits of the selected root angle
trait strongly depend on nutrient and water distribu-
tions and dynamics in the target environment. Ideo-
type breeding efforts and farmer selection of geno-
types should consider the context in which genotypes
will be deployed.

Highlight The interaction between root system
architecture and heterogeneous distributions of phos-
phorus and available water determine the relative per-
formance of durum wheat genotypes with contrasting
root angles.

Keywords Root distribution - Root proliferation -
Root angle - Root ideotypes - Rooting depth -

G X E XM interactions - Root morphology - Drought -
Soil heterogeneity - Phosphorus stratification

Abbreviations

RSA Root system architecture
RLD Root length density
SRL  Specific root length

P Phosphorus

Introduction

Selection of root functional traits is considered
an important opportunity for developing crops
with improved capacity to capture soil resources
(Lynch 2019). Several root traits have been pro-
posed to improve yields in water-limited envi-
ronments, such as steeper root growth angle
(Manschadi et al. 2008), reduced production of
crown or lateral roots (Gao and Lynch 2016),
and reduced xylem vessel diameter (Richards and
Passioura 1989). Evidence suggests these traits
may deliver a root system architecture (RSA) of
deeper roots with minimal additional metabolic
cost, which would improve plant ability to take
up water from deeper soil layers. This relationship
with deep RSA in combination with heritability
makes them of interest as ‘proxy traits’ in (pre-)
breeding programs to rapidly screen large num-
bers of plants (Christopher et al. 2013). For exam-
ple, seminal root growth angle of wheat seed-
lings can be measured on plants only a few days
old and has been correlated with vertical rooting
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distribution at a later growth stage (Manschadi
et al. 2008; Oyanagi et al. 1993). However, corre-
lations between lab and field root traits are often
inconsistent (Bai et al. 2019; Rich et al. 2020;
Severini et al. 2020), likely in part due to differ-
ences in soil and rainfall conditions.

In the past three decades, soil nutrient reserves
in the dryland cropping environments of North-
East Australia have declined substantially, with
crop demand increasingly met by fertilisers. Con-
servation agriculture practices such as minimal till-
age and stubble retention have become widespread
and have increased grain yields through conserv-
ing soil water, but they have also led to increased
topsoil stratification of nutrients with low mobil-
ity, such as phosphorus (P) (Angus et al. 2019;
Kirkegaard et al. 2014). Crop access to stratified
P frequently becomes limiting because the top-
soil layer is prone to rapid drying (Raymond et al.
2021; Strong et al. 1997). Therefore, the agronomic
practice of ‘deep banding’ P fertiliser (at 0.2 to
0.3 m depth) is increasingly used to improve crop
P uptake. This approach relies on the placement
of P in soil layers that stay moist for longer, and
on roots proliferating in and achieving enhanced
P uptake from the highly enriched soil volume
around the concentrated band (Ma et al. 2009;
Singh et al. 2005). Deep banding of P has elicited
yield responses in many soils including some with
a high topsoil P availability, though responses have
often been more pronounced in seasons with sparse
or irregular rainfall, in which crop access to topsoil
resources was more restricted (Bell et al. 2012).

The exact benefit of selected RSA traits in these
dryland systems will depend on the resulting capac-
ity of the plant to take up several scarce resources,
with root systems likely to face trade-offs such as
for the uptake of P and water. For example, a deep
RSA may improve uptake of water from deeper lay-
ers, but this may be at the expense of root growth
and uptake of P from the topsoil layer (Lynch
2019). Few studies have investigated how crops
with selected root traits (such as root angle) respond
to such conditions, though there is some evidence
that RSA will impact crop performance in environ-
ments with combined water and P stress (Ho et al.
2005). Furthermore, little is known about what
trade-offs are involved with reliance on P placed in
deep bands, and if these differ between genotypes
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with contrasting RSA. Therefore, for effective
deployment of genotypes with selected root traits,
it is critical to understand their response to realistic
target environments, including the complex interac-
tions and trade-offs that may affect overall crop per-
formance (van der Bom et al. 2020).

This paper integrates results from three experi-
ments that were conducted to elucidate the responses
of selected genotypes with contrasting RSA (defined
by seminal root angle) to P placement and soil water
availability. Critical to this research was the develop-
ment of a durum wheat (Triticum durum L.) nested
association mapping (NAM) population which led
to the identification of a major quantitative trait loci
(QTL) ¢gSRA-6A that modulates seminal root angle
(Alahmad et al. 2019). In particular, identification
of durum lines with different alleles for the gSRA-
6A QTL enabled targeted investigation of how geno-
types with ‘narrow’ or ‘wide’ root angles function in
environments defined by multiple constraints, with
minimal confounding effects of other traits related to
water or P adaptation and phenological development.
Durum wheat is typically grown under rainfed condi-
tions in the semiarid regions of the world, with crop
yields strongly influenced by the availability of soil
water and in-season precipitation patterns. Selection
of varieties with a narrow root angle has been sug-
gested to increase the resilience of durum wheat gen-
otypes in these environments (Alahmad et al. 2020).
We conducted short-term (seedling stage and late-till-
ering stage) and longer-term (up to anthesis) experi-
ments under (semi-)controlled conditions with two
genotypes defined by contrasting root angles (wide/
narrow). Our objective was to understand how these
proposed contrasting root morphologies responded to
soil environments in which P placement and seasonal
water dynamics varied, and to assess the implications
for growth and P acquisition.

Materials and methods
Plant materials

In previous studies, large genetic variability was
observed for root angle in durum wheat varieties (El
Hassouni et al. 2018). A panel of 14 genotypes known
for having drought adaptation characteristics were
evaluated for seminal root angle under controlled

conditions using the ‘clear pot” method (Richard et al.
2015) and root angle of the mature crown under field
conditions using a ‘shovelomics’ approach (Trachsel
et al. 2011). A nested association mapping popula-
tion (NAM) was then developed by crossing a subset
of these lines into the ‘reference’ Australian durum
varieties Jandaroi and DBA Aurora. Segregating
NAM lines were progressed to the genetically sta-
ble F6 generation (Alahmad et al. 2019, 2022). From
these NAM lines, 393 recombinant inbred lines (RILs)
were selected based on their agronomic similarities in
the field and subsequently evaluated for seminal root
angle and root system biomass, as well as used for a
genome-wide association study. From this population,
we strategically selected two durum wheat lines that
had a strongly divergent seminal root angle (“Wide’ vs
‘Narrow’) whilst presenting similar root system bio-
mass and aboveground growth and phenological devel-
opment. The two lines were included in a preliminary
rhizobox screening with potting mix as the growth
medium, in which contrasting seminal root angle and
associated effects on root distribution were observed
(Alahmad et al. 2019). QAF0512 had a seminal root
angle of 41° and represented haplotypel of the major
root angle QTL gSRA-6A, and based on these charac-
teristics is referred to as ‘Narrow’ in plant (pre-)breed-
ing programs that target this proxy trait. QAF0411 had
a seminal root angle of 82° and represented haplotype
2 and is referred to as “Wide’. Although these lines had
different pedigrees (QAF0512=1JandaroiX Fastoz8,
and QAF0411 = Aurora X Fastoz7), they were consid-
ered the most suitable for studying the effects of semi-
nal root angle and its interactions with the soil environ-
ment because of their previously observed contrasting
RSA as well as critical similarities in root system bio-
mass and aboveground phenological development (e.g.
tiller number, growth rate, and time to flowering). The
similar aboveground phenology was considered of
importance, given common relationships exist between
above and belowground phenology, e.g. tillering inten-
sity has been observed to relate to root length, root bio-
mass, and root depth at maturity (Hendriks et al. 2016).

