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nutrient uptake, and root length density (RLD) were 
determined.
Results  Contrary to expectations, repellence signifi-
cantly increased tiller number (by up to 2 tillers per 
plant), shoot dry matter (by 82%), shoot N concentra-
tion (by 0.3% N), and total nutrient uptake (by 87%) 
at 51  days after sowing, regardless of topsoil thick-
ness and fertiliser placement. In the furrow, RLD of 
repellent treatments was also nearly double that in 
wettable treatments when fertiliser was banded below 
the seed. Results suggest that preferential soil wetting 
of the furrow in repellent treatments favoured plant 
nutrient uptake under regular but low water supply.
Conclusion  We conclude that for water-repellent 
soils with limited water supply, water harvesting 
techniques such as furrow sowing and banding wet-
ting agents could boost water and nutrient uptake and 
early crop growth.

Abstract 
Purpose  Soil water repellence causes uneven soil 
wetting which can constrain dryland crop and pas-
ture establishment and yield. The same processes are 
likely to affect nutrient availability from soil and ferti-
liser, but the effects of repellence on crop growth and 
nutrition per se have seldom been reported. Here, we 
investigated early wheat (Triticum aestivum cv. Mace) 
growth and nutrient uptake responses to repellence.
Methods  Wheat was furrow-sown in severely repel-
lent sandy loam soil (with a wettable furrow base to 
allow for germination) or completely wettable soil, 
under uniform plant density and variable topsoil 
thickness (20 or 100  mm) and fertiliser band place-
ment (below or away from the seed). Tiller num-
ber, shoot dry matter, shoot N concentration, total 
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Introduction

Soil water repellence is a constraint to crop and pas-
ture production in many parts of the world (Smettem 
et  al. 2021). In Australia, production losses due to 
repellence are estimated to be $251 million per year 
(Herbert 2009), with ~ 9.9 million hectares of arable 
land at moderate to high risk of repellence in south-
western Western Australia alone (van Gool 2016). 
Repellence commonly develops in sands with low 
clay content (< 5%; Harper and Gilkes 1994), gen-
erally within the upper 10  cm of the profile due to 
the decomposition of plant and fungal matter (Doerr 
et al. 2000; Franco et al. 2000), resulting in the accu-
mulation of hydrophobic organic compounds on or 
between soil particles (Bisdom et  al. 1993; Main-
waring et  al. 2013; Morley et  al. 2005). However, 
repellence has also been reported across a range of 
clay contents under Eucalyptus globulus plantations 
(0.8–18.0%; Walden et  al. 2015) and Eucalyptus 
astringens woodland (18–22%; McGhie and Posner 
1980), and heavy clay soils under grass (> 60%; Dek-
ker and Ritsema 1996).

Repellence causes uneven water infiltration rates 
(Li et  al. 2018; Wang et  al. 2000) which accentuate 
runoff and soil erosion (Shakesby et al. 2000; Witter 
et  al. 1991), and the development of unstable wet-
ting patterns and preferential flow paths which can 
cause water and nutrients to bypass a large volume of 
the plant root zone (Bauters et al. 1998; Dekker and 
Ritsema 1996; Ritsema and Dekker 1994). As such, 
nutrient leaching is a known risk in water-repellent 
soils (Blackwell 2000; Hendrickx et  al. 1993). Due 
to these hydrological processes, crop germination on 
water-repellent sandy soil is often delayed and stag-
gered, and this can lead to lower grain yields (Bond 
1972; Roper et  al. 2015). However, apart from its 
adverse effect on germination, the effects of repel-
lence on soil nutrient availability and crop growth and 
nutrition per se have seldom been reported.

In semi-arid cropping systems, reduced soil 
water storage and moisture availability due to une-
ven wetting can adversely affect crop growth (Doerr 
et  al. 2000; Kramers et  al. 2005; Li et  al. 2019), 
but the persistence of dry soil may also limit soil 

nutrient bioavailability (Roper et al. 2015). Li et al. 
(2019) showed that an increase in the persistence 
of repellence in sandy loam soils was associated 
with decreased growth, yield, and water use effi-
ciency in summer maize under controlled irriga-
tion, and attributed the adverse effect to a decrease 
in soil water availability and impeded root water 
uptake, but they did not consider effects on crop 
nutrition. Significant preferential flow may also 
result in accelerated leaching of nutrients after sub-
stantial rainfall (i.e., under saturated flow; Seyfried 
and Rao 1987), causing nutrients such as mineral 
N to be transported beyond the root zone (Angus 
2001; Liao et  al. 2006), particularly in sandy soils 
which have a low retention capacity (Lehmann 
and Schroth 2003). However, in contiguous zones 
where dry patches persist, soil organic matter and 
nutrients therein may be protected from mineralisa-
tion and leaching (Goebel et al. 2011; Hoyle 2013). 
Other processes including enhanced runoff and soil 
erosion due to repellence can also result in signifi-
cant losses in P, especially after fertiliser spreading 
(McDowell et  al. 2020; Müller et  al. 2018; Sim-
monds et  al. 2016). Hence, while there are several 
ways by which repellence effects on soil water and 
nutrient availability may limit crop growth and 
nutrition, there has been little direct examination of 
the mechanisms.

The potential for repellence to conserve soil water 
by reducing evaporation from the soil surface is well-
known (Bachmann et  al. 2001; Rye and Smettem 
2017). Reduced evaporation has been attributed to 
a reduction in upward capillary movement of water 
(DeBano 1981) and the diversion of water to the sub-
soil via preferential flow pathways (Ritsema and Dek-
ker 1994), which may enhance a crop’s subsurface 
water supply (Kirkegaard et  al. 2007). Compared to 
wettable soil surface treatments, significant net reduc-
tions in water evaporation in treatments with a repel-
lent soil surface have also been found to significantly 
increase the shoot and root growth of young chickpea 
(Cicer arietinum) plants (Gupta et  al. 2015). Simi-
larly, the addition of a subsurface water-repellent sand 
layer beneath wettable soil also increased plant height 
and root length of lettuce (Lactuca sativa) compared 
to wettable control treatments due to a reduction in 
water seepage below the root zone and an increased 
tolerance of plants to water stress (Salem et al. 2010). 
Hence, repellence may help retain water longer and 
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allow roots more time to acquire it (Alazawi 2015; 
Kianmeher et al. 2016; Ruthrof et al. 2019).

