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Abstract

Background and aims

Root development is critical for crop adaptation to water-limited environments, yet canola responses to the simultaneous alleviation of multiple
soil constraints remain poorly understood. This study investigated whether soil re-engineering could improve root-zone functionality, resource
acquisition and crop productivity in a constrained duplex soil.

Methods

Using minirhizotron imaging and physiocochemical assays, we investigated whether soil re-engineering to 80 cm depth could transform root-
zone functionality and enhance resource acquisition canola performance. Treatments comprised a control (T1), deep loosening with lime
incorporation (T2), and deep loosening with lime, clay and compost incorporation (T3).

Results

Soil re-engineering increased soil pH¢, from 4.37 to 5.40, while reducing exchangeable aluminium from 17.5 to 1.30 mg kg~" and soil strength
from 2.62 to 0.87 MPa across the 0—80 cm profile. Total root length increased by 106%, and rooting depth doubled from 40 to 80 cm.
Consequently, stored soil water extraction increased by 35-45 mm, N, P, K and S uptake by 114%, 228%, 142% and 129%, biomass production
by 56%, and grain yield by 48%. Although T2 developed the largest root system, T3 achieved the highest grain yield, demonstrating that crop
performance depended on root-zone functionality rather than root size alone.

Conclusions

Simultaneous alleviation of multiple soil constraints transformed the rooting environment, promoting deeper rooting, greater water and nutrient
acquisition, and substantially improved canola productivity. These findings demonstrate that improving root-zone functionality, rather than
simply increasing root size, is fundamental to enhancing crop performance in constrained soils.

Introduction

Root system architecture plays a fundamental role in crop adaptation to water- and nutrient-limited environments because it determines the
capacity of plants to explore soil profiles and acquire essential resources (Gregory, 2006; Lynch, 1995). In rainfed Mediterranean-type cropping
systems, as found in southern Australia, deeper root systems extending throughout the soil profile is particularly important for improving water-
use efficiency and sustaining productivity under variable climatic conditions, especially during terminal drought (Azam et al., 2025; Hammond
et al., 2009; Wasson et al., 2012).

Root development is regulated by complex interactions among genetic, environmental, and edaphic factors (Conyers et al., 2023; Costa and
Coutinho, 2022; Liu et al., 2011; Peng et al., 2025; Uddin et al., 2025; Wu et al., 2017). While substantial progress has been made in
understanding the genetic regulation of root system architecture, particularly under favourable growth conditions (de Dorlodot et al., 2007;
French et al., 2019; Hamblin and Hamblin, 1985; Kochian et al., 2005), our understanding of how root systems respond to multiple interacting
soil constraints, including soil acidity, compaction, and deficiencies of essential macronutrients (N, P, K and S), remains limited.

The effectiveness of a root system depends not only on its architecture but also on the functionality of the surrounding root-zone environment.
Root-zone functionality encompasses the physical, chemical, and biological conditions as well as nutrient densities that determine the ability of
roots to proliferate, maintain activity, and acquire resources throughout the soil profile (Koevoets et al., 2016). Consequently, crop productivity
is often governed not only by root size, but also by the capacity of the soil environment to support efficient root functioning (Lynch, 1995).
Understanding how modifications to the root-zone environment, i.e. the functionality, influence root development and resource acquisition is
therefore critical for improving crop adaptation to increasingly variable climatic conditions.

Canola (Brassica napus L.) is one of the world's most important oilseed crops, contributing approximately US$50 billion annually to global
agricultural production (Shahidi, 1990; Yildiz, 2025). Despite considerable advances in breeding and crop management, canola remains
particularly sensitive to subsoil constraints because its productivity depends on the ability of its taproot system to penetrate deeply and
maintain access to water and nutrients during reproductive growth (Azam et al., 2026a; Farooq et al., 2024; Nuttall and Armstrong, 2010; Peng
et al., 2025). Restrictions to root elongation and proliferation can therefore have disproportionately large impacts on canola productivity
compared with many cereal crops.

Subsoil acidity, compaction and low nutrient availability are among the most widespread constraints limiting crop production globally and
throughout southern Australia (Gazey et al., 2019; Hamza and Anderson, 2005; Rengel, 2003; Schneider et al., 2017). These constraints
frequently co-occur in texture-contrast soils, where dense subsoil horizons, elevated soil strength, low nutrient availability, and aluminium (Al)
toxicity interact to restrict root penetration and function (Dracup et al., 1992; Isbell, 2021; van Gool, 2016). Soil acidity inhibits root elongation
through Al toxicity and nutrient imbalances (Delhaize and Ryan, 1995), whereas soil compaction limits root growth by increasing mechanical
impedance (hereafter soil strength) (Azam et al., 2014; Bengough et al., 2011; Materechera et al., 1991). Nutrient deficiencies restrict overall
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crop growth, which subsequently limits root biomass development due to reduced carbon allocation from the shoots (Hermans et al., 2006;
Marschner, 2011).

Recent advances in soil profile modification have demonstrated that multiple interacting constraints can be alleviated simultaneously through
soil re-engineering, which combines deep loosening with incorporation of amendments such as lime, clay, organic matter, and nutrients
throughout the rooting zone (Azam and Gazey, 2019; Azam et al., 2024a; Azam and Reynolds, 2026; Davies et al., 2024; Uddin et al., 2025).
Previous studies have shown that soil re-engineering can generate substantial and persistent improvements in various soil properties, resulting
in enhanced crop growth and yield (Azam and Reynolds, 2026; Wickramarachchi et al., 2025b). More recently, field and controlled-environment
studies have demonstrated that alleviation of soil acidity and soil strength can promote root development and resource acquisition in wheat,
barley and triticale (Azam et al., 2026a; Azam et al., 2025; McBeath et al., 2026; Wickramarachchi and Azam, 2026; Wickramarachchi et al.,
2025b). However, the extent to which canola root systems respond to integrated alleviation of multiple subsoil constraints under field
conditions remains poorly understood.

Despite increasing recognition of the importance of root systems in determining crop adaptation to water-limited environments (Chen et al.,
2015; Koevoets et al., 2016; Lynch, 2022; Lynch et al., 2024; White et al., 2013), there remains limited field-based evidence describing how
canola root systems respond temporally and spatially to the integrated alleviation of multiple subsoil constraints. Most previous studies
investigating canola responses to soil amelioration have relied on destructive root sampling at a single growth stage, providing limited
information on the temporal dynamics of root development (Gregory and Eastham, 1996; Severini et al., 2020; Wasson et al., 2012). Moreover, it
remains unclear whether improvements in root system alone are sufficient to enhance resource acquisition or whether the functionality of the
root-zone environment plays an equally important role in determining crop productivity. Therefore, this study employed repeated in situ
minirhizotron imaging to quantify the temporal and spatial dynamics of canola root development throughout the soil profile in a Brown Kurosol
under rainfed conditions in Western Australia following soil re-engineering.

