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Abstract
The least limiting water range (LLWR) has been used as a soil structural quality

indicator for identifying in-season water dynamics, yet studies focusing on its use

for detecting in-season water stresses and their effect on crop response on severely

compacted subsoils are scarce. The objectives of this study were, therefore, to exam-

ine the in-season water dynamics on a tile-drained soil with compacted subsoil in

the light of two different approaches for calculating LLWR (standard LLWR by da

Silva et al. [1994] and refined LLWR by Pulido-Moncada & Munkholm [2019]) and

to evaluate the crop response to aboveground and belowground conditions. Infor-

mation on LLWRs was obtained from soil sampling in the most contrasting treat-

ments of a compaction experiment: with and without compaction. In-season water

dynamics were measured from 2017 to 2019. The refined LLWR approach defined

a wider range of water content nonlimiting for plant growth compared with the da

Silva et al. approach. Compaction affected the LLWRs (p < .05), yet no significant

effect of subsoil compaction on crop yield was found. Cumulative aeration and water

stress day indicators identified from the refined LLWR were significantly related to

grain yield (p < .05). The lower winter wheat yield in 2018 compared with 2019

seemed to be related to the direct impact of weather factors on aboveground growth

and to aeration and water stresses. The apparent lack of compaction effect sug-

gests further studies are needed to determine if in-season stresses derived from the

LLWRs can be related to crop development and yield under different soil and weather

conditions.

1 INTRODUCTION

Soil structure conditions govern plant root development
because they affect the air, water, and nutrient distribution in
the soil matrix and determine the force the roots might need to
penetrate and propagate downward (Bengough et al., 2006).

Abbreviations: ASD, aeration stress day; FC, field capacity; LLWR, least
limiting water range; PR, penetration resistance; RAW, readily available
water; RVI, relative vegetation index; WP, permanent wilting point; WSD,
water stress day.
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Under conventional tillage with heavy traffic, the subsoil is
commonly characterized by compacted layers with a massive
structure (Ball et al., 2015). Topsoil and subsoil compaction
have been found to have a different accountability degree on
crop response, with a varying persistency effect in clay loam
soils (Håkansson & Reeder, 1994). In coarse-textured soils
that are annually plowed, subsoil compaction effects may per-
sist longer or be permanent (Alakukku, 1996; Berisso et al.,
2012). Studies are needed to quantify the subsoil compaction
effect on crop yields after the termination of heavy annual
traffic.
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Soil compaction involves a number of soil physical stresses
that narrow the range of water content at which there are min-
imal physical limitations to root growth (Chen, Weil, & Hill,
2014). This water content approach was introduced as the least
limiting water range (LLWR) by da Silva, Kay, and Perfect
(1994), which is a modification of that proposed by Letey
(1958) and integrates the relationship between the water con-
tent at the critical values of water potential, mechanical resis-
tance, and aeration.

The LLWR has been used for identifying the limiting fac-
tors for plant growth under different tillage systems (Betz,
Allmaras, Copeland, & Randall, 1998; Kahlon & Chawla,
2017; Tormena, da Silva, & Libardi, 1999) and soil man-
agement and land use (Calonego & Rosolem, 2011; Fidalski,
Tormena, & Silva, 2010; Gonçalves et al., 2014; Reichert, da
Silva, & Reinert, 2004), including forest soils (Sato, Lima,
Ferreira, Rodrigues, & Silva, 2017; Zou, Sands, Buchan, &
Hudson, 2000). The estimated da Silva et al. (1994) LLWR
values for topsoil conditions have been found to be related
to crop yield (Beutler et al., 2008; Beutler, Centurion, &
Silva, 2005; Lapen, Topp, Gregorich, & Curnoe, 2004). How-
ever, the limits of the LLWR proposed by da Silva et al.
(1994) have been argued by other authors. For the upper limit,
field capacity (FC) and 10% of air-filled porosity are consid-
ered too simplistic estimations of aeration status because they
do not take soil pore organization into account (Kadžienė,
Munkholm, & Mutegi, 2011; Lapen et al., 2004; Moham-
madi, Asadzadeh, & Vanclooster, 2010; van Lier & Gubiani,
2015). For the lower limit, a fixed penetration resistance (PR)-
based limit does not consider the root penetration capability
of the plant species at high PR levels as well as the ability
to grow through preferential pathways such as biopores and
cracks (Bengough & Mullins, 1990; Whitmore & Whalley,
2009). The permanent wilting point (WP), which is the sec-
ond expression of the lower limit of the da Silva et al. (1994)
approach, is considered an ultimate limit that does not take
into account the reduction in transpiration as the soil dries
(Silva et al., 2015).