Based on the effect of repellence on soil water 
availability, it was hypothesised that early plant nutri-
ent uptake would be impeded on water-repellent 
sandy soils if plant-available water supply and root 
growth were limited. Such an effect would also be 
greater in soils with a thicker water-repellent layer, 
presumably due to a reduction in the soil volume 
accessed by roots for nutrient acquisition (Cornforth 
1968). In this study, responses of wheat growth and 
nutrient uptake to severe repellence were assessed 
over 51 days under controlled glasshouse conditions 
and uniform plant density, with variable topsoil thick-
ness and fertiliser band placement.

Methodology

Preparation of growing containers

Wheat cv. Mace was grown over 51  days in 27 L 
containers in a glasshouse at Murdoch University, 
Western Australia (32°04′02.30″ S 115°50′20.21″ 
E) to investigate early wheat growth and nutrition 
responses to:

a.	 soil water repellence (wettable and severely 
repellent topsoil),

b.	 topsoil thickness (20 and 100 mm), and
c.	 fertiliser placement (50 mm below the seed and 

100  mm away from the seed row at the same 
depth).

The 8 treatment combinations were replicated 
three times and arranged in a completely randomised 
design. Online Resource 1 illustrates the design of the 
growing containers.

Severely water-repellent topsoil (molarity of etha-
nol droplet, MED, value of 3.4  M; King 1981) was 
collected from the 0–10 cm depth of a gravelly sandy 
loam duplex soil (Ferric Chromosol, Australian Soil 
Classfication (ASC); Isbell 2016) in Kojonup, West-
ern Australia (33°41′08.83″ S, 117°01′54.01″ E), 
with wettable subsoil (MED value of 0.0 M) collected 
from the 20–30 cm depth of a grey deep sandy duplex 
soil (Grey Bleached-Ferric Kandosol, ASC) at Meck-
ering (31°37′38.22″ S, 116°52′16.53″ E). Properties 

of the sieved topsoil and subsoil (≤ 2  mm) used for 
the experiment are listed in Table 1.

All soils were air-dried in glasshouse and sieved 
(< 2 mm). To prepare wettable topsoil (MED 0.0 M), 
repellent topsoil was treated with approximately 
20  ml of 12.5% v/v solution of commercial soil 
wetting agent SE14™ (SACOA Pty Ltd) per kilo-
gram of soil in a cement mixer. Holes were drilled 
in each container to allow for drainage, with shade 
cloth placed along the bottom to prevent soil spill-
age. Topsoil (0–20 or 0–100 mm depth) and subsoil 
(20–200 or 100–200  mm depth, respectively) were 
layered and compacted in each container to a total 
depth of 200 mm and a final bulk density of ca. 1.5 g/
cm3. Fertiliser was banded at 70 mm depth (20 mm 
width × 5  mm depth) either below or 100  mm away 
from the seeding row at the following rates (mg/kg): 
60 N, 25 P, 70 K, 6 Mg, 49 S, 0.5 Zn, 0.1 B, 0.3 Mn, 
and 0.1 Cu. The volume of soil enriched with ferti-
liser was ca. 40 cm3.

Table 1   Baseline properties of topsoil and subsoil (< 2  mm) 
used in treatment containers. Soils were analysed by the meth-
ods of Rayment and Lyons (2011)

Soil properties Topsoil Subsoil

pH (CaCl2) 5.1 5.0
Organic carbon (g/kg) 35.3 2.1
Electrical conductivity (dS/m) 0.04 0.02
NH4-N (mg/kg) 6  < 1
NO3-N (mg/kg) 12  < 1
Colwell P (mg/kg) 65 14
Colwell K (mg/kg) 151 20
Cation exchange capacity (cmol( +)/kg) 5.82 1.09
Exchangeable Ca (cmol( +)/kg) 4.55 0.79
Exchangeable Mg (cmol( +)/kg) 0.61 0.15
Exchangeable K (cmol( +)/kg) 0.36 0.04
Exchangeable Na (cmol( +)/kg) 0.09  < 0.01
Exchangeable Al (cmol( +)/kg) 0.21 0.10
Extractable S (mg/kg) 7.1 1.7
Extractable B (mg/kg) 0.54 0.19
Extractable Cu (mg/kg) 0.37 0.30
Extractable Fe (mg/kg) 23.3 18.1
Extractable Mn (mg/kg) 4.01 0.96
Extractable Zn (mg/kg) 1.33 0.27
Sand (g/kg) 694 831
Silt (g/kg) 133 53
Clay (g/kg) 173 116
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Sixteen wheat seeds were sown in a wettable fur-
row, equivalent to a plant density of 133 plants/m2, 
with approximately 300  g of wettable topsoil used 
for the seeding row (20 mm width × 20 mm depth) in 
repellent treatments to ensure uniform germination. 
Plants were reduced to a plant density of 15 plants 
per container (equivalent to 125 plants/m2) and were 
hand watered every 2 days, with 500 ml (4.2 mm) of 
tap water sprinkled over the whole soil surface over 
a duration of 5  min (ca. 50  mm/h; equivalent rain-
fall intensity at a 63.2% annual exceedance prob-
ability for a paddock at Kojonup). A total of 105 mm 
water was applied over 50 days (final irrigation at 50 
DAS), but the watering did not cause drainage from 
the base of any container. By comparison, the mean 
total amount of rainfall over 51 days during May and 
June is 106 mm at Kojonup (Bureau of Meteorology). 
The glasshouse had an average day air temperature of 
19 °C and relative humidity of 36%, which would cre-
ate higher evaporative demand relative to the field at 
Kojonup (i.e., average maximum day temperature of 
17 °C and relative humidity of 56% between May and 
June).

A completely randomised design (CRD) was used 
for the positioning of the containers with three repli-
cates for each treatment combination on one bench in 
the glasshouse.

Plant and soil water measurements

Wheat tillers were counted at 46  days after sowing 
(DAS) and whole shoots were harvested at 51 DAS 
and oven-dried at 60  °C for 4  days to determine 
shoot dry matter. Nutrient concentrations in whole 
shoot samples were analysed using standard meth-
ods (Rayment and Lyons 2011), with total nutrient 
uptake calculated from shoot dry matter. Roots were 
extracted at harvest in the furrow and inter-row at 
the 0–5, 5–10, 10–15, and 15–20  cm depths, using 
a 20  cm long, 6.2  cm diameter coring tube (i.e., 
151 cm3 sample volume). Root samples were rinsed 
in water, stored in vials containing 50% v/v ethanol 
solution at 4 °C. Root length (cm) was assessed using 
WinRHIZO version 2005c (Regent Instruments Inc., 
Quebec, Canada) with results presented as root length 
per cubic centimetre of soil (i.e., root length density, 
RLD, cm/cm3).