Soil
A grey vertosol soil (Isbell 2016) was collected from the
10-30 cm depth soil layer of a field cropped to grains and

cotton near Hopelands, in the Western Downs Region,
Queensland, Australia. In the FAO classification, this is
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a Vertisol (FAO 2015). Concentrations of labile P (Col-
well-P) and sparingly soluble P (BSES-P) were 7 mg P
kg™! and 44 mg P kg!, respectively, indicating a low
P status that was likely to severely limit crop growth
(Table 1). The soil was air-dried and crushed with a jaw
crusher to obtain a maximum particle size of approxi-
mately 8 mm. Water holding capacity (WHC) was
defined as the gravimetric water content at the drained
upper limit (-10 kPa, 0.38 g g™1).

Greenhouse clear-pot experiment

The seminal root angle of the two genotypes was
re-phenotyped in the experimental soil using the
same ‘clear pot’ method in which they were origi-
nally screened (Alahmad et al. 2019; Richard et al.
2015). Briefly, clear pots were filled with the experi-
mental soil and seeds of each genotype were care-
fully placed in the pots such that the embryo faced
the wall of the pot with the radical pointing down-
ward (Fig. 1A). Seeds were placed in a randomized
complete block design (RCBD) with 12 replicates
per genotype. Plants were grown in the glasshouse
for five days (22/17 °C day/night [12 h]) after which
the seminal roots were photographed for subsequent
analysis.

Greenhouse rhizobox experiment

A rhizobox experiment was conducted in a tem-
perature-controlled glasshouse (22/17 °C day/night
[12 h]) with plants grown in rhizoboxes that were
60 cm high, 40 cm wide, and 4 cm thick. The experi-
ment was a randomised block design with five repli-
cates. Batches of 10.0 kg of air-dry soil were supplied
with basal nutrients (except P) in liquid solution at the
following concentrations (mg kg~! soil) for each ele-
ment: 100.0 N, 166.2 K, 123.7 S, 20.4 Ca, 40.0 Mg,
2.0 Zn, 36.2 Cl, 3.4 Mn, 0.5 Cu, 0.1 Mo (modified
from Raymond et al. 2018). Soils were dried after
application and then thoroughly mixed to ensure

homogeneous nutrient distribution, after which the
rhizoboxes were filled with the prepared soils.
The P placement treatments included (Fig. 1B):

1. control: from which fertiliser P was completely
withheld;

2. P-band: P fertiliser placed at 25 cm depth and
10 cm off-centre;

3. Topsoil P: P fertiliser applied throughout the top
10 cm of the rhizobox; and

4. Mixed P: P fertiliser dispersed throughout the
entire soil volume.

All P fertiliser was ground before application. The
rhizobox was considered as a ‘slice’ taken from the
field directly below the plant, with the P-band treat-
ment applied as a single spot containing 100 mg P.
This was equivalent to a 50 kg P ha™' band under
field conditions. For the Topsoil P treatment, the
same amount of fertiliser was mixed through to the
top 10 cm of soil, resulting in a concentration of
60 mg P kg~! in this zone. For the Mixed treatment, P
was applied as 60 mg kg~! throughout the entire pro-
file, representing a high P control. The P fertiliser was
applied as either monocalcium P (MCP, often referred
to as triple superphosphate) or as mono-ammonium
P (MAP). Farmers in North-East Australia gener-
ally use MAP, which contains 120 mg g~! of N. The
MCEP fertiliser does not contain any N and therefore
allowed for testing whether the effects of the MAP
bands could be attributed to the fertiliser P content
i.e. if the basal fertilisation conditions isolated the P
response as intended. To ensure equivalent N between
the two P fertiliser treatments, the rhizoboxes ferti-
lised with MCP received additional an application of
ammonium sulfate. We observed that the responses to
MCP and MAP were highly correlated and not sig-
nificantly different (data not shown), so only the com-
bined mean is presented. The experimental approach
was therefore assumed to have reliably achieved the
intended purpose of targeting the response to P.

Table 1 Selected soil
properties

Clay Silt Sand Total C Colwell P BSES P PBI pHH20 Water holding
capacity

(gkg™) (gkeg™) (ekg™) (gkg™) (mgkg™) (mgkg™) %

354 154 491 0.5 7 44 101 8.7 38
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Fig.1 Schematic overview of the experiments and experi-
mental treatments. A: The clear-pot experiment evaluated
seedling root angle in the experimental soil after 5 days. B:
The rhizobox experiment was conducted with four P ferti-
liser placements; plants were grown until late tillering. C: The
lysimeter experiment included two irrigation treatments and
four P fertiliser placements. For the ‘Dry’ irrigation treatment,
topsoil irrigation was withheld from 28 days onward; plants

All rhizoboxes were watered to 80% WHC. Three
seeds were sown in the centre of each box. After the
seedlings had emerged, the plants were thinned to
one plant per box. Soil water content was maintained
between 70-80% of WHC by intermittent topsoil
watering throughout the experiment.

All plants were grown for 38 days, with destruc-
tive harvesting corresponding to the late tiller-
ing stage. At harvest, tillers were counted and all
aboveground biomass was cut at the base of the
stem. The front of each rhizobox was removed and
a pinboard with a similar dimension to the cham-
ber was pushed into the soil so that the soil could

were grown until anthesis. D: Schematic representation of the
placement of the deep P-Band at 25 cm depth, through the cen-
tre of the ‘left’ root sampling bag. The root bags were placed
at pre-determined sampling layers to facilitate root quantifica-
tions. The orange zone in the irrigation treatments indicates the
topsoil drying zone. Coloured dots illustrate the placement of P
fertiliser in each treatment

be carefully washed away, exposing the intact
root system (previously described by Singh et al.
2010). After all soil had been removed, the RSA
was photographed with a digital camera mounted
on a tripod. Photo quality was optimised in Adobe
Photoshop to ensure high-quality analysis of root
properties (contrast, black and white, touch-up of
minor scratches on the pinboard).