Although the da Silva et al. (1994) LLWR approach might
be still in development, a refinement in relation to the com-
plexity of the boundaries conditions was proposed by Pulido-
Moncada and Munkholm (2019). They suggested the use of
the water content at a critical value of relative gas diffusiv-
ity as the upper limit (Kadžienė et al., 2011) and the critical
soil water content at which a reduction in stomata opening
occurs as the lower limit (Silva et al., 2015). These, respec-
tively, represent the soil water state at which there is no
restriction for gas transport (Kadžienė et al., 2011) and at
which plants can extract water without suffering water stress
(Silva et al., 2015).

da Silva and Kay (1996) suggested identifying the peri-
ods when the soil water content is outside the LLWR,
which may be proportionally related to crop growth and

Core ideas
∙ Available water limits allowed the identification of

in-season water stresses.
∙ Residual subsoil compaction affected aeration

stress but not wheat grain yield.
∙ Aeration and water stress periods were correlated

with wheat grain yield.

yield. The LLWR has subsequently been used in other stud-
ies to evaluate the stresses suffered by the crop during a
growing season (Bengough et al., 2006; Klein & Camara,
2007; Silva et al., 2019). However, apparent water stress
in the topsoil may not be expressed when there is avail-
able water in deeper soil layers (Silva et al., 2019). In
compacted soils, the penetration of roots to deeper soil
layers may not occur uniformly (Taylor & Brar, 1991)
because the ability of roots to penetrate hard layers depends
on species-specific mechanisms (Lynch & Wojciechowski,
2015).

On the other hand, aboveground factors during the growing
season may rule plant growth and productivity when water
and nutrient uptake is sufficient (Qin, Noulas, & Herrera,
2018; Shah & Paulsen, 2003). Meteorological stresses have
a negative effect on crop yield depending on the plant species
or cultivar grown because grain and seed crops are more sensi-
tive than others (Peltonen-Sainio et al., 2010). Harmful effects
of, for example, low or high temperatures at critical develop-
ment stages such as heading and anthesis cannot be compen-
sated for by optimal subsequent conditions (Mäkinen et al.,
2018). Although crop response to heat stress is known to
be more dramatically marked by drought stress (Alghabari,
Lukac, Jones, & Gooding, 2014), high air temperature can
reduce water-use efficiency even when plants are not stressed
for soil moisture (Shah & Paulsen, 2003).

Taking into account the combined effect of different
stresses during the crop life cycle, and particularly the effect
of severely compacted subsoil, is crucial to identifying yield-
related in-season stresses. Nevertheless, studies evaluating
the relation between in-season stresses, crop response, and
LLWR are scarce. The present study aims (a) to evaluate
the residual effect of subsoil compaction for a tile-drained
sandy loam on the LLWR, (b) to examine the in-season water
dynamics in the light of two LLWR approaches, and (c) to
evaluate the crop response to aboveground and belowground
conditions. It was hypothesised (a) that subsoil compaction
would narrow the LLWRs and reduce crop yields and (b) that
yield effects could be related to the extent of aeration and/or
water stress derived from soil water contents outside the
LLWRs.
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T A B L E 1 Field operations in the experimental trial for 2017–2019

Crop

2017 2018 2019
Spring barley Winter wheat Winter wheat

Catch crop sown (+30N) 13 Aug. 2016

Ploughing 11 Nov. 2016 29 Sept. 2017 21 Sept. 2018

Sowing 3 Apr. 2017 30 Sept. 2017 21 Sept. 2018

Fertilization 3 Apr. 2017 9 Apr. 2018a 26 Mar. 2019b

Fertilizer, kg N ha−3 110 147 152

Harvesting 16 Aug. 2017 30 July 2018 5 Aug. 2019

a41 kg N (9 Apr.) + 20 kg (12 Apr.) + 86 kg N (20 Apr.).
b84 kg N (26 Mar.) + 68 kg (15 Apr.).