In situ volumetric soil water content in the furrow 
and inter-row at 0–5 and 10–15 cm depths were also 

measured at harvest using a handheld MPM160 (ICT 
International Pty Ltd, Armidale, NSW) moisture 
probe meter.

Statistical analyses

Linear mixed models (LMM) were used to determine 
the main and interaction effects of the factors: soil 
water repellence (SWR), topsoil thickness (TT) and 
fertiliser placement (FP) on wheat growth and nutri-
ent uptake. Each factor is presented with two levels: 
SWR (wettable and repellent), TT (20 and 100 mm), 
and FP (below and away). The growth response vari-
ables included tiller number per plant and shoot dry 
matter (g/plant). The nutrition response variables 
included shoot N concentration (%), total uptake of 
N, P, K, Ca, Mg, and S in mg/plant, and total uptake 
of Na, B, Cu, Fe, Mn, and Zn in µg/plant. The mod-
els for all response variables included the described 
treatment structure with three factors and their inter-
actions, fitted as fixed.

Repeated measures techniques were used for the 
response variables where depth measurements were 
taken. The models included the same treatment struc-
ture, as described above, and additionally a vari-
ance–covariance structure was fitted to the interaction 
random term Container.Depth to account for the cor-
related nature of the measurements in depth within 
each container. Therefore, the containers for Con-
tainer were assumed to be independent and identity 
correlation structure was assumed while the depths 
for Depth within each container were assumed to be 
correlated. For response variables, separate models 
were fitted for the furrow and for the inter-row. Two 
types of covariance structures were used, based on 
the number of measurements in depth: uniform het-
erogeneity (for Soil water) and power heterogeneous 
(for Root length).

Assumptions for normality and homogeneity of the 
error variances were assessed and, where the assump-
tions were violated, data were transformed using a 
log10 transformation. To investigate key relationships 
between soil water at harvest, wheat shoot growth 
and nutrition parameters in wettable and repellent 
treatments, correlation analysis was conducted. The 
relative strength of Pearson’s r correlation coefficient 
was classified as follows: weak (r ≤ 0.39), moderate 
(0.40 ≤ r ≤ 0.59), strong (0.60 ≤ r ≤ 0.79), and very 
strong (0.80 ≤ r ≤ 1.00).
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All statistical analyses were conducted using the 
statistical environment R (R Core Team, 2020), Gen-
Stat Ed.20 (VSN International, 2020) and ASReml R 
v.4 (VSN International, 2020).

Results

Wheat shoot growth

An interaction between repellence and topsoil thick-
ness was observed for wheat shoot dry matter 
(Table  2). Average dry matter per plant (51 DAS) 
was 82% greater in repellent treatments than in wet-
table treatments (Fig.  1). Although topsoil thickness 
did not affect dry matter in repellent treatments, dry 

Table 2   Linear mixed model (P values) for main effects and 
interactions between soil water repellence (SWR), topsoil 
thickness (TT), and fertiliser placement (FP) on wheat shoot 

dry matter, nutrition, root length density (RLD), and volumet-
ric soil water content (51 DAS)

Source of variation SWR TT FP SWR × TT SWR × FP TT × FP SWR × TT × FP

Shoot dry matter  < 0.001  < 0.001  < 0.001 0.005 0.027 0.134 0.062
Shoot N concentration  < 0.001 0.373 0.201 0.424 0.191 0.937 0.581
Total N uptake  < 0.001  < 0.001 0.001 0.008 0.017 0.117 0.080
Total P uptake  < 0.001  < 0.001  < 0.001 0.535 0.003 0.565 0.597
Total K uptake  < 0.001 0.018  < 0.001  < 0.001 0.002 0.045 0.027
Total Ca uptake  < 0.001 0.005 0.016 0.004 0.009 0.003 0.002
Total Mg uptake  < 0.001 0.001 0.068 0.032 0.015 0.031 0.096
Total S uptake  < 0.001  < 0.001  < 0.001 0.220 0.824 0.688 0.362
Total Na uptake  < 0.001  < 0.001 0.471 0.734 0.497  < 0.001 0.266
Total B uptake 0.001 0.001  < 0.001 0.935 0.263 0.670 0.760
Total Cu uptake  < 0.001  < 0.001 0.036 0.023 0.067 0.229 0.910
Total Fe uptake  < 0.001 0.004  < 0.001 0.005 0.031 0.263 0.024
Total Mn uptake  < 0.001 0.007  < 0.001  < 0.001  < 0.001 0.054 0.099
Total Zn uptake  < 0.001 0.751 0.182 0.001 0.260 0.727 0.560
RLD furrow 0.033 0.794  < 0.001 0.237  < 0.001 0.270 0.429
RLD inter-row 0.701 0.081 0.010 0.082 0.433 0.003 0.381
Soil water content furrow  < 0.001 0.003 0.016 0.096 0.044 0.084 0.079
Soil water content inter-row *  < 0.001 0.024 0.014 0.025 0.015 0.172 0.041
* Log transformation applied

Fig. 1   Mean wheat shoot 
dry matter (g/plant; 51 
DAS) in wettable and 
repellent treatments with 
variable topsoil thickness 
(20 or 100 mm). Significant 
differences are greater than 
the standard error of the 
difference (SED) multiplied 
by 2

SED × 2 = 
0.09
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matter significantly decreased in wettable treatments 
with a 100 mm topsoil thickness by 35% compared to 
20 mm topsoil thickness (Fig. 1).

The shoot dry matter was significantly greater 
when fertiliser was banded below the seed than away 
from the seed by 23% (Table 2; Fig. 2). Average shoot 
dry matter was strongly positively correlated with 
average tiller number per plant (46 DAS) in both wet-
table and repellent treatments (r = 0.89, respectively; 
P < 0.01; data not shown). At this time, no tillers were 
observed in wettable treatments with a 100 mm top-
soil thickness compared to 2 tillers in the repellent 
treatments with fertiliser banded below the seed.