Semi-controlled lysimeter experiment

The experiment was conducted in the lysim-
eter facility at the nursery at The University of
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Queensland Gatton campus. Briefly, the system con-
sists of ten closed, air-conditioned containers, each
capable of carrying eight lysimeter cores (300 mm
diameter X 730 mm height). For each core, the sys-
tem continuously monitors weight, temperature, and
soil water status (by use of three temperature/mois-
ture probes inserted in the soil profile). Soil water
dynamics are automatically controlled by the use
of three irrigation probes, from which each core is
independently irrigated using custom software.

The experiment was conducted with four repli-
cates in a randomised block design with complete
factorials. The experiment was conducted with two
irrigation patterns (Fig. 1C):

1. ‘Wet’, for which all cores were maintained
at~80% of WHC in all profile layers throughout
the experiment; and

2. ‘Dry’, for which topsoil drought was allowed to
develop after four weeks,once the crop had estab-
lished (mid tillering). Water in the subsoil was
maintained like the “Wet’ condition for the dura-
tion of the experiment.

Each core was filled with 60 kg of air-dry soil.
A 1.5 cm layer of pebbles was placed at 10 cm as a
hydraulic break between the subsoil and the topsoil.
Four root bags (diameter 10 cm, length 25 cm, mesh
size 2.5 mm) were filled with 2.5 kg of soil each
and placed at different locations in the core: two at
a depth of 20-30 cm and two at 40-50 cm; placed
‘Left’ and ‘Right’ off-centre to facilitate harvesting
and measurement of roots at the end of the experi-
ment (Fig. 1D). The mesh size of approximately
2.5 cm allowed roots to grow into the bags and did
not obstruct water.

Like the rhizobox experiment, the experiment
included four P placements (Fig. 1C), with the same
amount of P added in both the P-band and Topsoil P
treatments:

1. Control, from which P fertiliser was completely
withheld;

2. P-band, with P fertiliser placed in the middle of
the ‘Left’ mesh bag at 25 cm;

3. Topsoil P, with 60 mg fertiliser P kg~! dispersed
throughout the top 10 cm layer; and

4. Mixed P, 60 mg fertiliser P kg=! dispersed
throughout the entire soil profile
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All P in this experiment was applied as MAP.
Basal nutrients, except P, were supplied at the fol-
lowing rates (mg kg~! soil) of each element: 154 N,
150 K, 37 S, 2 Zn, 150 Cl, using commercial ferti-
lisers in the forms of urea, muriate of potash, ammo-
nium sulfate, and zinc sulfate heptahydrate. The urea
application was 120 mg kg~! of N, with the balance
applied as a combination of MAP and ammonium
sulfate, depending on the amount of P fertiliser
applied to each treatment. All fertilisers were ground
before application.

Each core was seeded with ten seeds, which were
thinned to seven plants per core after emergence. The
number of seven plants per core corresponded to a
commercial planting density of 100 plants m~2 Plants
were grown for 68 days until approximately anthe-
sis (treatment dependent). At harvest, all heads were
counted and shoots were cut at the base of the stem.
The 10 cm topsoil layer (to the pebble layer) and the
mesh bags were collected from each core and stored
at 4 °C until roots could be extracted. The collected
soil samples were soaked until the soil was fully
saturated, after which the soil was carefully washed
away to recover the roots. The root crowns of the top
0-10 cm sample were photographed for root angle
analysis. Roots were stored in 50% (v/v) ethanol at
4 °C until further morphology measurements could
be made.

Measurements

Root angles were measured from photographs using
Fiji (Schindelin et al. 2012). For the clear-pot experi-
ment, the angle between the first pair of seminal
roots was measured at 3 cm distance from the seed
(Richard et al. 2015), whereas for the rhizobox and
lysimeter experiments the outer angle of the nodal
roots was measured. All other root data including
root length and diameter classes were obtained using
WinRHIZO Pro 2019a (Regent Instruments, Inc.,
Quebec City, QC). For the lysimeter experiment, the
samples were scanned on a flatbed scanner (Epson
expression 10000x1, Epson, CA) prior to the analy-
sis. Root length density (RLD, total length of roots
per unit of soil volume, cm cm_3) and specific root
length (total length of roots per unit of root weight,
m g~!) were calculated based on the WinRhizo-
acquired root length, the sample volume and the root
biomass. Where appropriate, root biomass data in
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each soil layer of the lysimeter experiment are pre-
sented on an equal volume basis, to account for the
different sampling volumes between the topsoil layer
and the subsoil mesh bags. For the rhizobox experi-
ment, we report the projected root area (cm?), defined
as the root area, measured using WinRhizo, on each
root systems photo (after washing on the pinboard).
The projected area is closely correlated with the root
length (cm) but provided better relative comparisons
than the calculated root lengths. We observed that
root lengths tended to be slightly underestimated
for the largest root systems and in areas of root pro-
liferation due to overlap among roots (Fig. 2, Suppl.
materials).

For both experiments, shoot and root biomass were
oven-dried at 65 °C until stable weight, after which
biomass dry matter was determined. Shoot biomass
samples were finely ground, and a 0.5 g subsample
was digested in nitric acid and hydrogen peroxide
using microwave-assisted closed vessel digestion,
after which the P concentrations were analysed using
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). Total P uptake was calculated
by multiplying the measured P concentrations with
the biomass dry matter.

Statistical analyses

Treatment effects on above and belowground bio-
mass and P uptake were analysed for each genotype
using linear mixed-effects models, with fixed effects
for the P placement and irrigation treatments, and a
random effect for the replication across blocks. The
contributions of the fixed effect parameters were
assessed using Maximum Likelihood and back-
ward model reduction. The final models were refit-
ted using Restricted Maximum Likelihood, and

Fig. 2 Example of (plastic)
root system architectural
responses to the different
phosphorus placements
(‘Narrow’ genotype). See
Fig. 4 for the distribution
of the projected root areas
across the soil layers

Control

Band

pairwise comparisons were made using Estimated
Marginal Means with Tukey adjustments. Relation-
ships between projected root area in the rhizobox
experiment and root length and RLD in the lysimeter
experiment were evaluated using linear regression,
with these relationships specifically tested for the
equivalent wet treatments. Differences in root angle
were evaluated using a two sample t-test for the clear-
pot experiment and with analysis of variance for the
rhizobox and lysimeter experiments.

For the lysimeter experiment, the irrigation sys-
tem sporadically closed slightly slower than intended,
resulting in some experimental cores receiving more
water than the intended target. This could have poten-
tially resulted in local and temporary saturated condi-
tions, but the impact of this on the overall experiment
was likely minimal due to a combination of factors.
First, the upper target weight was set at 80% of the
WHC of the soil, so it was unlikely that the cores
would become fully saturated from the additional
water. Second, the high crop water demand later in
the experiment meant any of the ‘excess’ water was
rapidly used up, as illustrated by irrigation being
triggered several times each day. Therefore, we used
Cook’s distance as a statistical approach to identify if
any observations potentially influenced the results of
the experiment. We conservatively classified observa-
tions with a Cook’s distance greater than four times
the mean as influential. Subsequently, outlier removal
was considered only if there was both a statistical
indication and a relevant record related to the experi-
mental conditions (i.e. the combined irrigation logs,
core weights, and water sensor data). Specifically, in
one instance, a core was removed due to the likeli-
hood of saturated conditions early in the experiment.