2 MATERIALS AND METHODS

2.1 Study site and compaction experiment

The study was conducted in a compaction experiment located
at the Taastrup Research Centre (55˚40ʹ43ʹʹ N, 12˚16ʹ43ʹʹ E)
of Copenhagen University, Denmark. The soil at Taastrup is
a sandy loam soil developed on moraine deposits from the
Weichselian glaciation. The 0-to-0.25 m soil layer contained
197, 285, and 518 g kg−1 of clay (<2 μm), silt (2–63 μm),
and sand (63 μm–2 mm), respectively, and 25 g kg−1 of soil
organic matter. Corresponding values at the 0.25-to-0.50-m
depth are 233, 287, 480, and 12 g kg−1, respectively, and at the
0.50-to-1.0-m depth are 239, 312, 449, and 5 g kg−1, respec-
tively.

The compaction experiment at Taastrup consisted of an
annual heavy traffic event with slurry application machin-
ery during the period 2010–2013. The experimental traffic
took place at a water content close to FC on plowed soil
in spring. In the present study, the most contrasting exper-
imental treatments were selected: control soil that under-
went no experimental traffic and compacted soil that con-
sisted of five passes of a tractor–slurry trailer combination
with ∼58-kN wheel load. The experimental treatments were
arranged in a randomized complete block design with four
blocks.

When sampling, in spring 2017, the subsoil (0.3 m
depth) of the compacted plots was characterized by a sig-
nificantly higher soil bulk density (1.77 Mg m−3) and
lower air-filled porosity (0.06 m3 m−3) and gas diffusivity
(0.0034) compared with the control treatment (1.62 Mg m−3,
0.10 m3 m−3, and 0.0084, respectively) (Pulido-Moncada,
Schjønning, Labouriau, & Munkholm, 2020). Further details
on the experimental field, treatments, and results of soil phys-
ical parameters during the compaction experimental years
and after completion of the compaction experimental period
have been reported in previous studies (Pulido-Moncada &
Munkholm, 2019; Pulido-Moncada et al., 2020; Schjønning,

Lamandé, Crétin, & Nielsen, 2017; Schjønning, Lamandé,
Munkholm, Lyngvig, & Nielsen, 2016).

The soil in the experimental trial was annually plowed to
approximately 0.25 m in autumn from 2016 to 2019. After
shallow secondary tillage, spring barley (Hordeum vulgare L.)
was sown annually in spring from 2010 to 2017. In 2017 and
2018, winter wheat (Triticum aestivum L.) ‘Sheriff’ was sown
in late September. Details of the field operations are presented
in Table 1.

2.2 Meteorological data

Meteorological data were obtained from the climate and water
balance station located at Taastrup, 1.5 km from the experi-
mental site. Weather data, including daily mean temperature
and precipitation, were measured during the growing seasons
for the 3 yr of evaluation (i.e., 2017–2019). Reference evap-
otranspiration was calculated on a daily basis by the Penman
equation (Penman, 1948).

2.3 Soil water content measurement

Water contents were measured at different soil depths
from 0.1 to 1.0 m and at different dates from 2017 to
2019 with a multisensor capacitance PR2 Profile Probe
(Delta-T Devices Ltd). Built-in standard calibration for min-
eral soil was used so that water content could be logged
directly.

Similar to most agricultural fields on loamy soil in Den-
mark, the experimental field in Taastrup is tile drained
(Møller, Beucher, Iversen, & Greve, 2018; Olesen, 2009).
Typically, such fields will have a perched water table in the
root zone during the drainage season in autumn-winter and
at the drain depth at the beginning of April when net pre-
cipitation becomes negative. Therefore, water content mea-
surements were conducted from April to July during the 3 yr
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of evaluation. In 2017, water content was measured 13 times
between 30 April and 17 July; in 2018, 17 times between 9
April and 29 June; and in 2019, 18 times between 3 April and
30 June. In 2018, the access tubes were installed shortly after
tillage in autumn. Because of soil settlement in the plow layer
during autumn and winter, in-season measuring depths were
slightly different this year, and the measuring depths differ by
0.05 m on average.