Soil water

The interaction between repellence and fertiliser 
placement was significant (P < 0.05) for soil water 
content at 51 DAS in the furrow and inter-row 
(Table 2). Soil water content in the furrow and inter-
row was significantly greater in wettable treatments 
(24.9–26.0% and 22.8–23.7%, respectively) than in 
repellent treatments (13.7–19.5% and 11.1–15.9%, 
respectively; Table  3), regardless of fertiliser place-
ment. Although there was no effect of fertiliser place-
ment on soil water content in wettable treatments, soil 
water content in the furrow and inter-row of repellent 
treatments was significantly greater when fertiliser 
was banded away from the seed (19.5 and 15.9%, 
respectively) than below the seed (13.7 and 11.1%, 
respectively; Table 3).

The interaction between repellence and topsoil 
thickness was also significant (P < 0.05) for soil water 
content in the inter-row (Table 2), in that soil water 
content in the inter-row was significantly greater in 
repellent treatments with a 20  mm topsoil thickness 

(15.8%) than a 100 mm topsoil thickness (11.2%), but 
no difference was observed in wettable treatments.

The main effect of topsoil thickness was signifi-
cant (P < 0.05) for soil water content in the furrow 
(Table  2), whereby soil water content in the furrow 
was significantly greater in treatments with a 100 mm 
topsoil thickness (22.4%) than a 20 mm topsoil thick-
ness (19.7%).

Shoot N concentration

At 51 DAS, wheat whole shoots (Fig. 3) in all treat-
ments were below critical levels for N for that growth 
stage (i.e., < 6.7%; Reuter and Robinson 1997) but 
adequate in other key nutrients (data not shown). 
There were no significant interaction effects on shoot 
N concentrations (Table  2), but the main effect of 
repellence was highly significant for shoot N concen-
tration (P < 0.001), increasing from 5.43% in wettable 
treatments to 5.73% in repellent treatments (Fig. 3).

Wheat total nutrient uptake

Coinciding with the response in shoot dry mat-
ter, there was a significant interaction between 

Fig. 2   Mean wheat shoot 
dry matter (g/plant; 51 
DAS) in treatments with 
fertiliser placement either 
below or away from the 
seed. Significant differences 
are greater than the standard 
error of the difference 
(SED) multiplied by 2

SED × 2 = 
0.06

0.0

0.2

0.4

0.6

0.8

1.0

Below Away

Sh
oo

t d
ry

 m
at

te
r (

g/
pl

an
t)

Table 3   Effect of soil water repellence and fertiliser place-
ment on volumetric soil water content (%) at harvest (51 DAS). 
Significant differences are greater than the standard error of the 
difference (SED) multiplied by 2

Soil water content Wettable Repellent SED

Below Away Below Away

Furrow 24.9 26.0 13.7 19.5 1.4
Inter-row 22.8 23.7 11.1 15.9 2.2
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repellence and topsoil thickness for total uptake of 
N, K, Ca, Mg, Cu, Fe, Mn, and Zn (Table 2). Total 
uptake of N, K, Ca, Mg, Cu, Fe, Mn, and Zn was 
significantly greater in repellent treatments than in 
wettable treatments by an average of 87% (Table 4), 
averaged for topsoil thickness. Total uptake of N, 
K, Ca, Mg, Cu, Fe, Mn, and Zn also significantly 
decreased in wettable treatments with a 100  mm 
topsoil thickness relative to a 20 mm topsoil thick-
ness by an average of 32% (Table  4), while total 
Cu uptake also significantly decreased in repellent 
treatments with a 100  mm topsoil thickness rela-
tive to a 20 mm topsoil thickness by 15%. However, 
the effect of topsoil thickness on total N, Ca, Mg, 
and Fe was not observed in repellent treatments. By 
contrast, total uptake of K, Mn and Zn was signifi-
cantly greater in repellent treatments with a 100 mm 
topsoil thickness than a 20 mm topsoil thickness by 
12, 46, and 19%, respectively (Table 4).

The interaction between repellence and fertiliser 
placement was also significant for total uptake of N, 
P, K, Ca, Mg, Fe, and Mn (Table 2). In repellent treat-
ments, total uptake of N, P, K, Ca, Mg, Fe, and Mn 
was significantly greater when fertiliser was banded 
below the seed than away from the seed by an average 
of 38% (Table  5). However, in wettable treatments, 
the effect of fertiliser placement was not observed, 
except for total uptake of P and K which also signifi-
cantly increased when fertiliser was banded below the 
seed than away from the seed by 36 and 21%, respec-
tively (Table 5).

Wheat root length density

Results showed highly significant (P < 0.001) inter-
action between repellence and fertiliser placement 
on wheat RLD in the furrow (Table 2). Wheat RLD 
in the furrow was significantly greater in repellent 

Fig. 3   Mean shoot nitrogen 
(N) concentration (51 
DAS) in wheat in wettable 
and repellent treatments. 
Significant differences are 
greater than the standard 
error of the difference 
(SED) multiplied by 2

SED × 2 = 
0.10
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Table 4   Wheat shoot total nutrient uptake (51 DAS) in wetta-
ble and repellent treatments with variable topsoil thickness (20 
or 100 mm). Significant differences are greater than the stand-
ard error of the difference (SED) multiplied by 2

Total nutrient 
uptake

Wettable Repellent SED

20 mm 100 mm 20 mm 100 mm

N (mg/plant) 35.9 23.3 54.3 54.3 2.6
K (mg/plant) 40.8 26.4 62.0 69.5 3.0
Ca (mg/plant) 3.36 2.35 4.10 4.34 0.23
Mg (mg/plant) 1.64 1.11 2.39 2.33 0.12
Cu (µg/plant) 5.44 3.11 7.30 6.24 0.36
Fe (µg/plant) 47.9 31.1 69.3 71.8 3.8
Mn (µg/plant) 60.4 46.4 96.4 140.9 5.1
Zn (µg/plant) 19.5 15.7 28.4 33.8 1.6

Table 5   Wheat shoot total nutrient uptake (51 DAS) in wet-
table and repellent treatments with variable fertiliser place-
ment (below or away from the seed). Significant differences are 
greater than the standard error of the difference (SED) multi-
plied by 2

Total nutrient uptake Wettable Repellent SED

Below Away Below Away

N (mg/plant) 31.1 28.0 61.2 47.4 2.6
P (mg/plant) 4.65 3.43 8.53 5.23 0.42
K (mg/plant) 36.8 30.4 77.6 54.0 3.0
Ca (mg/plant) 2.86 2.86 4.77 3.67 0.23
Mg (mg/plant) 1.35 1.39 2.59 2.13 0.12
Fe (µg/plant) 43.1 35.9 81.0 60.1 3.8
Mn (µg/plant) 56.8 50.0 139.6 97.7 5.1
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treatments (3.00 cm/cm3) than in wettable treatments 
(1.52 cm/cm3) when fertiliser was banded below the 
seed (Fig. 4a). However, when fertiliser was banded 
away from the seed, wheat RLD in the furrow was 
significantly greater in wettable treatments (3.84 cm/
cm3) than in repellent treatments (3.12  cm/cm3; 
Fig.  4a). In wettable treatments, wheat RLD in the 
furrow was significantly greater when fertiliser was 
banded away from the seed (3.84 cm/cm3) than below 
the seed (1.52  cm/cm3; Fig.  4a), but there was no 
effect of fertiliser placement in repellent treatments.