All statistical analyses were conducted using R
version 4.1.1 (R Core Team 2020) making extensive

Topsoil
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use of the tidyverse family of packages (Wickham
et al. 2019), nlme (Pinheiro et al. 2020), and emmeans
(Lenth 2021). All models were checked for normal-
ity of residuals and homogeneity of variance using a
combination of diagnostic plots and formal tests (Lev-
ene’s test for homogeneity of variance, Shapiro-Wilk
test for normality). Where required, analyses have
been performed on log or square root-transformed
data, or with use of a heterogeneous variance struc-
ture to account for differences in variation between
treatment combinations.

Results
Root angle across the three experiments

Root angle differed between the two genotypes in
the clear pot experiment (P <0.05), though the dif-
ference was less pronounced than in the original
NAM screening (Table 2). Overall, root angle was
variable in the rhizobox and lysimeter experiment,
with no significant differences between the two
genotypes in either of the experiments. In particu-
lar, the measured root angle for the narrow genotype
was substantially greater in the current experiments

compared with the root angle as measured in the
original and the clear-pot screenings.

Rhizobox experiment: Above and belowground
responses to phosphorus placement up to the
late-tillering stage

We observed clear responses to P placement, with a
strong increase in shoot biomass and tiller number,
particularly for topsoil P and mixed P, and a smaller
but significant response to banded P (P <0.05,
Fig. 3A and B). The aboveground responses were
not significantly different between the genotypes,
although the wide genotype tended to be smaller
than the narrow one when P was banded at 25 cm.
Root biomass largely followed the same pattern as
observed for shoot biomass, in which the Narrow
genotype tended to have greater total root biomass
in response to the P-Band than the Wide genotype,
though not significantly so.

The genotypic difference in response to the P-band
was significant in terms of total P uptake (P <0.01,
Fig. 3C), i.e. the Narrow genotype took up more
P from the P band than the Wide one. In general, P
uptake followed a similar pattern to plant biomass.

Table 2 Root angle of the two genotypes in the different experiments. Angle for the NAM screening and clear-pot experiment refer
to seminal root angle, those for the rhizobox and lysimeter experiments refer to the outer nodal root angle of the root crown

Phosphorus Genotype NAM screening® Clear pot Rhizobox Lysimeter
placement (seedling) (late-tillering) (anthesis)
Control Narrow 41 51 83 76

Wide 82 70 71 80
P-band Narrow 80 85

Wide 79 79
Topsoil-P Narrow 87 76

Wide 76 79
Mixed Narrow 76 71

Wide 81 79
P-value G 0.001 0.012 n.s n.s

F n.s n.s

GXxF n.s n.s
Std.error 7 8 8

G genotype, F fertiliser placement

“Data from the original NAM screening was collected by Alahmad et al. 2019 and used potting mix as a growth medium. All other

experiments were conducted in the experimental soil

@ Springer



Plant Soil (2024) 500:69-89

1

A Root angle: 4 Narrow [l Wide
4_G: n.s.

F: P<0.001 a
2~ GxF:n.s. a —
© % 31
EOo
jel -8 b
2N 27

e
8 L | EI
Ralie)]
. 1-jl
i
£ S
59 1 cded  pedd
] c G:n.s. abc
S 5 2-F:P<0.001 a a
o

~ G x F: P<0.001
B G:ns.

F: P<0.01 a a
GxF:n.s.

—
Q —_
Qc
E X
=)
£ 5
o N
=€
C 1G:n.s. a
o F: P<0.001
f“/\ 2-G x F: P<0.01 a
Sk

o
[2}e]
20
o .N
£ c
% —
o2
z
o

Control Band Mixed

Topsoil
Fertiliser placement

Fig.3 Plant biomass and phosphorus uptake at tillering
growth stage in the rhizobox experiment. Error bars indicate
the standard error of the mean. Bars sharing a common let-
ter are not significantly different (Tukey adjusted o<0.05).
(G =genotype, F=fertiliser placement)

Rhizobox experiment: Root distribution responses to
phosphorus placement up to the late-tillering stage

For both genotypes, projected root area in the 0—10 cm
layer was greatest when P was placed in this zone and

not elsewhere in the profile (i.e. Topsoil P, P<0.001;
Figs. 2 & 4, Table 3). This was in stark contrast to Mixed
P, which produced the lowest topsoil root area amongst
all treatments. Overall, projected root area showed a
marked increase between 10 and 30 cm for both Topsoil
P and Mixed P (P<0.05). For all treatments, root area
declined in layers > 30 cm deep, but overall a clear ferti-
lisation effect remained relative to the control (P <0.05).

For the narrow genotype, a clear increase in pro-
jected root area in response to P placed as a deep band
at 25 cm could be observed (P<0.05). For the wide
genotype, there was no difference between the control
and the P-band in that zone. Furthermore, root area of
the Narrow genotype was generally greater than that
of the Wide genotype in the 30-40 cm and 40-50 cm
layers, except when no P was applied (i.e. Control,
P <0.05). Conversely, in the topsoil (0-10 cm) the
Wide genotype had an overall greater projected root
area than the Narrow one (P <0.001).

Lysimeter experiment: Aboveground responses
to phosphorus placement and topsoil drying up to
anthesis

In this experiment, we observed clear interactions
between genotype, P placement, and soil water
(Table 4). The placement of P fertiliser had a sig-
nificant effect on aboveground biomass for both
durum genotypes, with shoot growth increasing in
the order of Control < P-Band < Topsoil P <Mixed P
(P<0.001, Fig. 5A). This increase was reflected in
tiller number in a similar order (P <0.001, Fig. 5B).

Under well-watered conditions, the Wide geno-
type grew larger than the Narrow one when P was
applied as Topsoil P (P <0.001), even though this dif-
ference in biomass was not reflected in total P uptake
(Fig. 5D). Conversely, the narrow genotype tended to
grow larger and take up more P than the wide geno-
type with Mixed P, although not significantly so.
When P was banded, both genotypes produced a simi-
lar amount of biomass and took up similar amounts
of P. However, even though on average the genotypes
had a similar number of total tillers, for this treat-
ment, a substantial proportion of tillers of the Wide
genotype were not yet flowering (Fig. 5C).