We tested two overarching hypotheses: (i) that soil re-engineering would transform a constrained root zone into a more functional rooting
environment by alleviating soil physical and chemical constraints throughout the soil profile; and (ii) that the improved root-zone functionality,
facilitated by the incorporation of organic matter, would sustain root proliferation, improve root continuity across the duplex boundary, and
enhance exploration of deeper soil resources. Consequently, we expected these benefits to improve access to subsoil water and nutrients,
ultimately boosting crop productivity under water-limited conditions.

To test these hypotheses, this study addressed four specific questions: (i) how does soil re-engineering alter the physical and chemical
properties of an acidic Kurosol throughout the soil profile? (ii) how do canola root systems respond temporally and spatially to the progressive
alleviation of subsoil constraints? (iii) to what extent does improvement in root system influence water extraction, macronutrient (N, P, K and S)
acquisition and crop productivity? and (iv) is crop productivity more strongly associated with root system size or with improvements in root-
zone functionality?

Materials and methods

Experimental site and treatments

The study was conducted during the 2023 growing season at the long-term soil re-engineering experiment, established in 2021, located at
Meenar, Western Australia (31.52°S, 118.12°E). Prior to this study, the experimental site was cropped with a canola in 2021 and barley in 2022
and reported in Azam et al. (2026c¢). While this manuscript presents comprehensive data on soil properties, root development, water extraction,
nutrient uptake, grain yield, and grain quality from the 2023 canola season. Consequently, some overlap in the description of the experimental
site, treatments, and management is unavoidable. However, the present study provides substantially expanded datasets and new mechanistic
insights by integrating temporal root development with changes in root-zone functionality, resource acquisition, and canola productivity.
Therefore, this results also demonstrates the legacy benefits of soil re-engineering after three consecutive cropping seasons, highlighting the
persistence of treatment effects on soil function and crop performance.

The soil was classified as a Brown Kurosol according to the Australian Soil Classification and consisted of a sandy surface horizon overlying a
clay-enriched subsoil or duplex boundary occurring at 35-45 cm (Isbell, 2021). The site experiences a Mediterranean-type climate
characterised by cool, wet winters and hot, dry summers. Rainfall during the growing season was recorded using an on-site automatic weather
station. The 2023 growing season was characterised by a below-average rainfall environment, receiving only 240 mm annual rainfall compared
with the long-term average of 429 mm. The 2023 season had an estimated water-limited yield potential of 1,420 kg ha~" based on the model
developed by Oliver et al. (2009), providing an opportunity to evaluate the capacity of soil re-engineering treatments to improve root
development, resource acquisition, and crop productivity under severe water limitation.
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The experiment consisted of a randomised complete block design with three replicates. Eight soil re-engineering treatments were imposed to
alleviate physical, chemical and biological constraints (Azam et al., 2026c¢). For the present study, three treatments representing contrasting
levels of soil modification were selected for detailed root investigation. The T1 treatment was an untreated control, while the T2 treatment
consisted of deep loosening with incorporation of agricultural lime (6.8 t ha=", 90% equivalent weight of laboratory-grade CaCO3) throughout the
0-80 cm soil profile. The T3 treatment consisted of deep loosening with incorporation of agricultural lime (6.8 t ha-") throughout the 0-80 cm
profile, clay (329 t ha-?, collected from the subsoil that contained 36 + 2% clay particles) into the 0-40 cm layer, and compost (125t ha™",
sourced from a commercial supplier that contained 18% organic carbon and 1.13%, 0.45%, 0.77% and 0.77% N, P, K and S, respectively) into the
20-80 cm layer. Each treatment plot measured 4 m x 5 m and was separated by a 1 m x 4 m buffer zone.

Crop management

A hybrid canola (Brassica napus L.; cultivar Hyola Regiment XC, Pacific Seeds, Queensland, Australia) was sown on 17 May 2023 across all
treatments at a seeding rate of 3 kg ha~" with 30 cm row spacing. Crop establishment, fertiliser application, weed control, and pest and disease
management were undertaken by the collaborating grower following commercial best-management practices. The experiment was maintained
within the existing controlled traffic under a no-till system to minimise machinery-induced recompaction of the re-engineered soil profiles and
to avoid any further tillage operation.

Prior to seeding, the topsoil (0-10 cm) contained 17.7 mg kg™ " mineral N (ammonium-N plus nitrate-N), 22 mg kg-' Colwell P, 27 mg kg™
Colwell K, and 6.1 mg kg™ " KCI40 S. These levels of macronutrients were not sufficient to achieve 100% water-limited yield potential for this
site (Anderson et al., 2013; Bell et al., 2013; Brennan and Bell, 2013; Seymour and Brennan, 2017). Consequently, the crop received a basal
fertiliser application equivalent to 100 kg N ha-", 20 kg P ha~", and 20 kg K ha~", together with 25 kg S ha~" applied according to local agronomic
recommendations for canola.

Root imaging and analysis

Root development was monitored non-destructively using minirhizotron technology. Transparent acrylic tubes (130 cm length, 70 mm internal
diameter) were installed at approximately 45° to the soil surface within the crop row. One tube was installed in each experimental plot, resulting
in three replicates per treatment (n = 3).

Root images were collected using a CI-600 in-situ root imager (CID Bio-Science, Camas, WA, USA), which acquires high-resolution digital
images of roots growing along the soil-tube interface. Images were collected at 7, 14, 21, 28, 36, 46, 57, 67, and 83 days after seeding (DAS).
At each sampling date, images were obtained from six observation windows spanning approximately 0—80 cm vertical soil depth. Each window
represented approximately 13.3 cm of vertical soil depth, enabling repeated assessment of temporal and spatial changes in root development
throughout the growing season.

Images were analysed using RootSnap! software (Version 1.4.0.108, CID Bio-Science, USA). Prior to analysis, image brightness and contrast
were standardised across all images. Visible roots were manually traced using the software's semi-automated tracing algorithm, which
automatically aligns tracing points with root centre lines. Total root length (TRL; m tube-") was calculated for each image and summed across
the depths. Planar root length density (pRLD) was calculated as the ratio of root length to the scanned image area following established
minirhizotron procedures (Wacker et al., 2024). The rate of root proliferation (6pRLD; cm cm-2 d-*) was calculated as:

8pRLD = (pRLD, - pRLD,) / &6t (i)
where &t is the number of days between successive sampling dates.