For wheat RLD in the inter-row, the interaction 
between topsoil thickness and fertiliser placement 
was significant (P < 0.005; Table  2). In treatments 
with a 100  mm topsoil thickness, wheat RLD in 
the inter-row was significantly greater when ferti-
liser was banded below the seed (1.86 cm/cm3) than 
away from the seed (0.43 cm/cm3; Fig. 4b). However, 
there was no effect of fertiliser placement on wheat 
RLD in the inter-row in treatments with a 20  mm 
topsoil thickness. When fertiliser was banded below 
the seed, wheat RLD in the inter-row was signifi-
cantly greater in treatments with a 100  mm topsoil 

thickness (1.86 cm/cm3) than a 20 mm topsoil thick-
ness (0.66 cm/cm3; Fig. 4b), despite no effect of top-
soil thickness when fertiliser was banded away from 
the seed.

Correlation analysis

Despite N deficiency in wheat plants during early 
tillering (51 DAS), there was no correlation between 
shoot N concentration and shoot dry matter in either 
wettable or repellent treatments (Table  6). Shoot 
P concentration was, however, very strongly posi-
tively correlated with tiller number (r = 0.90) and 
dry matter in wettable treatments (r = 0.83; Table 6), 
and strongly positively correlated with tiller num-
ber in repellent treatments (r = 0.71; Table  6). Like-
wise, in wettable treatments, shoot K concentration 
was strongly positively correlated with tiller number 
(r = 0.79) but moderately correlated with dry mat-
ter (r = 0.58; Table  6), with shoot S concentration 
also strongly positively correlated with tiller num-
ber (r = 0.70; Table 6). However, neither shoot K nor 

Fig. 4   Mean root length 
density (RLD, cm/cm3; 
51 DAS) of wheat in: (a) 
wettable and repellent 
treatments with variable 
fertiliser placement (below 
or away from the seed), and 
(b) in treatments with vari-
able topsoil thickness (20 
or 100 mm) and variable 
fertiliser placement (below 
or away from the seed). 
Significant differences are 
greater than the standard 
error of the difference 
(SED) multiplied by 2
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S concentration was correlated with shoot growth 
parameters in repellent treatments.

In general, early wheat growth was strongly nega-
tively correlated to soil water content in the surface 
layer. In both wettable and repellent treatments, tiller 
number (r = -0.87 and -0.81, respectively) and shoot 
dry matter (r = -0.96 and -0.91, respectively; Table 7) 
were very strongly negatively correlated with soil 
water content in the furrow at the 0–5  cm depth. 
Likewise, in both wettable and repellent treatments, 

tiller number (r = -0.77 and -0.70, respectively) 
and dry matter (r = -0.78 and -0.88, respectively; 
Table  7) were also strongly negatively correlated 
with soil water content in the inter-row at the 0–5 cm 
depth. However, there was no significant correlation 
(P > 0.05) between soil water content at the 10–15 cm 
depth and shoot growth in either wettable or repellent 
treatments.

In wettable treatments, total uptake of all nutri-
ents was strongly to very strongly negatively corre-
lated with soil water content at the 0–5 cm depth in 
the furrow (-0.77 ≤ r ≤ -0.96; Table  7) and inter-row 
(-0.67 ≤ r ≤ -0.92). However, there was no correla-
tion between total nutrient uptake and soil water con-
tent at 10–15 cm in wettable treatments. In repellent 
treatments, total uptake of all nutrients (except for 
Mn and Zn) was strongly to very strongly negatively 
correlated (-0.76 ≤ r ≤ -0.97; Table 7) with soil water 
content in the furrow at the 0–5  cm depth. Moreo-
ver, in repellent treatments, total uptake of all nutri-
ents (except for P) was also strongly to very strongly 
negatively correlated (-0.61 ≤ r ≤ -0.91; Table 7) with 
soil water content in the inter-row at the 0–5  cm 
depth. Total uptake of Mn and Zn was also strongly 
negatively correlated with soil water content in the 

Table 6   Correlation analysis (Pearson’s r coefficient) between 
wheat shoot growth and nutrient parameters at 51 DAS in wet-
table and repellent treatments. Significance level (two-tailed): 
P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 0.001 (***). Lack of aster-
isk indicates no significance

Shoot 
nutrient 
concentra-
tion

Wettable Repellent

Tiller 
number 
per plant

Dry matter Tiller 
number 
per plant

Dry matter

N 0.09 0.24 0.14 0.14
P 0.90*** 0.83*** 0.71** 0.52
K 0.79** 0.58* 0.26 0.37
S 0.70* 0.47 0.11 -0.12

Table 7   Correlation analysis (Pearson’s r coefficient) between 
soil water content and wheat shoot growth and nutrition 
parameters in wettable and repellent treatments at 51 DAS. 