In general, a drying topsoil reduced shoot growth,
tiller production and P uptake compared to the well-
watered treatments, with differences in magnitude
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Fig. 4 Projected root area (visible area of roots [cm.?] on the pin-
board after washing) for each 10 cm increment of soil depth in the
rhizoboxes. Error bars indicate the standard error of the mean. For
statistical information and pairwise comparisons see Table 3

depending on where P was placed in the profile. The
greatest declines were observed for Mixed P (on aver-
age 26%, from 156 to 115 g core™!) and particularly
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Topsoil P (on average 37%, from 119 to 75 g core™").
Within this, the proportionally largest reduction was
observed for the Wide genotype growing under the
Topsoil-P treatment, for which topsoil drying resulted
in a 46% loss in biomass production, compared with
25% for the Narrow genotype (P <0.001). Subse-
quently, the genotypic differences in biomass produc-
tion that were accentuated by the topsoil P placement
effectively disappeared when the topsoil dried out
(P<0.001). Similarly, on average plants took up only
46% of P under the dry Topsoil P placement com-
pared with its wet counterpart, making it the greatest
relative reduction of P uptake when the topsoil was
allowed to dry (P<0.001). In contrast, topsoil dry-
ing reduced P uptake to approximately 80% for the
P-band and 75% for the control, with these reductions
not statistically significant.

Lysimeter experiment: Root responses to phosphorus
placement and topsoil drying up to anthesis

Across all treatments, the majority of sampled
root biomass was located in the topsoil (0-10 cm,
Fig. 6A). On average, the Wide genotype had more
root biomass and greater RLD in the top 10 cm layer
than the Narrow one (P<0.001), but specific root
length (SRL, m g~') was not significantly different.
The placement of P fertiliser had a significant effect
on root biomass for both durum genotypes, with
the largest increases when P was applied as Topsoil
P or Mixed P (P<0.001), and Topsoil P also had
the greatest RLD (P <0.001). The application of P
reduced SRL for all treatments (relative to the con-
trol), with the greatest decrease observed for Mixed
P (P<0.001). Topsoil drying had a clear effect on all
measured parameters, leading to reductions in root
biomass and RLD (P<0.001), and increasing SRL
(P<0.001).

In the 20 to 30 cm layer, root biomass was sub-
stantially smaller than that in the top 10 cm layer,
but clear differences in response to P fertiliser could
still be observed. Root biomass was greatest for
Mixed P and Topsoil P, followed by the P-band treat-
ment (P<0.001). Furthermore, RLD increased in
response to P fertiliser application, but it was not sig-
nificantly different between the different placements
(P<0.001). On average, SRL was greatest for the
control and the P-Band treatments (P <0.001). The
P band treatment showed a clear spatial trend within
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Table 3 Significance for differences of projected root area
within each 10 cm sampling layer (G=genotype, F=ferti-
liser placement). Treatments that share a common letter are
not significantly different (Tukey adjusted a<0.05). Sampling
layers for which the GXF interaction was significant include
all crossed comparisons across the two rows (lowercase); sam-

pling layers for which the G X F interaction was not significant
have separate comparisons in each row, with capital letters
representing the comparison between Genotypes and lower-
case letters representing the comparisons among the Fertiliser
placements

Soil layer P value Pairwise comparisons
(cm) GxF G F
0-10 n.s <0.001 <0.001  Wide: A Narrow: B
Mixed: ¢ Band: bc Control: b Topsoil: a
10-20 n.s n.s <0.001  Control: b Band: b Mixed: a Topsoil: a
20-30 <0.05 024 <0.001  Narrow control: e Narrow band: bcd ~ Narrow topsoil: abc ~ Narrow mixed: a
Wide control: cde Wide band: de Wide topsoil: ab Wide mixed: ab
3040 n.s <0.01 <0.001  Narrow: A Wide: B
Control: b Band: b Mixed: a Topsoil: a
40-50 <0.05 <0.001 <0.001  Narrow control: bc ~ Narrow band: b Narrow topsoil: a Narrow mixed: a
Wide control: ¢ Wide band: ¢ Wide topsoil: bc Wide mixed: bc
'Ijab!e 4 Treatment Measurement Soil layer GXFxI GxF GxI FxI G F 1
significance (P-values) for
the crop responses in the Shoot biomass - <0.001 ns ns <0001 <005  <0.001 <0.001
Ly;;‘z‘ﬁrerr“ifx:gagffc‘is Tiller number - ns ns ons  ons <005 <0.001 <0.001
models Flowering tillers - n.s <0.001 ns <0.01 <0.001 <0.001 <0.001
Phosphorus uptake - n.s n.s ns  <0.001 ns <0.001 <0.001
Root biomass 0-10 n.s n.s ns <0.001 <0.001 <0.001 <0.001
20-30 n.s n.s ns ns n.s <0.001 n.s
40-50 n.s n.s ns <005 ns <0.001 <0.001
Root length density 0-10 n.s n.s ns <0.001 <0.001 <0.001 <0.001
20-30 n.s n.s ns ns n.s <0.001n.s
40-50 n.s n.s ns ns n.s <0.001 <0.05
Specific root length 0-10 n.s n.s n.s n.s n.s <0.001 <0.001
20-30 n.s n.s ns ns n.s <0.001 n.s
G genotype, F fertiliser 40-50 n.s n.s ns ns n.s <0.001 (0.09)

placement, / irrigation

the 20-30 cm layer, with both genotypes showing
increased root biomass, RLD and SRL on the side
where the fertiliser band was placed, relative to the
non-band side (P<0.001, Fig. 7). No such trend was
observed for any of the other treatments.

In the lower subsoil (40-50 cm), root biomass and
RLD were in the order of Control <P-band < Topsoil-
P<Mixed-P (P<0.001), which was similar for both
genotypes. On average, SRL was greatest for the P-band
treatments (P<0.001), although not significantly dif-
ferent from the control. When exposed to a drying top-
soil, root biomass in this deep soil layer significantly
increased in all except the Mixed P treatment (P <0.001).

This was also reflected in RLD, which broadly increased
as a result of the dry treatment (P <0.05).

Correlation of root data across different growth stages

The projected root area at the late-tillering stage in
the rhizobox experiment was linearly related to root
biomass at anthesis in the lysimeter study for the two
subsoil layers (P<0.001, 20-30 cm and 40-50 cm),
but not the 0-10 cm layer (Fig. 8A). Similarly, root
area was linearly related to RLD at anthesis (in the
lysimeter experiment) for all three of the sampled soil
layers (P <0.01, Fig. 8B).
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Fig. 5 Aboveground growth responses in the lysimeter experi-
ment. A: shoot biomass, B: total number of tillers, C: total
number of flowering spikes at time of harvest, D: total phos-
phorus uptake. Error bars indicate the standard error of the
mean. Bars sharing a common letter are not significantly dif-
ferent (Tukey adjusted a<0.05, F=fertiliser placement,
G =genotype, I=Irrigation). See Table 4 for statistical infor-
mation