Root continuity was defined as the persistence of root proliferation across successive soil depth intervals and sampling dates, indicating
continued access to deeper portions of the soil profile.

Soil sampling and analyses

Soil samples were collected in July 2023 (approximately 75 DAS) when treatment differences in crop growth and root development were clearly
evident. Samples were collected from 10-cm increments to 80 cm depth using a stainless-steel pipe with 4 cm inner diameter. At each
sampling event, four soil cores per plot and depth were collected, bulked and processed for various analysis.

All soil analytical procedures are described in Rayment and Lyons (2011). Soil pH was measured in 0.01 M CaCl, (1:5 soil-to-solution ratio)
(Method 4B2). Soil organic carbon was determined using dry combustion (Method 6A1). Mineral N was measured following extraction with 2 M
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KCI (Method 7C2). Colwell P was determined using sodium bicarbonate extraction (Method 9B1), while Colwell K was measured using the
same bicarbonate extraction procedure followed by determination of K concentration in the extract (Method 18A1). Soil S was measured using
0.25 M KCI (Method 10D 1) while extractable Al was used using method described by Bromfield (Bromfield, 1987). Soil data were analysed as
the weighted average for 0—30 cm (e.g. pHsg) (Anderson et al., 2026), 30—-80 cm (e.g. pH3g_go) and 0—-80 cm depth (e.g. pHg).

Soil strength measurements

Soil strength was assessed in July 2023 using a digital cone penetrometer (CP40ll; Rimik Pty Ltd, Toowoomba, QLD, Australia). Measurements
were conducted on the same day as soil sampling to facilitate interpretation of penetration resistance in relation to soil water content and soil
chemical properties. Assessments were undertaken during the peak vegetative growth stage of canola, approximately two days after a rainfall
event. Penetrometer resistance was recorded at 2.5 cm depth increments to 80 cm and expressed as MPa.

Because soil profile re-engineering substantially altered soil bulk density, root development, and water extraction, volumetric soil water content
differed among treatments at the time of measurement (see Results). Although soil penetration resistance is strongly influenced by soil water
content, the untreated control retained substantially more profile water than the re-engineered treatments because restricted root development
limited water extraction. Consequently, the greater penetration resistance measured in the untreated control cannot be attributed to drier soil
conditions but instead reflects the persistence of mechanical impedance within the unmodified soil profile.

Soil water extraction

Volumetric soil water content was monitored throughout the growing season using EnviroPro® capacitance probes (Model EP100G-12,
EnviroPro Sensors Pty Ltd, Stepney, SA, Australia) installed within each plot. The probes measure soil dielectric properties and convert them to
volumetric water content using soil-specific calibration equations. Soil water content was recorded at 1 h intervals at 10 cm depth increments
from the soil surface to 80 cm depth throughout the growing season.

Plant measurements

Above-ground biomass was sampled at anthesis, corresponding to approximately 50% flowering, when canola nutrient demand and biomass
accumulation were near their seasonal maximum (Meier, 2018). Three biomass samples were collected from each plot by harvesting two
adjacent crop rows over a 0.5 m length. Samples were oven-dried at 60°C until constant mass, weighed to determine shoot biomass, and
subsequently ground for chemical analysis as describe in Rayment and Lyons (2011). Plant tissue N concentration was determined by dry
combustion (Method 6B2). Phosphorus, K and S concentrations were measured following nitric acid—hydrogen peroxide digestion and
subsequent analysis by inductively coupled plasma optical emission spectrometry (ICP-OES) (McQuaker et al., 1979). Total nutrient uptake (N,
P, and K) was calculated as the product of shoot dry matter and nutrient concentration and expressed on an area basis (kg ha-"). We used the
critical tissue concentration for N of 3.2%, for P of 0.30% (Reuter and Robinson, 1997), for K of 2.0 and for S of 0.25% (Brennan and Bolland,
2007).

Above-ground biomass and grain yield were determined at physiological maturity by hand-harvesting plants from a 2 m x 4 m quadrat within
each plot. Biomass samples were oven-dried at 60°C to constant mass and weighed to determine total dry matter production. Following
threshing, grain yield was determined and expressed on a dry weight basis (kg ha™"). A representative grain subsample from each plot was
retained for grain quality analyses. Harvest index (HI) was calculated as the ratio of grain yield to total above-ground biomass x 100. Grain
protein concentration (%) was determined using near-infrared reflectance spectroscopy (NIR, Infratec 1241 Grain Analyzer, FOSS, Hillergd,
Denmark). Grain size was assessed as thousand-seed weight (TSW) by counting and weighing a representative grain subsample from each
plot.

Statistical analysis

The experimental design consisted of a randomised complete block design with three biological replicates (n = 3) per treatment. Treatment
effects on soil properties, root system traits, water extraction, nutrient uptake, biomass production, and grain yield were assessed using
analysis of variance (ANOVA) in GenStat Version 22 (VSN International, Hemel Hempstead, UK).

Treatment was treated as a fixed effect and block as a random effect. For variables measured repeatedly through time, including root
development and soil water content, sampling date was included as a repeated factor and treatment x date interactions were examined.
Assumptions of normality and homogeneity of variance were evaluated using residual diagnostic plots. Where treatment effects were
significant (P < 0.05), means were separated using Tukey's honestly significant difference (HSD) test. Pearson correlation and regression
analyses were used to investigate relationships among root development, soil properties, resource acquisition, and crop productivity.
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Results

Soil re-engineering alleviated physical and chemical constraints

Soil re-engineering substantially modified the physical and chemical properties of the Kurosol profile (Table 1). Deep incorporation of lime
increased soil pH throughout the profile and markedly decreased extractable Al, thereby alleviating subsoil acidity. Within the 0—30 cm profile,
PHc, increased from 4.33 in the untreated control (T1) to 4.81 in both T2 and T3 (P < 0.05), while extractable Al declined from 13.8 to 1.5 and
2.8 mg kg™, respectively (P < 0.05). Greater changes occurred across the 30-80 cm and 0—-80 cm profile compared to the 0-30 cm depth. For
example, at 30—80 cm depth, pH, increased from 4.39 in T1 to 5.35in T2 and 5.75 in T3. Over the same depth, extractable Al decreased from

22.42 mgkg™"inT1to 2.34 mg kg™"in T2 and only 0.30 mg kg~" in T3, representing more 90% reduction in Al concentration.

Soil strength declined markedly following soil re-engineering. Penetrometer resistance at 0-30 cm decreased from 2.04 MPa in T1 to 0.80 MPa
in T2 and 0.73 MPa in T3 (P < 0.001). Similar responses occurred at 30-80 cm and 0-80 cm depths. Overall, at 0-80 cm depth soil strength
declined from 2.62 MPa in T1 to 1.14 MPa in T2 and 0.87 MPa in T3, equivalent to reductions of 56 and 67%, respectively.