Significance level (two-tailed): P ≤ 0.05 (*), P ≤ 0.01 (**), and 
P ≤ 0.001 (***). Lack of asterisk indicates no significance

Parameter Soil water content

Wettable Repellent

Furrow Inter-row Furrow Inter-row

0–5 cm 10–15 cm 0–5 cm 10–15 cm 0–5 cm 10–15 cm 0–5 cm 10–15 cm

Tiller number per plant -0.87*** 0.58* -0.77** 0.50 -0.81** -0.26 -0.70* -0.18
Shoot dry matter -0.96*** 0.38 -0.78** 0.46 -0.91*** -0.33 -0.88*** -0.34
Total N uptake -0.96*** 0.34 -0.78** 0.44 -0.92*** -0.33 -0.89*** -0.35
Total P uptake -0.94*** 0.46 -0.76** 0.48 -0.80** 0.18 -0.56 0.19
Total K uptake -0.95*** 0.38 -0.81** 0.42 -0.76** -0.43 -0.90*** -0.53
Total Ca uptake -0.91*** 0.24 -0.77** 0.39 -0.85*** -0.44 -0.83*** -0.49
Total Mg uptake -0.90*** 0.19 -0.71** 0.38 -0.97*** -0.34 -0.84*** -0.32
Total S uptake -0.90*** 0.37 -0.82** 0.34 -0.84*** 0.09 -0.62* 0.15
Total B uptake -0.77** 0.29 -0.92*** 0.22 -0.82** 0.10 -0.64* 0.12
Total Cu uptake -0.92*** 0.34 -0.67* 0.51 -0.80** 0.04 -0.61* 0.12
Total Fe uptake -0.93*** 0.34 -0.80** 0.38 -0.85*** -0.41 -0.91*** -0.44
Total Mn uptake -0.89*** 0.23 -0.87*** 0.26 -0.41 -0.59* -0.82*** -0.78**
Total Zn uptake -0.82*** 0.05 -0.82** 0.17 -0.50 -0.75** -0.81** -0.79**
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furrow (r = -0.59 and -0.75, respectively) and inter-
row (r = -0.78 and -0.79, respectively; Table 7) at the 
10–15 cm depth in repellent treatments.

Discussion

Benefits of plant growth and nutrition

Adverse effects of soil water repellence on crop 
emergence, growth, and yield are generally attrib-
uted to uneven soil wetting, reduced soil water stor-
age, and the prevalence of dry soil patches (Doerr 
et al. 2000; Kramers et al. 2005; Li et al. 2019; Roper 
et  al. 2015). The same processes are likely to affect 
the availability of nutrients from soil and fertiliser 
(Blackwell 1993). However, contrary to the hypoth-
esis that nutrient uptake and plant growth would be 
impeded by repellence, this study demonstrated that 
severe repellence in a sandy loam soil significantly 
increased wheat tiller number (by up to 2 tillers; 46 
DAS), shoot dry matter (by 82%; 51 DAS), and total 
nutrient uptake (by 87%; 51 DAS) per plant relative 
to completely wettable soil, under regular but low 
water supply (4.2 mm every two days; average day air 
temperature of 19 °C and relative humidity of 36%). 
Water infiltration did not cause drainage from treat-
ment containers even in the wettable furrow of repel-
lent treatments, which was presumed to have experi-
enced preferential flow. However, water infiltration in 
the wettable furrow of repellent treatments was found 
to nearly double wheat RLD in the furrow (from 1.52 
to 3.00 cm/cm3) relative to wettable treatments when 
fertiliser was banded below the seed, suggesting that 
water and nutrient transport in repellent treatments 
with a wettable furrow were conducive to early root 
growth and nutrient uptake under regular but low 
water supply. Although wheat plants in all treatments 
were relatively deficient in N (i.e., < 6.7%; Reuter and 
Robinson 1997), shoot N concentrations (51 DAS) 
were also significantly greater in repellent treatments 
(5.73%) than in wettable treatments (5.43%).

Our results support the argument put forward by 
Ruthrof et  al. (2019) that there is scope to re-frame 
research on repellence from a problem to overcome, 
to an opportunity to be managed. In wettable topsoil 
treatments, applied water and nutrients were less effi-
ciently utilised by plants, possibly due to a greater 
retention of water close to the surface and a reduction 

in soil wetting depth. Given that 100% of the topsoil 
volume was wettable in wettable treatments com-
pared to less than 10% (i.e., wettable furrow) in repel-
lent treatments at the start of the experiment, water 
applied would be distributed over a greater wettable 
surface area but at a limited depth in wettable treat-
ments relative to deeper wetting below the wettable 
furrow in repellent treatments. Water retained in 
the upper soil layer of the wettable topsoil is conse-
quently more prone to evaporative water loss from 
the soil surface, decreasing the overall plant-avail-
able water supply (Bachmann et  al. 2001; Rye and 
Smettem 2017). Moreover, as soils wet up from an 
air-dry state, the proportion of water held in the range 
between the air-dry and permanent wilting point (i.e., 
water that is not plant-available; Armstrong et  al. 
2001) would also be greater in wettable treatments 
due to a greater volume of wettable air-dry soil. This 
will further reduce the actual volume of water that is 
plant-available (i.e., between permanent wilting point 
and field capacity) and will be particularly important 
under conditions where rainfall occurs in small incre-
ments. Thus, under such conditions repellence may be 
an advantage, if the water can enter the deeper soil.

Under a limited water supply, increased evapora-
tive water loss and decreased soil wetting depth may 
lead to the development of shallow root systems 
where the soil is more prone to rapid drying (Dun-
babin et  al. 2003; Weaver 1926). This may explain 
why early shoot dry matter production and total nutri-
ent uptake (particularly N nutrition) in wheat were 
significantly limited in wettable treatments relative 
to repellent treatments. The thicker wettable topsoil 
would exacerbate such problems, which were also 
clearly demonstrated by further reductions in early 
shoot dry matter (by 35%) and total uptake of N, K, 
Ca, Mg, Cu, Fe, Mn, and Zn (by an average of 32%) 
in wettable treatments with a 100 mm topsoil thick-
ness relative to a 20 mm topsoil thickness. The results 
did not suggest any influence of either root disease 
in wettable treatments or phytotoxicity due to wet-
ting agent application, given that (a) wheat RLD in 
the furrow was significantly greater in wettable treat-
ments than in repellent treatments when fertiliser was 
banded away from the seed, and (b) wheat RLD in the 
inter-row was generally greater in treatments with a 
thicker topsoil.