Discussion

This study demonstrated that interactions between
P distribution and water dynamics in the target
environment were the main driver of root systems
growth and function, even if seminal root angle
affected (early) soil exploration. Most previous stud-
ies on root angle in wheat have focused on genetic
control and/or screening of variation (Christopher
et al. 2013; Manschadi et al. 2008; Richard et al.
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2018, 2015), or have considered functioning in
environments primarily defined by water limita-
tion (Alahmad et al. 2020; EI Hassouni et al. 2018).
Studies that investigated the role of RSA on crop
use of soil P have mainly been conducted with
maize and common bean, using cultivars with dif-
ferent overall root systems (Ho et al. 2005; Liao
et al. 2001; Zhu et al. 2005), recombinant inbred
lines for traits such as lateral branching or crown
root numbers (Jia et al. 2018; Sun et al. 2018; Zhu
and Lynch 2004), or modelling approaches (Miguel
et al. 2015; Postma et al. 2014; Postma and Lynch
2012; Rangarajan et al. 2018). The genotypes used
in this study were selected because of their previ-
ously observed contrasting seminal root angle, and
associated root distribution at depth, whilst being
similar in root system biomass and aboveground
phenological development (e.g. tiller number,
growth rate, and time to flowering). For these char-
acteristics they were considered a suitable model to
evaluate the impact and function of RSA traits under
realistic target conditions, and to provide essential
insight into the Genotype X Environment X Manage-
ment (GXEXM) interactions that determine crop
performance. Understanding these interactions is an
important step to identify how cropping systems are
most likely to benefit from crop improvement pro-
grammes that target RSA (Passioura 2010; van der
Bom et al. 2020; Wasson et al. 2012).

Root angle modified root distribution primarily
during early growth

Selection for a narrow root angle is aimed at deliv-
ering a more vertical root system with a greater
ability to extract soil water at depth under (termi-
nal) drought conditions (Alahmad et al. 2020). A
wide root angle would therefore be expected to do
the opposite and lead to a shallower root system.
This has been proposed to improve P uptake because
concentrations of labile P tend to be greater in the
topsoil layer in most soil profiles (Lynch and Brown
2001). Our results support the hypothesis that root
angle will change root distribution, with the wide
genotype showing greater projected root area in the
topsoil during early growth. Similarly, the narrow
genotype delivered a greater root area at depth in
accordance with its selection (Alahmad et al. 2019),
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Fig. 6 Belowground responses in the lysimeter study. A: Root
biomass distribution (g), B: root length density (cm of root
cm™ of soil volume), C: specific root length (m of root length
¢! of root biomass). For both subsoil layers, data are sum-
marised from two sampling bags recovered from the band and

although this pattern was not as evident at anthesis.
On average the wide genotype had a greater root
biomass and RLD in the topsoil layer, but the dif-
ferences between the two genotypes were only mar-
ginal at depth (Fig. 6, Table 3).

It is often observed that laboratory-based screen-
ings correlate with RSA of juvenile plants, but not
with RSA at a later growth stage (Bai et al. 2019;
El Hassouni et al. 2018; Watt et al. 2013). Drivers
of this inconsistency may include biotic and abi-
otic factors, including seasonal rainfall distribution
and stored soil water, oxygen and nutrient availabil-
ity (Rich and Watt 2013). However, in the current
experiments, soil water dynamics were controlled
and thus the Mixed-P treatment with non-drying
topsoil should have provided ample water and nutri-
tion for the plants to grow close to their genetic
potential. One possible reason we did not see more
pronounced genotypic differences in subsoil root

non-band sides of the lysimeter cores. Subsoil root biomass
was converted to correspond to a soil volume equivalent to a
10 cm profile layer, so that comparisons can be made to the
0-10 cm topsoil layer. Error bars indicate the standard error of
the mean. See Tables 4 and 5 for statistical information

distribution in the lysimeter study may be an arte-
fact of soil processing prior to filling the soil cores.
The combination of finely ground, tightly packed
soil that is continually moist with a high bulk den-
sity (not directly measured in our studies) may limit
subsoil aeration and deep root distribution (Chen
et al. 2014; Jin et al. 2013). This has previously
been shown to diminish differences in deep root-
ing between rice genotypes defined by distinct root
angles (Ramalingam et al. 2017), but the studies
that made these conclusions used heavy machinery
to create even ‘medium’ compaction, which would
presumably have led to a much greater bulk density
than in the current experiments. The reduction in
root biomass moving down the soil profile (Fig. 6)
may thus simply reflect the typical shift in root bio-
mass and size with increasing soil depth, with the
increasing SRL indicating roots in the subsoil were
generally thinner than those in the topsoil layer.
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Table 5 Pairwise

. Root Biomass Root Length Density Specific Root Length
comparisons for
belowground responses Factor  Level Group  Factor Level Group Factor Level Group
in the lysimeter study
presented in Fig. 6. FxI Topsoil Wet  a FxI Topsoil Wet  a F Control a
Comparisons are limited Mixed Wet a Topsoil Dry  ab Topsoil b
to significant factors and Topsoil Dry b Mixed Wet b Band b
interactions (see Table 4). . .
Within each factor, levels Band Wet b Mixed Dry b Mixed ¢
that share a common Mixed Dry b Control Dry b
letter are not significantly Control Wet ¢ Band Wet b
different (Tukey adjusted Control Dry ¢ Control Wet b
a<0.05)
Band Dry c Band Dry b
G Wide a G Wide a I Dry a
Narrow b Narrow b Wet b
F Mixed a Mixed a F Band a
Topsoil a Band a Control a
Band b Topsoil a Mixed b
Control c Control b Topsoil b
I Dry a
Wet a
FxI Mixed Dry a FxI Mixed Dry a F Band a
Topsoil Dry  a Mixed Wet ab Control  ab
Mixed Wet a Topsoil Dry  bc Mixed be
Topsoil Wet b Topsoil Wet  cd Topsoil ¢
Band Dry c Band Dry de
Band Wet c Band Wet ef
Control Dry ¢ Control Dry  ef
G genotype, F fertiliser Control Wet ¢ Control Wet

placement, / irrigation

A second explanation for the inconsistency in
root distribution patterns between the early and
anthesis growth stages may be that an adjustment of
RSA took place as the plant developed from tiller-
ing, through stem elongation, and to anthesis. This
is supported by the measurements of root angle in
the rhizoboxes, in which no clear differences were
observed between the two genotypes. How root
traits change during the plant’s life cycle is still
poorly understood (Rich et al. 2020), but there
could be benefits in plastic genotypes that change
root development over their lifespan. For example,
a genotype able to explore the topsoil during early
growth and deeper soil layers later in the growing
season may confer benefits in dryland systems with
stratified P, where early exploration of the topsoil
before it dries out would allow uptake of immobile
nutrients before they become inaccessible. On the
other hand, the large variation of root angle among