Organic carbon concentrations tended to increase following amendment incorporation, particularly in T3, where organic carbon at 0-80 cm
was 44% greater than the control (0.52 vs 0.36%; P < 0.05). Soil CEC capacity also doubled from 1.53 cmol kg™ " in T1 t0 3.16 cmol kg™ ' in T3 at
0-80 cm (P < 0.05).

Deep incorporation of clay and compost also increased nutrient availability at depth. Colwell P at 0—-80 cm increased from 7.30 T1 to 11.89 mg
kg~ in T3 (63%; P < 0.05), while Colwell K increased from 20.49 in T1 to 26.12 mg kg~ in T3 (27%; P < 0.05), S level increased from 10.95 mg
kg='in T110 19.97 mg kg~" in T3 (100%; P < 0.05), however, inorganic N decreased from 10.65 mg kg="in T1 to 5.41 mg kg~ in T2 (51%, P <
0.05). Collectively, these changes indicate that soil re-engineering simultaneously alleviated major physical, chemical and nutrients related soil
constraints to root growth and resource acquisition.
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Table 1

Effect of soil re-engineering treatments on selected soil chemical and physical properties of a Brown Kurosol measured during the 2023 canola
growing season at Meenar, Western Australia. Values represent treatment means (n = 3). Within a row, means followed by different letters are
significantly different according to Tukey’s honestly significant difference (HSD) test at P < 0.05. T1, untreated control; T2, deep loosening with

lime incorporation; and T3, deep loosening with lime, clay, and compost incorporation.

Propertiest
PH3g
PH30-g0
PHgo
Alzg
Al3o-go
Algg

SS3p
SS30-80
SSgp
0C3q
0C30-g0
0Cg
CEC3g
CEC30-g0

S30—80

Sgo

T
4.33°
4.39°
4.37°
13.75°
22.42°
17.49°
2.04°
3.34°
2.62°
0.53
0.25°
0.36°
1.32°
1.65°
1.53°

21.99b
3.85

10.65

14.82

2.792
7.302
19.232
21.25°
20.492b

3.23

15.592
10.95

T2
4.81°
5.35°
5.14°
1.51°
2.34°
2.03°
0.802
1.58°
1.140
0.86
0.20°
0.46%
2.65
2.25%
2.40%

10.852
2.15

5.41

14.37

2.61°
7.02°
20.342
9.50°
13.56°

2.89

21.572b
14.59

T3
4.81°
5.75°
5.40°
2.83P
0.30°
1.33°
0.732
1.102
0.87°
0.88

0.32°
0.52°
2.54°
3.54°
3.16°

12.272b
7.07

9.02

17.05

8.80°

11.89°
45.90°
14.252
26.12°

9.05

26.53P
19.97

Isd (5%)
0.38
0.85
0.66
5.45
11.38
6.23
0.09
0.28
0.11
0.34
0.05

0.12

8.41
6.65
4.51
5.73
1.55
2.37
16.37
6.55
8.95
10.47
9.78

9.18

Note: 1 pHy,, pHaq_gq @and pHgg, s0il pH (CaCly); Alyy Alyy_go and Algy, aluminium concentration (CaCl,, mg kg™ 7); SS34, SS30-go @nd SSgy, soil

strength (MPa); OC3, OC3q_go and OCgy, organic carbon (%); CEC, CEC3-go and CECg, cation exchange capacity (cmol kg™ ); N3g, N3g-go
and Ngg, mineral nitrogen (NOs~N + NH,*N; mg kg="); P3o P3o-go and Pgg, Colwell phosphorus (mg kg="); and K3, K3g—go and Kgg, Colwell
potassium (mg kg=") and S, S39-gg and Sgy, sulfur (mg kg-) for the 0-30 cm, 30—80 and 0-80 cm soil profiles, respectively. Isd (5%) = least
significant difference at P < 0.05.

Soil re-engineering promoted root development throughout the growing season
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Root development differed significantly among treatments and diverged progressively as the season advanced (Fig. 1). During crop
establishment (7-21 DAS), total root length (TRL) increased similarly across treatments. Thereafter, treatment differences became increasingly
pronounced, with the greatest difference occurring between 28 and 57 DAS (P < 0.05). By 83 DAS, TRL reached approximately 79 m tube~" in T1,
compared with 163 m tube™" in T2 and 92 m tube~" in T3 (Fig. 1a). Relative to the control, TRL increased by 106% in T2 and 16% in T3.

The rate of root proliferation (§pRLD) peaked between 28 and 46 DAS in all treatments but was substantially greater in T2 than in either T1 or
T3 (Fig. 1b). Root growth in T1 and T3 slowed markedly after 57 DAS, whereas T2 continued to accumulate root length throughout the
monitoring period. Amelioration of subsoil acidity and soil strength promoted sustained root development, while further addition of clay and
organic matter moderated the magnitude of root proliferation relative to the lime-only treatment.

Root distribution with depth responded strongly to subsoil amelioration

Canola root distribution across the depths differed among treatments as roots developed deeper into the soil profile (Fig. 2). At 7 DAS, TRL did
not differ significantly among treatments, sampling depths, or their interaction (P > 0.05; Fig. 2a), indicating similar early root establishment
across treatments. By 28 DAS, TRL differed significantly among treatments and sampling depths (P < 0.05), although the treatment x depth
interaction was not significant (P > 0.05; Fig. 2b). From 57 DAS onwards, TRL differed significantly among treatments, depths, and their
interaction (P < 0.05; Fig. 2c and 2d), demonstrating that treatment effects became increasingly depth-dependent as the season progressed.

In the untreated control, root abundance declined sharply below the duplex boundary, with little or no roots in deeper soil layers. In contrast, soil
re-engineering substantially increased root proliferation throughout the profile. In the three deepest measurement depths, TRL increased from
near zero in T1 to approximately 23—32 m per 13.3 cm depth in T2. A similar depth response was observed in T3, although TRL was generally
lower than in T2, especially at 39—-65 cm depth. These results indicate that soil re-engineering enabled canola roots to penetrate and exploit
subsoil layers that were largely inaccessible in the untreated profile.

Enhanced root development increased soil water extraction

Treatment effects on profile soil water were significant from 14 DAS onwards. Several rainfall events immediately after seeding replenished soil
water across all treatments (Fig. 3a), resulting in similar cumulative profile water contents during early crop establishment (Fig. 3b). As the
season progressed, however, treatment differences became increasingly pronounced. During early vegetative growth, profile water declined at
similar rates across treatments, whereas marked divergence occurred during stem elongation and flowering, coinciding with rapid root
proliferation (Fig. 1).