In water-repellent soils with managed infiltration 
in wettable furrows, there is an opportunity to divert 
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water to the subsoil via preferential flow pathways 
(Ritsema and Dekker 1994) while lessening the evap-
oration of water due to an increase in the diffusion 
resistance of the soil which reduces the upward capil-
lary movement of water (DeBano 1981; Imeson et al. 
1992). As a result, these changes in soil wetting pat-
terns could sequester a significant fraction of water at 
depth via increased thermal insulation and increased 
path lengths to the surface (Smettem et  al. 2021), 
which could benefit plants as a water harvesting 
mechanism (Cammeraat and Imeson 1999). Gupta 
et al. (2015) found that wettable soils with a 20 mm 
repellent topsoil layer were able to retain up to 90% 
of water after 83 h by significantly decreasing evapo-
ration rates relative to a complete loss of water from 
completely wettable soils (control). In another experi-
ment, they also showed a significant increase in the 
shoot and root growth of young chickpea (Cicer ari-
etinum) plants in wettable soils treated with a 20 mm 
thick repellent topsoil relative to the control, but no 
nutrient uptake results were presented. In the pre-
sent study, soil water at harvest (51 DAS) in wettable 
treatments was nearly double that in repellent treat-
ments, which appears to contradict our conclusions 
that a wettable base to the furrow on a water-repellent 
soil will funnel water more effectively into the root 
zone. Based on work by Lowe et al. (2017) where soil 
water was continuously monitored via electrical resis-
tivity tomography, water infiltration in very severely 
repellent soils (MED 4.2 M) was concentrated in the 
furrow where surfactant was applied, increasing the 
volumetric water content by up to 40% below the 
furrow at the 20 mm depth. Increased water infiltra-
tion below the furrow would thus be consistent with 
the observed increases in early wheat shoot growth 
and nutrient uptake. Hence, we attribute the present 
result to the higher leaf area of wheat at 51 DAS in 
the water-repellent treatments which would dry out 
soil water faster than from the completely wettable 
treatments.

Benefits for root foraging and nutrient uptake

Despite prolonged dryness of topsoil in the inter-
row of repellent treatments, shoot and root growth 
and nutrient uptake of young wheat plants were not 
impeded, presumably due to an adequate water and 
nutrient supply in the root zone as a result of prefer-
ential flow in the wettable furrow. Compared to the 

bulk volume of soil, these preferential flow paths 
are potentially enriched zones of water, nutrients, 
and organic substrate (Bundt et  al. 2001; Guggen-
berger and Kaiser 2003; Morales et  al. 2010) and 
would, therefore, provide ‘hotspots’ for root forag-
ing and nutrient acquisition in water-repellent soils, 
especially when nutrients are placed in rows below 
or adjacent to seeds. Under a heterogeneous nutrient 
supply, preferential root placement, root proliferation, 
and increased uptake kinetics in localised resource-
enriched zones can result in increased plant nutrient 
use efficiency, early biomass, and nutrient accumula-
tion in shoots (Day et al. 2003a; Ma et al. 2011; Rose 
et al. 2009), even if uptake is suppressed in deficient 
zones (Robinson 1994). Such positive responses to 
soil nutrient heterogeneity have been reported in vari-
ous crops such as wheat (Ma and Rengel 2008; Ma 
et  al. 2007; Trapeznikov et  al. 2003), barley (Drew 
1975; Drew and Saker 1978), maize (Li et al. 2012; 
Yu et al. 2014), canola (Rose et al. 2009), and lupin 
(Ma et al. 2011), and in perennial grasses (Day et al. 
2003b). In this present study, the observed improve-
ment in early vigour of wheat plants in repellent treat-
ments with a wettable furrow relative to completely 
wettable treatments could, therefore, be attributed to 
an increase in water and nutrient availability in the 
furrow due to preferential flow which favoured root 
foraging and plant uptake. By contrast, the observed 
increase in wheat RLD in the furrow of wettable 
treatments relative to repellent treatments, when fer-
tiliser was banded away from the seed, could likely 
be explained by a greater carbon allocation to roots 
at the expense of shoots to increase water and nutri-
ent absorption capacity in response to drought and/
or nutrient stress (Gregory et  al. 1995; Khan et  al. 
2010). Nevertheless, later in the wheat growth cycle 
the persistence of dry zones in repellent treatments 
could become a limitation to plant nutrient use effi-
ciency if mineralisation of organically-bound nutri-
ents is restricted and roots are unable to forage therein 
(Cisar et  al. 2000; Roper et  al. 2015). Alternatively, 
delayed wetting and mineralisation of these dry zones 
may result in nutrients being released at a later stage 
in crop phenological development when nutrient 
demand is higher and root systems are more devel-
oped (Roper et al. 2015).

In drying soils, the hydraulic conductivity 
decreases dramatically, decreasing soil water redis-
tribution and plant water uptake (Lobet et al. 2014), 
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and the flux of nutrients to the root (Hoad et  al. 
2001). Since small root systems during early plant 
establishment are likely to be constrained by limited 
soil-root contact, improvements in early shoot and 
root development and rooting depth could be impor-
tant for increasing root exploitation of the soil matrix, 
increase water and nutrient uptake, and improve plant 
growth and nutrition (Andresen et  al. 2016), which 
can lead to higher yields (Fageria and Moreira 2011). 
Such mechanisms are particularly critical in arid and 
semi-arid dryland cropping systems as they confer on 
plants the advantage of extracting water from subsur-
face soil layers that could otherwise be lost by evap-
oration and/or increase access to subsurface water 
and nutrient supplies (Fageria and Moreira 2011; 
Shao et al. 2008). In this study, given that early plant 
growth and nutrient uptake were strongly related 
to soil water content in the upper 0–5 cm depth, the 
greater protection of plant-available water in the 
upper soil layer from evaporation due to repellence 
could have played an important role in early wheat 
growth and nutrition in repellent treatments relative 
to wettable treatments under regular but low water 
supply.

In the early developmental stages of growth, 
enhanced plant vigour is desirable for the uptake 
of key macronutrients, such as N (Pang et  al. 2014; 
Sarkar and Baishya 2017), P (Fageria and Moreira 
2011; Grant et al. 2001), K (Kant et al. 2005; Mallar-
ino et al. 1999), and S (Naeem and MacRitchie 2003; 
Zhao et al. 1997), which influence crop yield, quality, 
and resistance to pests and environmental stress (Dor-
das 2008; Kumar and Sharma 2013). In this study, 
although wheat plants in all treatments were relatively 
deficient in N, correlation analysis suggests that over-
all P nutrition and, to a lesser extent, K and S nutri-
tion may have been limiting early wheat shoot dry 
matter production in wettable treatments. By contrast, 
the lack of correlation between shoot dry matter and 
shoot nutrient concentrations in repellent treatments 
could indicate that, nutrient uptake did not impede 
shoot growth, presumably due to increased soil water 
availability in the root zone and improved access to 
banded fertiliser.