@ Springer

the different experiments (Table 4) also empha-
sises the difficulties of obtaining consistent, reliable
measurements of root angle in soil at later growth
stages, with the measurement of outer angle of the
nodal roots illustrating the inability to identify and
measure the first pair of seminal roots as measured
in the clear-pot screening. Furthermore, seminal
root angle was different in soil than in the original
screening and phenotyping done in potting mix,
with the result being that in soil the phenotypes
were less extreme and differences between them
were less pronounced. This suggests that the soil
environment can influence the RSA phenotype and
that genotypic differences may be smaller in soil
than in greenhouse or laboratory media. Although
selection for root traits using rapid, high-throughput
screening tools and growth media can provide ben-
efits for screening purposes, it remains necessary to
validate the phenotypes in realistic environments.
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Access to phosphorus was a greater driver
for crop growth than root angle

In our experiments, basal fertilisers were applied
throughout the soil profile to isolate P as the most
limiting plant nutrient. Following the Sprengel-
Liebig Law of the Minimum (see van der Ploeg
et al. 1999), the the addition of P in the mixed P
treatment should provide an indication of potential
above and below-ground plant growth. The Topsoil
P and P-Band treatments each received an equal
amount of P, but the placement as a fertiliser band
substantially reduced crop biomass, regardless of
RSA, and there were several contributors to this
response. Firstly, application of P in the Topsoil P
treatment would have provided the juvenile root sys-
tem immediate access to P, whereas young plants
were deprived of P in the deeper P-band place-
ment until their root system had grown through the
low-P zone and encountered the P band. Secondly,
the dispersed placement of P throughout the 10 cm
soil layer meant the volume of soil enriched with
P fertiliser and available for contact with roots was
orders of magnitude greater than when P was placed
in a discrete row of granules. The smaller contact
area reduces the probability of efficient root exploi-
tation of P fertiliser and would thus have limited P
uptake (Eghball and Sander 1989). As a result, early
crop growth and development were reduced until
roots were able to extract P from the P band and
improve plant P status, but the early P deficit was
too large for the crop to still achieve growth close to

0-10 cm: 12=0.50 * Genotype
g|20-30 cm: 12=0.48 (0.06) o Wide
40-50 cm: r2=0.58 * e Narrow
6 4
Soil layer
41 ° 0-10 cm
o) =8-20-30 cm
27 5% 280 =8=40-50 cm
[ )
) . T S .
0 50 100 150

Projected root area (cm?)

between the two experiments. Root data for the subsoil layers
(20-30 cm and 40-50 cm) in the lysimeter experiment were
summed for the two sampling bags in each layer. Stars indicate
significance: *P <0.05, **P <0.01
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its potential (Grant et al. 2001). Additionally, it may
also be hypothesised that a maximum root density
may have been achieved locally in the vicinity of the
P band, limiting P uptake by increased root competi-
tion with roots of the same plant and of neighbour-
ing plants (Ge et al. 2000; Lynch 2013). The effects
of this intense competition may be accentuated by
rapid localised depletion of soil water, with rapid
drying as a result of root activity further limiting the
ability of roots to extract more P from the band.

For both genotypes, root biomass generally
declined in the layers below the topsoil, but a clear
fertilisation effect remained relative to the control.
This was particularly the case for the Topsoil P and
Mixed P treatments, in which the application of fer-
tiliser P improved root biomass and RLD at depth
(lysimeter study) and projected root area (rhizobox
study) relative to the control. Specifically, in the
control treatment in the rhizoboxes, the Narrow
genotype increased the projected root area com-
pared with that of the Wide genotype, from approx.
19 cm® to 28 cm®. Although this difference was
significant, this increase was overshadowed by the
effect of the fertiliser applications, with Mixed P
doubling (for Wide) and tripling (for Narrow) the
projected root areas compared with those oberved
in the control treatment. In other words, the Nar-
row genotype particularly expressed an increased
root growth at depth when it had access to P; and
the effect of plant access to P was a proportionally
greater driver of root distribution compared with the
effect of genetic differences between the genotypes.
We interpret this as improved crop P access sup-
porting greater vegetative growth, in turn leading to
an overall larger root system. In effect, improving
plant access to P in a P limited environment may do
more to promote deep rooting than choice of a (nar-
row) genotype. Subsequently, improved root growth
will have important implications for water extrac-
tion, with a greater and deeper root system increas-
ing potential for water extraction in a drying soil.

Root angle modified spatio-temporal access
to phosphorus, but benefits are context-dependent
In the topsoil-P treatment, the increased topsoil

exploration by the wide genotype was associated
with a small increase in biomass at late tillering, and
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a significantly greater shoot biomass at anthesis. This
suggests that the wide root angle conferred a benefit for
improved early growth under stratified P conditions.
This is further supported by the differences in shoot
biomass between the Topsoil-P vs Mixed-P treatments.
In the Mixed-P treatment, P was homogeneously dis-
tributed, which would have allowed roots of either
genotype to take up P anywhere in the soil profile and
thus for the plants to grow to their potential. In con-
trast, low subsoil P availability in the Topsoil-P treat-
ment would have limited P uptake by roots growing
in deeper layers, which presumably led to the reduced
biomass as observed for the Narrow genotype. On the
other hand, tissue P concentrations and total P uptake
under Topsoil P were reduced to similar levels for both
genotypes, suggesting P availability remained a limit-
ing factor in this treatment, and that the relative benefit
of shallow roots was limited under these conditions. In
part, this may also be because the narrow genotype was
able to respond plastically and achieve a high root den-
sity in the topsoil later in the growing season.

Compared to the Mixed treatment, the decline in
total plant biomass under Topsoil-P was relatively
small, but there was a pronounced difference in P
uptake. Due to its low mobility in soil, P tends to be
rapidly depleted in the rhizosphere by root uptake. This
establishes a P-diffusion gradient that can supply P
from the bulk soil to the root surface, but low diffusion
rates in soil limit the amount of P that can be accessed
in this manner (Richardson et al. 2009). Much of plant
P uptake, therefore, occurs by young roots growing into
unexplored soil that has not yet been exploited. In the
Topsoil-P treatment, the high initial P availability in
the top 10 cm would have allowed rapid early root P
accumulation, depleting P from the soil solution in their
immediate vicinity. As plant growth continued, new
roots would have grown into deeper layers (>10 cm
depth) with lower P availability, limiting the capacity to
take up additional P compared with young roots grow-
ing into high-P soil in the Mixed-P treatment.

When P was banded, the narrow genotype had
a greater projected root area in the layer with the P
band, a greater total P uptake at late tillering, and it
tended to have greater total plant biomass at late tiller-
ing. Furthermore, although at anthesis shoot biomass,
P uptake and total tiller number were similar between
the two genotypes, a substantial proportion of tillers
of the wide genotype were not yet flowering. Under
conditions of P stress, cereals tend to slow the rate
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of development from emergence to anthesis, which
enhances the chances of producing viable seeds
(Elliott et al. 1997; Rodriguez et al. 1999). The dif-
ferences in early growth and phenotypic delay at
anthesis indicate that the narrow genotype was able
to take up P from the banded fertiliser sooner than the
wide genotype, presumably because its steeper root
system allowed it to reach the P band more rapidly.
Acute P deficiency tends to irreversibly reduce till-
ering, proportionally to the duration of P deficiency
(Carstensen et al. 2018; Elliott et al. 1997; Rodriguez
et al. 1999). Thus, substantial delays in access to the
banded P fertiliser would have further reduced tiller
number closer to that of the control treatment.