At most measurement dates, T1 retained significantly greater volumetric soil water content than T2 and T3, particularly between 20 and 70 cm
depth (Fig. 4). At harvest, approximately 115 mm of water remained within the 0-80 cm soil profile of T1, compared with only 80 and 70 mm in
T2 and T3, respectively. Consequently, soil re-engineering increased profile water extraction by approximately 35 mm in T2 and 45 mm in T3
relative to the untreated control. The large amount of residual soil water in T1 indicates that a substantial proportion of stored subsoil water
remained inaccessible because restricted root development limited water uptake below the duplex boundary. In contrast, sustained root
proliferation throughout the re-engineered soil profile, particularly below the duplex boundary, enabled greater extraction of stored subsoil water
during crop growth.

Improved root-zone conditions enhanced nutrient acquisition and crop
productivity

Improved soil conditions and root development translated into substantial increases in nutrient concentration and uptake, biomass production,
grain yield, and grain quality (Table 2). Nitrogen uptake increased from 68 kg ha="in T1 to 102 kg ha=" in T2 and 145 kg ha=" in T3, representing
increases of 50 and 114%, respectively (P < 0.05). Phosphorus uptake increased from 5.6 kg ha=in T1to 10.9 kg ha-"in T2 and 18.3 kg ha="in
T3, equivalent to increases of 96 and 228%, respectively (P < 0.001). Potassium uptake increased from 36 kg ha=" in T1 to 59 kg ha=" in T2 and
87 kg ha~"in T3, representing increases of 64 and 142%, respectively. Sulfur uptake increased from 9.2 kg ha="in T1 to 16.7 kg ha-" in T2 and
21.1 kg ha~"in T3, representing increases of 84 and 129%, respectively.

Biomass production increased from 4,989 kgha="in T1 to 6,653 kg ha=" in T2 and 7,793 kg ha~" in T3, corresponding to increases of 33 and
56%, respectively (Table 2, P <0.001). Grain yield increased from 1,983 kg ha="in T1 to 2,518 t ha=" in T2 and 2,926 kg ha=" in T3, representing
improvements of 27 and 48%, respectively.

Grain protein concentration increased from 19.4% in T1 to 22.5% in T2 and 25.2% in T3 (Table 2, P < 0.05), whereas thousand-seed weight was
not significantly affected by treatment (P > 0.05). Collectively, these responses demonstrate that soil re-engineering substantially enhanced
resource acquisition and crop productivity.
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Table 2

Effect of soil re-engineering treatments on nutrient concentration and
uptake, biomass production, grain yield, and grain quality of canola
grown on a Brown Kurosol during the 2023 growing season at Meenar,
Western Australia. Values represent treatment means (n = 3). Within a
row, means followed by different letters are significantly different
according to Tukey’s honestly significant difference (HSD) test at P <
0.05.

Properties T1 T2 T3 Isd (5%)
N concentration (%) 2702  3.072 371b 077
N uptake (kg ha™ 1) 67.92  101.6° 1450° 269
P concentration (%) 0228  0.332 0470  0.12
P uptake (kg ha™") 5592  10.94> 18.34c 3.70
K concentration (%) 1432 1783 994 0.81
K uptake (kg ha™ ") 36.002 59.15% g7.00> 28.90
S concentration (%) 037° 050 0540 015
S uptake (kg ha™ 1) 9.202 1672 21.08> 5.00
Biomass yield (kg ha™ 1) 4989 6,653  7,793¢ 985
Grain yield (kg ha™") 19832 2518 2026 442
Protein (%) 19.432 22.47ab 25.17b 3.63
Thousand seed weight (g)  3.63 3.57 3.46 0.22
Note: Isd (5%) = least significant difference at P < 0.05.

Relationships among root development, resource acquisition and crop
performance

Total root length was negatively related to residual soil water at harvest (Fig. 5a), demonstrating that greater root proliferation increased the
capacity of canola to utilise stored soil water. Consequently, T2 and T3 retained substantially less water within the 0—80 cm profile at harvest
than the untreated control. Residual soil water was strongly negatively associated with grain yield (Fig. 5b), indicating that treatments capable
of extracting a greater proportion of stored soil water achieved superior crop performance. Together, these relationships highlight the
importance of sustained root development for water acquisition under water-limited conditions.

Correlation analyses revealed strong associations among soil properties, soil nutrient availability, nutrient uptake, crop growth and grain
production (Table 3, Table and Table 5). Total root length was positively correlated with soil pH, but negatively correlated with Al concentration,
0C3y_gp and soil strength (Table 3), indicating that root development was favoured by a less acidic and less mechanically restrictive rooting
environment. The association between TRL and Al (r =-0.53 to -0.60) was stronger than that with soil pH (r = 0.30-0.48), suggesting that
alleviation of aluminium toxicity was a key driver of root proliferation. Total root length was generally negatively correlated with the residual
availability of the four macronutrients (Table 4). This negative relationship most likely reflects greater nutrient depletion from the soil by larger
and more active root systems, rather than reduced soil fertility, and is consistent with the higher total nutrient uptake observed in T2 and T3
(Table 2).

Uptake of the four macronutrients (N, P, K, and S) was strongly and positively correlated, indicating that treatments promoting acquisition of
one nutrient generally enhanced acquisition of the others (Table 5). Biomass production was also strongly associated with the uptake of all
four nutrients (r = 0.85-0.94), with the strongest relationship observed for sulfur uptake, suggesting that balanced nutrient acquisition was a
major driver of crop growth. Grain yield was highly correlated with biomass production (r = 0.95) and positively associated with the uptake of all
four macronutrients (r = 0.70-0.92), highlighting the importance of nutrient acquisition for grain production.

Total root length was positively correlated with the uptake of N, B K, and S (r = 0.19-0.42), above-ground biomass (r = 0.43), and grain yield (r =
0.46). However, these relationships were consistently weaker than those among nutrient uptake, biomass production, and grain yield. This
finding suggests that crop productivity was influenced not only by root system size but also by the efficiency with which the root system
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acquired soil water and nutrients, supporting the concept that root-zone functionality, rather than root length alone, governed crop
performance.

Residual soil water at harvest explained a large proportion of the variation in grain yield (R = 0.77), indicating that access to stored soil water
was a major determinant of crop performance (Fig. 5b).