Regardless of repellence and topsoil thickness, 
nutrient placement closer to the root zone can stim-
ulate early growth and plant vigour by increasing 
accessibility of nutrients to plant roots early in the 
growing season (Mahler 1985). This is particularly 

important for immobile nutrients such as P which 
tend to stratify within fertilised topsoil (Ma et  al. 
2009) and cannot be sufficiently transported by mass 
flow or diffusion (Jones and Jacobsen 2009; Marsch-
ner 2002). In this study, banding fertiliser below the 
seed significantly increased wheat shoot dry matter 
(by 23%) and the total uptake of N, P, K, Ca, S, B, 
Cu, Fe, and Mn per plant (by 34% on average) rela-
tive to inter-row placement.

Seeding and water harvesting technologies

Preferential water flow in the wettable furrow base of 
severely repellent topsoil treatments favoured early 
wheat growth and nutrient uptake, despite prolonged 
soil dryness and a possible reduction in root volume 
in repellent inter-rows. Field studies involving furrow 
sowing and banded wetting agents in water-repellent 
soils have been reported to promote more uniform 
and deeper wetting depths along the furrow that sig-
nificantly increased germination and yield of various 
crops (wheat, barley, and lupin; Crabtree and Gilkes 
1999a; Crabtree and Henderson 1999) and pastures 
(subterranean clover, dryland lucerne, tagasaste, 
phalaris, and perennial ryegrass; Crabtree and Gilkes 
1999b) when used in combination with press-wheels 
for improved furrow definition and seed-soil contact. 
However, the previous studies did not examine the 
effects on plant nutrient uptake, which were shown in 
the present study to be a significant factor in the plant 
response. While water harvesting can be achieved by 
furrow sowing (Blackwell 1993), benefits could be 
negated or problems exacerbated if dry, water-repel-
lent soil flows behind the seeding tyne and covers 
the seed, resulting in poor wetting of the seed zone 
and hence germination (Davies et al. 2012). Seeding 
systems with winged knife-points have thus been pro-
posed to better manage repellence by grading water-
repellent soil away from the furrow to the ridges and 
to prevent backfilling (Davies et al. 2012; Roper et al. 
2015; Unkovich et al. 2015). By contrast, recent field 
studies by Hall et al. (2020) found no effect of winged 
knife-points on the grain yield of wheat, canola, and 
barley over five successive cropping seasons rela-
tive to knife-points on a pale deed sand in Western 
Australia. However, crop production at this site was 
confounded by other constraints, such as soil compac-
tion and K deficiency, as their alleviation via strategic 
deep tillage (spading and mouldboard ploughing) and 
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subsoil clay addition produced the largest crop yield 
responses. Future research should, therefore, be con-
ducted on different soil types, primarily constrained 
by repellence, to determine the seeding technologies 
that best capture the benefits of water harvesting and 
repellence for crop growth, nutrition, and production.

The potential to enhance rainfall and runoff cap-
ture (water harvesting) could, therefore, play an 
important role in early plant vigour and nutrient 
uptake on water-repellent soils, particularly in semi-
arid and Mediterranean dryland cropping systems 
where seasonal water deficits are common (Black-
well 2000; DeBano 2000; Roper et  al. 2015) and/
or where regions are at risk of declining rainfall and 
increased frequency of dry days (e.g., southwest 
region of WA; Alexander et  al. 2007; Hope 2006; 
Suppiah and Hennessy 1998). Indeed, for agriculture 
in the eastern wheatbelt of south-western WA, Scan-
lon and Doncon (2020) have reported a 24% increase 
in dry growing seasons and a 14–20% (28–50  mm) 
decrease in growing-season rainfall (i.e., April–Octo-
ber) post-2000. They found that such decreases in 
growing-season rainfall were predominantly during 
May–July, coinciding with early crop establishment 
which could have important implications for crop 
growth and yield. Efforts to maximise utilization of 
growing-season rainfall by plants, especially autumn 
break-of-season rainfall, through rainwater harvesting 
and decreasing evaporative water loss could thus be 
important for future dryland crop production in the 
southwest of WA.

Additional studies are warranted under variable 
water supply and plant density to better understand 
the dynamic responses of early wheat growth and 
nutrition to repellence, with continuous measurement 
of soil water and nutrient availability. Moreover, treat-
ment effects need to be assessed under higher water 
supply, especially to define the circumstances where 
excessive leaching of nutrients could have adverse 
implications for furrow-sown plant growth (van der 
Paauw 1962) and to understand how the benefits of 
repellence could be harnessed.

Conclusions

Contrary to our hypothesis, severely water-repellent 
sandy loam topsoil with a wettable furrow base and 
uniform plant density significantly improved wheat 

tiller number (46 DAS), shoot dry matter, shoot N 
concentration, and total nutrient uptake per plant (51 
DAS) relative to completely wettable topsoil treat-
ments, under regular but low water supply, regard-
less of topsoil thickness (20 or 100  mm) and ferti-
liser band placement (below or away from the seed). 
Repellent topsoil treatments were also found to nearly 
double wheat RLD in the furrow relative to wettable 
treatments when fertiliser was banded below the seed. 
Such increases in early shoot and root growth and 
nutrient uptake in repellent treatments were attrib-
uted to preferential flow in the wettable furrow which 
increased soil water availability in the root zone with-
out causing drainage from the base of treatment con-
tainers. While topsoil thickness was not important 
in repellent treatments, wettable treatments with a 
thicker (100  mm) topsoil layer significantly reduced 
wheat growth and nutrient uptake, presumably due 
to an overall reduction in plant-available water dur-
ing the early growth period. Results highlight the 
importance of plant-available water in the root zone 
for early wheat growth and nutrient uptake in a water-
repellent sand, under a regular but low water supply. 
Adopting water harvesting techniques such as fur-
row sowing and banding wetting agents could, there-
fore, be an effective strategy for managing early crop 
growth and nutrition on water-repellent soils by max-
imising the use efficiency of water and nutrients after 
small rainfall events. Studies should validate the effi-
cacy of water-repellent topsoil for water harvesting 
and its effects on soil water and nutrient availability at 
depth and the persistence of effects to grain harvest. 
How early wheat growth and nutrition may respond 
to other factors such as water supply, surface topog-
raphy, and plant density should also be studied given 
their relevance for semi-arid and Mediterranean dry-
land crop production on water-repellent soils.
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