These data indicate that even if total P uptake at
flowering or harvest is similar, RSA may still have
important implications for crop success through
effects on crop development. In particular, the bal-
ance between crop water demand and seasonal sup-
ply is an important determinant of crop yields (Ham-
mer et al. 2014). Longer vegetative growth duration
may support greater yields if water is plentiful, but it
may also increase the risk of terminal drought, limit-
ing plant capacity to fill grain in dryer years (Ham-
mer 2006; Manschadi et al. 2006). On the other hand,
an increased period of vegetative growth may also
provide the crop with more time to develop roots
that extend deeper into the soil profile, which may
increase the potential to extract water from the soil
during grain filling (Lilley and Kirkegaard 2007).

Topsoil drying diminished genotypic impact
of root distribution

The premise for deep banding of P is that topsoil dry-
ing (i.e. limited rainfall) restricts plant access to strati-
fied shallow P fertiliser applications (Raymond et al.
2021; Strong et al. 1997), with deep bands allowing
continued crop P uptake under these conditions (Singh
et al. 2005). Accordingly, topsoil drying reduced crop
growth for both genotypes, but there were important
interactions with both genotype and P placement.
When P was located in the top 10 cm soil layer, dry-
ing caused the largest reduction in biomass in the wide
genotype, which was associated with reduced root
biomass and RLD in this layer. As a result, topsoil
drying limited the genotypic advantage over the nar-
row genotype as was observed under ‘wet’ irrigation.

This agrees with the assumption that root architectural
trade-offs exist for soil exploration for P and water
when they are differentially localised in the soil pro-
file, and that shallow root systems may be relatively
more prone to drought sensitivity (Ho et al. 2004;
Lynch 2011). However, ample subsoil water was avail-
able in this experiment and the wide genotype was
able to sustain similar levels of crop growth to the nar-
row genotypes in all topsoil drying conditions.
Amongst all treatments, the response to drying by
plants growing in the low-P control was an exception,
with plant and root biomass not showing a substantial
decrease as a result of the drying topsoil. We explain this
as plants growing in the control treatment being severely
P deprived, which already strongly limited their growth
under the well-watered conditions. Plant transpiration
demand would have been much reduced because of the
high P stress, such that the topsoil water reserves sufficed
to supply water until well after irrigation was stopped.
When P was banded, the reductions in biomass and
P uptake due to topsoil drying were proportionally
smaller, such that total P uptake was greater under
banded P than under topsoil P. Similar responses to
deep P bands have previously been observed on soils
with high topsoil P availability, with these responses
often being more pronounced in seasons with sparse
or irregular rainfall (Bell et al. 2012). In these con-
ditions, deep P bands that stay moist for longer can
sustain crop P uptake when access to the topsoil is
limited, though the difference between the P-band
and Topsoil-P treatments with constant moist irriga-
tion indicate that in this low-P soil, a single deep band
could not compensate for P availability in the topsoil.
The drying profile forced plants to produce more
roots below the topsoil to find moisture. In particu-
lar, root biomass and RLD increased in the 40-50 cm
layer. This is consistent with many studies that have
reported drought-induced increases of root growth in
the subsurface (Alahmad et al. 2019; Benjamin and
Nielsen 2006; Wang et al. 2009). This trend included
the plants growing in the Topsoil P treatments, which
were able to quickly adapt and allocate resources
to root growth in subsoil layers. Furthermore, dry-
ing increased SRL in the topsoil, but not in layers
below. Greater SRL has previously been associated
with maintaining plant productivity under water scar-
city, as a result of improved water acquisition despite
reduced plant carbon investment (Lynch et al. 2005).
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Plastic responses to phosphorus placement

For both genotypes, the projected root area at late tillering
and root biomass and RLD at anthesis were greatest in the
0-10 cm topsoil layer when P was placed in this zone and
not elsewhere in the profile (i.e. the Topsoil P treatment).
The ability of root systems to deploy roots and increase
RLD in nutrient-rich zones is an important adaptation to
enhance the capture of scarce resources (Hodge 2004),
and studies of P responses in wheat roots have shown
proliferation specifically in zones with fertiliser P applica-
tion and P bands (Ma et al. 2007; Officer et al. 2009; Rose
et al. 2009). Similarly, root responses at anthesis showed
a relative increase of root biomass, RLD and SRL in the
20-30 cm layer in the P-band treatment. In combination
with the rhizobox observations, this is consistent with the
general understanding that proliferation responses involve
the initiation of a large number of lateral roots in nutrient-
rich zones (Hodge 2004).

It has previously been questioned whether plastic root
proliferation responses may affect the broader distribu-
tion of roots (van der Bom et al. 2020). For example, if
fertiliser P is placed as a shallow band, a plastic response
in this zone may potentially lead to a relatively poorer
exploration of other (deeper) soil domains. However, our
data indicate that P-induced root proliferation is a local
response that does not reduce the deployment of roots
elsewhere in the soil profile. For example, at anthesis,
plants responding to a deep-P band tended to have greater
root biomass and RLD in the top 0—10 cm soil layer and
at depth (40-50 cm) compared with those growing in
the control treatments. Hence, the proliferation of roots
around the P band allowed plants to take up more P and
boosted plant growth such that it led to an overall larger
root system. Under field conditions, this ability of plant
root systems to locally respond to patches of high P avail-
ability and improve vegetative growth may also have ben-
efits in terminal drought environments, in which a greater
root system may allow plants to access deeper soil water
that would otherwise be out of reach. Though ultimately
the potential benefits will also depend on the seasonal
conditions such as the amount of in-crop rainfall and its
synchrony with crop phenology.

Conclusions

Genotypes with selected root traits may confer advan-
tages in some environments, but the exact benefits will

@ Springer

strongly depend on the interactions of the plant root sys-
tem with its environment (e.g. water, nutrient availability
and distribution) and crop system management (e.g. ferti-
liser management, planting density). In the current study,
(early) P access was the major driver for crop growth,
with P scarcity affecting crop growth, phenology, and
the relative contributions of root angle to crop resource
uptake. Further, the responses to topsoil drying were
illustrative of the occurrence of spatio-temporal trade-
offs between efficient resource capture and pre-defined
root ideotypes. The results suggest that the relative abil-
ity of crop root systems to effectively exploit zones or
patches of high P availability — such as stratified P or a
deep P fertiliser band—will be important for crop pro-
ductivity in complex systems with multiple constraints,
although water availability (either seasonal or due to root
competition) may limit the relative effectiveness of crops
relying on this strategy. Deployment of genotypes with
‘designer’ RSA should consider the local environmental
constraints and need to efficiently capture multiple scarce
resources in synchrony with crop phenology.
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