Interestingly, T2 developed the largest root system, consistent with its greater capacity to exploit deep soil water. However, T3 achieved the
highest nutrient uptake, biomass production, and grain yield despite producing approximately 43% less TRL than T2. Specifically, T3 increased
phosphorus uptake by 43%, potassium uptake by 47%, biomass production by 17%, and grain yield by 16% relative to T2. These findings
suggest that while extensive root systems were important for accessing stored soil water, improvements in root-zone functionality through clay
and compost incorporation enhanced nutrient availability and resource acquisition efficiency, enabling a smaller root system to support greater
crop productivity.

Table 3

Pearson correlation coefficients (r) between total root length (TRL; m tube-") and selected soil physical and chemical properties measured in
the 0—80 cm soil profile of a Brown Kurosol during the 2023 canola growing season at Meenar, Western Australia. Correlations were calculated
using treatment means across all observations. Positive values indicate positive associations, whereas negative values indicate inverse
relationships.

tpHz TRL  pH3zy pH3- pHgy Alyp  Aly-  Algy  SS3p  SS3- SSgg 0C3 0C3- 0Cq CEC3 CEC3-
80 80 80 80 80

0.48

PHy. 026  0.88

80

pHep, 030 092  1.00

Alzg -0.60 -0.80 -0.73 -0.75

Alyygo -049 076 -079 079 0.2

Algg -0.53 -0.81 -0.80 -0.82 0.97 0.98

SS3p -0.57 -0.85 -0.78 -0.81  0.91 0.90 0.93

SS;o- -0.39 -0.84 -0.76 -0.79 0.89 0.85 0.90 0.97

80

SSgp -049 -084 -0.79 -0.82 0.90 0.90 0.92 1.00 0.98

0C3g 0.40 0.85 0.94 094 -0.66 -0.68 -0.71 -0.70 -0.65 -0.69

0C3p- -0.66 0.02 0.37 0.31 -0.06 -0.17 -0.15 -0.06 -0.19 -0.14 0.15

80

0Cgq 0.11 0.75 0.96 094 -0.60 -0.66 -0.68 -0.64 -0.64 -0.66 0.93 0.50

CEC3g 0.52 0.96 0.89 0.92 -0.79 -082 -0.83 -0.81 -0.77 -0.80 0.86 -0.01 0.75

CEC3- -0.05 0.73 0.89 0.87 -0.53 -0.60 -0.62 -0.64 -0.69 -0.69 0.73 0.64 0.87 0.69

80

CECgg 0.14 0.86 0.95 0.95 -0.66 -0.72 -0.74 -0.75 -0.77 -0.78 0.83 0.46 0.89 0.85 0.97

Note: t pHsp, pH30-gg and pHgg, soil pH (CaCl,); Algg Alsg_go and Algg, aluminium concentration (CaCly, mg kg™ ); SS3, SS30-gg and SSg, soil

strength (MPa); 0Cs;, 0C3_go and OCgy, organic carbon (%); CECy,, CEC3o_go and CECg,, cation exchange capacity (cmol kg~ for the 0-30 cm,
30-80 and 0-80 cm soil profiles, respectively.
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Table 4

Pearson correlation coefficients (r) between total root length (TRL; m tube-") and status of selected macronutrients measured in the 0-30 and
0-80 cm soil profile of a Brown Kurosol during the 2023 canola growing season at Meenar, Western Australia. Correlations were calculated
using treatment means across all observations. Positive values indicate positive associations, whereas negative values indicate inverse
relationships.

TN3q

S30-80

Sgo

TRL

-0.57

-0.37

-0.61

-0.25

-0.38

-0.38

-0.28

-0.80

-0.68

-0.24

0.25

0.12

N3o

0.23
0.81
0.29
-0.21
-0.04
-0.23
0.64
0.16
-0.12
-0.65

-0.54

N30-g0

0.75
0.51
0.71
0.73
0.79
0.29
0.82
0.22
-0.03

0.04

Ngo

0.50
0.29
0.42
0.32
0.60
0.60
0.05
-0.45

-0.34

P3o

0.49
0.77
0.55
0.05
0.49
0.77
0.28

0.45

P30-g0

0.93

0.96

-0.04

0.78

0.56

0.43

0.50

Pso

0.93
-0.01
0.78
0.72
0.43

0.55

K30 K30-s0  Kgo
-0.01

0.83 0.55

0.58 -0.05 0.46
0.50 -0.41 0.20
0.56 -0.33 0.29

S30 S30-80
0.66
0.81 0.97

Note: 1 N3g, N3g_go and Ngg, mineral nitrogen (NO,~N + NH,*-N; mg kg~"); P3g P3g_go and Pgg, Colwell phosphorus (mg kg~"); and K3, K39-go and
Kgq Colwell potassium (mg kg~) and Sy, S;q_gg and Sgy, sulfur (mg kg~") for the 0-30 cm, 30-80 and 0—80 cm soil profiles, respectively.

Rooting efficiency and harvest index

Table 5

Pearson correlation coefficients (r) among total root length (TRL), nutrient uptake, biomass production, grain yield,
grain protein concentration, thousand-seed weight (TSW), and harvest index (HI) of canola grown under contrasting
soil re-engineering treatments at Meenar, Western Australia, during the 2023 growing season. Correlations were
calculated using treatment means across all observations. Positive values indicate positive associations, whereas
negative values indicate inverse relationships.

N uptake

P uptake

K uptake

S uptake
Biomass yield
Grain yield
Protein

TSW

TRL N uptake
0.30

0.42 0.98
0.19 0.68
0.39 0.92
0.43 0.85
0.46 0.70
0.28 0.92
0.00 -0.82

P uptake

0.76
0.93
0.90
0.81
0.92
-0.74

K uptake

0.76
0.90
0.92
0.77
-0.50

S uptake

0.94
0.84
0.89
-0.75

Biomass yield Grain yield
0.95

0.83 0.72

-0.63 -0.40

Protein

-0.80

Rooting efficiency, expressed as root length required to produce a unit of biomass or grain yield, differed among treatments (Fig. 6). Among the
three treatments, T3 had the highest rooting efficiency, while T2 had the lowest. The greatest improvement occurred in T3, where enhanced
nutrient availability and improved root-zone conditions enabled greater biomass and grain production despite a smaller root system than T2.

Harvest index varied only modestly among treatments, suggesting that treatment effects on grain yield were primarily driven by increased
biomass production rather than major shifts in biomass partitioning. Despite exhibiting the greatest rooting efficiency, T3 had the lowest
harvest index, indicating that enhanced resource acquisition and biomass accumulation were not fully converted into grain yield. This response
may reflect a degree of reproductive limitation during grain filling, although the underlying mechanisms require further investigation.
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Discussion

This study investigated whether improving the functionality of a constrained root zone could enhance root development, resource acquisition,
and crop productivity in canola grown on a severely acidic duplex soil. Soil re-engineering improved soil pH, cation exchange capacity (CEC),
and nutrient availability while reducing aluminium concentration and soil strength throughout the 0—-80 cm profile. These changes promoted
sustained root proliferation into deeper soil layers, enhanced extraction of stored subsoil water, and increased N, P, K, and S uptake, resulting in
biomass and grain yield increases of up to 56% and 48%, respectively. Deep root proliferation was particularly important for accessing stored
subsoil water, whereas incorporation of clay and compost increased nutrient retention and availability within the rooting zone, enabling a
smaller root system to acquire resources more efficiently. Consequently, although T2 developed the largest root system, T3 achieved greater
nutrient uptake and crop productivity despite producing fewer roots. These findings demonstrate that crop performance depends not only on
root system size but also on the capacity of the surrounding root-zone environment to supply water and nutrients efficiently.

Improved root-zone functionality promoted sustained root development

Root system is highly responsive to the physical and chemical conditions of the soil environments (Koevoets et al., 2016; Lynch, 1995; Lynch,
2022). In the present study, soil re-engineering improved root-zone functionality through simultaneous alleviation of multiple constraints,
including soil acidity, Al toxicity, and soil strength. Soil pH increased and Al toxicity reduced substantially throughout the profile, while sail
strength declined by more than 50%, creating a more favourable environment for root elongation and proliferation.

The strong root response observed in T2 and T3 is consistent with extensive evidence demonstrating that acidic and compacted subsoils
restrict root growth and limit exploration of deeper soil layers (Bengough et al., 2011; Conyers et al., 2023; Delhaize and Ryan, 1995). In acidic
soils, Al toxicity can rapidly inhibit root elongation, reducing access to subsoil water and nutrients (Azam et al., 2026a; Delhaize and Ryan,
1995), whereas high soil strength increases the mechanical resistance encountered by growing roots and restricts root penetration (Azam et
al., 2014, Bengough et al., 2011; Hamza and Anderson, 2005). The substantial reduction in soil strength and increase in soil pH and reduced Al
concentration following soil re-engineering therefore removed two major limitations to root growth.

The temporal dynamics of root development provide additional evidence for the importance of root-zone functionality. Root growth trajectories
were similar among treatments during crop establishment but diverged markedly after approximately 36 DAS, when crop demand for water and
nutrients increased. In T1 and T3, the increases in pRLD slowed considerably after 57 DAS, whereas T2 maintained root growth throughout
reproductive development (Fig. 1b). Similar responses have been reported in wheat and barley following amelioration of acidic and compacted
soils, where improvements in root-zone conditions enabled greater and deeper root system (Azam et al., 2025; Wickramarachchi and Azam,
2026). The increased root abundance at deeper depths, further demonstrates that soil re-engineering expanded the functional rooting volume
available to canola and allowed roots to exploit soil layers that were largely inaccessible in the untreated profile.

Sustained root development enhanced water and nutrient acquisition

The improvements in root development translated directly into greater acquisition of water and nutrients. Root systems function primarily as
organs for resource capture, and their contribution to crop productivity depends largely on their ability to access limiting resources rather than
simply their size (Gregory, 2006; Lynch, 1995; Lynch, 2019). In this study, treatments with larger (T2) and deeper root (both T2 and T3) systems
extracted more water from the soil profile, retained less residual soil water at harvest, and achieved substantially greater nutrient uptake than
the untreated control (Table 2).

The relationship between root development and water extraction was positive. Treatments T2 and T3 extracted an additional 35-45 mm of
water from the 0—80 cm profile compared with T1. This additional water likely contributed significantly to grain production because
reproductive growth in Mediterranean environments frequently coincides with declining rainfall and increasing evaporative demand (Barrett-
Lennard et al., 2024; Kirkegaard et al., 2007; Nuttall and Armstrong, 2010; Wickramarachchi et al., 2025a). Previous studies have demonstrated
that deeper rooting systems improve drought avoidance by increasing access to stored subsoil water during grain filling (Wasson et al., 2012;
White et al., 2015). Consistent with these findings, residual soil water at harvest was strongly associated with grain yield, indicating that water
acquisition was a major determinant of crop performance.

Enhanced root development also improved nutrient acquisition. Nitrogen, P, K and S uptake increased substantially following soil re-
engineering, reflecting both improved soil fertility and greater root exploration of the profile (Table 2). Strong positive relationships among
nutrient uptake, biomass production, and grain yield suggest that increased access to soil resources contributed directly to productivity gains.
Similar relationships have been reported in canola and cereal crops where improved root development enhanced nutrient capture and
increased crop growth (Azam et al., 2025; Hammond et al., 2009; Lynch, 2019; Wickramarachchi et al., 2025b). Collectively, these results
support the concept that sustained root development increases crop productivity by improving access to both water and nutrients during
critical growth stages.
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The influence of soil re-engineering on nutrient acquisition was further demonstrated by comparing shoot nutrient concentrations with
established critical values for canola (Brennan and Bolland, 2007; Reuter and Robinson, 1997). Plants grown in T8 showed no nutritional
limitations, with shoot concentrations of N (3.7%), P (0.47%), K (2.2%), and S (0.47%) all exceeding their respective critical concentrations of
3.2%, 0.30%, 2.0%, and 0.25%. In contrast, plants grown in T5 exceeded the critical concentrations for P (0.33%) and S (0.50%), whereas N and K
remained below the critical thresholds. The untreated control (T1) was deficient in N, P, and K, with only S concentration exceeding the critical
level.

Root-zone functionality was more important than root size alone

The most significant finding of this study was that the treatment producing the largest root system did not achieve the highest crop
productivity. Although T2 produced approximately 77% greater total root length than T3 (Fig. 1), T3 achieved greater nutrient uptake, biomass
production, and grain yield. This finding challenges the common assumption that larger root systems necessarily result in superior crop
performance and demonstrates that root-zone functionality can be as important as root size in determining crop productivity. Under
comparable root-zone conditions, larger root systems would be expected to enhance resource acquisition because they explore a greater
volume of soil. However, in the present study, soil re-engineering in T3 increased nutrient availability, CEC, organic carbon and water availability,
enabling a smaller root system to acquire resources more efficiently than the substantially larger root system in T2. These results indicate that
crop performance depends on the interaction between root system and the functionality of the surrounding root-zone environment, rather than
on root size alone.

The superior performance of T3 likely reflects improvements in the quality of the rooting environment rather than the quantity of roots
produced. The addition of clay and compost increased soil organic carbon and nutrient availability throughout the profile and likely improved
nutrient retention, microbial activity, and soil hydraulic properties (Lal, 2020; Oldfield et al., 2019; Six et al., 2004). Consequently, individual roots
in T3 may have acquired more water and nutrients per unit root length than those in T2. This interpretation is supported by the rooting-
efficiency analysis, which showed that T3 produced more biomass and grain per unit root length despite developing a smaller root system

(Fig. 6).

These findings align with emerging concepts in root biology suggesting that resource acquisition efficiency is often more important than root
size alone (Lynch, 2019; Lynch, 2022; Schneider and Lynch, 2020). Root systems require substantial carbon investment to construct and
maintain, and larger root systems do not necessarily maximise crop productivity if the additional roots provide limited gains in resource
acquisition (Van Noordwijk et al., 1998). The present study agrees with other studies demonstrating that a moderately sized root system
operating within a highly functional root zone can outperform a much larger root system growing in a less favourable environment (Fig. 1 and
Fig. 2). This observation may help explain why relationships between root size and crop productivity are often inconsistent across
environments and highlights the importance of considering both root traits and soil conditions when evaluating crop adaptation strategies.

Implications for crop adaptation and soil management

The findings have important implications for crop production in Mediterranean-type environments where water availability frequently limits
productivity. Climate projections indicate increasing rainfall variability and greater incidence of seasonal drought across many rainfed cropping
regions (Government-of-Western-Australia, 2021; Lee et al., 2023). Under these conditions, improving access to stored soil water and nutrients
will become increasingly important for maintaining crop yields (Azam et al., 2026b; Azam et al., 2024b; Barrett-Lennard et al., 2024).

The present study demonstrates that integrated management of multiple soil constraints can substantially increase the functional rooting
volume available to crops and improve access to resources that would otherwise remain unavailable (Azam and Gazey, 2019; Azam et al.,
2026a; Azam et al., 2026¢; Uddin et al., 2025). Traditional management approaches often target individual constraints such as acidity or
compaction in isolation (Davies et al., 2024; Isbister et al., 2024; Li et al., 2019). In contrast, soil re-engineering simultaneously improved the
physical (e.g. soil strength), chemical (e.g. pH and Al), and biological (e.g. organic carbon) properties of the root zone, generating benefits that
persisted throughout the growing season.

More broadly, the results suggest that future efforts to improve crop productivity should focus not only on breeding larger or deeper root
systems but also on enhancing the functionality of the root environment in which those roots operate. The concept of root-zone functionality
provides a useful framework for integrating soil management and crop physiology and may help identify new opportunities to improve
resource-use efficiency under increasingly variable climatic conditions (Azam et al., 2026b; Hayman et al., 2012). Future research should
investigate how soil physical properties, nutrient dynamics, microbial processes, and root traits interact to regulate resource acquisition
efficiency in field-grown crops.

Conclusions
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Soil re-engineering improved the functionality of a constrained root zone in an acidic duplex soil by alleviating subsoil acidity along with Al
toxicity and soil strength while increasing nutrient availability throughout the profile. These improvements promoted sustained root
development, greater root proliferation throughout the depth of amelioration, and enhanced access to water and nutrients stored in deeper soil
layers, resulting in up to 56% greater biomass production and 48% greater grain yield than the untreated control. Importantly, the treatment
producing the largest root system did not achieve the highest crop productivity, demonstrating that root-zone functionality may be as important
as root size in determining crop performance. The superior performance of T3 despite a smaller root system compared to T2 suggests that
water and nutrient acquisition efficiency is a more meaningful indicator of productivity than root length alone. Collectively, these findings
highlight the importance of improving the effectiveness of the root environment to enhance crop productivity, resource-use efficiency, and
climate resilience in Mediterranean-type cropping systems.
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Figure 1

Temporal changes in (a) total root length (TRL; m tube-") and (b) root proliferation rate (§pRLD; cm cm-2 d-") of canola grown under different
soil re-engineering treatments during the 2023 growing season at Meenar, Western Australia. Values represent treatment means (n = 3). Error
bars indicate standard errors of the mean. Within each panel and measurement time different letters are significantly different according to
Tukey’s honestly significant difference (HSD) test at P < 0.05. T1, untreated control; T2, deep loosening with lime incorporation; and T3, deep
loosening with lime, clay, and compost incorporation. pRLD = planar root length density.
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Figure 2

Temporal development and vertical distribution of canola roots measured as total root length (TRL; m) within successive minirhizotron
scanning windows at 7, 28, 57 and 83 days after seeding (DAS) in 2023 growing season at Meenar, Western Australia. Individual sampling
depth represents progressively deeper sections of the soil profile. Values represent treatment means (n = 3). T1, untreated control; T2, deep
loosening with lime incorporation; and T3, deep loosening with lime, clay, and compost incorporation.
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Figure 3

(a) Cumulative rainfall and (b) soil water status during the 2023 growing season at Meenar, Western Australia. Values represent treatment
means (n = 3). Error bars indicate standard errors of the mean. Within each measurement time different letters are significantly different
according to Tukey’s honestly significant difference (HSD) test at P < 0.05. T1, untreated control; T2, deep loosening with lime incorporation;
and T3, deep loosening with lime, clay, and compost incorporation.
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Figure 4

Soil volumetric water content (cm® cm®) across the profile at 7, 28, 57 and 83 days after seeding (DAS) and at the time of harvest in 2023
growing season at Meenar, Western Australia. Values represent treatment means (n = 3). T1, untreated control; T2, deep loosening with lime
incorporation; and T3, deep loosening with lime, clay, and compost incorporation.
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Figure 5
Relationship of soil water with (a) root development and (b) grain yield of canola during the 2023 growing season at Meenar, Western Australia.

Grey circles = T1(untreated control); orange diamond = T2 (deep loosening with lime incorporation); and black triangle = T3 (deep loosening
with lime, clay, and compost incorporation).
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Figure 6

Rooting efficiency (RE) of canola under contrasting soil re-engineering treatments during the 2023 growing season at Meenar, Western
Australia. Rooting efficiency was expressed as the amount of root length required to produce (a) 1 kg of above-ground biomass and (b) 1 kg of
grain yield. (c) Harvest index calculated as grain yield divided by total above-ground biomass x 100. Higher rooting-efficiency values indicate
greater productivity per unit root length. Values represent treatment means (n = 3). Error bars indicate standard errors of the mean. T1,
untreated control; T2, deep loosening with lime incorporation; and T3, deep loosening with lime, clay, and compost incorporation.

Supplementary Files

Page 23/24



This is a list of supplementary files associated with this preprint. Click to download.

¢ floatimage1.jpeg

Page 24/24


https://assets-eu.researchsquare.com/files/rs-10331414/v1/035a2e889610d462e6bd35fd.jpeg