2.4 Field PR measurements

In 2017, 4 yr after completion of the compaction experiment,
field PR was measured directly in the field in November, at a
soil water content near FC, with the help of an automated cone
penetrometer (Olsen, 1988). Within each experimental plot,
10 measurements down to 0.80 m depth were conducted. Mea-
surements were recorded at 10-mm increments with a 20.27-
mm-diameter cone with a 30˚ semi-angle tip and at a penetra-
tion speed of 30 mm s−1.

In this study, because the topsoil of both control and com-
pacted treatments was plowed annually (∼0.25 m) and hence
is characterized by a homogenous structural arrangement (as
shown below), we further focused on two layers of the sub-
soil: the 0.3-m and the 0.6-m depth. These layers represent
the most compacted layer and the layer below the compacted
layer, respectively.

2.5 Sampling and laboratory
measurements

Sampling of 100-cm3 soil cores (0.061 m in diameter and
0.035 m in height) was conducted at 0.3 m depth. Within each
of the four trial blocks, six replicate cores were collected at
each of the three selected sampling spots. The soil cores were
kept at 2 ˚C until analysis.

Sequential measurements of air-filled porosity (εa) and rel-
ative gas diffusivity (Ds/Do) were conducted for all the soil
cores after water content was equilibrated at −100 hPa matric
potential on tension tables. The εa was measured by using an
air pycnometer (Flint & Flint, 2002; Rüegg, 2000) and calcu-
lated based on Boyle’s law. Gas diffusivity in soil (Ds) was
measured using the one-chamber, one-gas method (Schjøn-
ning, Eden, Moldrup, & de Jonge, 2013), and Ds/Do was cal-
culated by relating Ds to the diffusion of O2 in the air, Do
(0.205 cm2 s−1 at 20 ˚C and atmospheric pressure; Smithso-
nian Physical Tables).

Soil samples were then divided into eight groups for mea-
surements of PR with a micro-penetrometer at−20,−40,−60,
−80, −100, −300, −500, and −1,000 hPa matric potential, for
which an additional saturation and drainage process was fol-
lowed. The core PR readings were made using a penetrom-

eter probe with 1 mm basal diameter, 0.8 mm shaft diame-
ter, and 30˚ cone angle. In each soil sample, three penetra-
tions were conducted at a rate of 4 mm min−1 to 20 mm depth
by an Instron loading frame. For each soil sample, arithmetic
averages were calculated for 5–20 mm depth from all penetra-
tions. After measuring core PR, the samples were oven-dried
at 105 ˚C to estimate soil dry bulk density (ρb).

2.6 LLWR

Data obtained from the collected 100-cm3 soil cores were
used for further calculation of the LLWR in the subsoil. The
LLWR was determined using two approaches: da Silva et al.
(1994) and Pulido-Moncada and Munkholm (2019). To deter-
mine the LLWR as described in da Silva et al. (1994), the
variation of the water content with ρb was calculated at the
critical limits of εa, FC, WP, and PR. The critical threshold
of the εa was set at 10% (Wesseling & Van Wijk, 1957), the
FC at −100 hPa matric potential, the WP at −15,000 hPa, and
the PR at 2.0 MPa (Taylor, Roberson, & Parker, 1966). These
critical values are commonly used for Danish soils.

The functional relationship between water content and
matric potential was fitted using Equation 1 (Williams, Ross,
& Bristow, 1989). The functional relationship of PR, water
content, and ρb was determined using Equation 2 (Busscher
& Sojka, 1987), and the variation with ρb of the water content
at the limiting air-filled porosity (θεa, 10%) was found using
Equation 3 (da Silva et al., 1994):

θ = exp(𝑎 + 𝑏ρb) ⋅ φc (1)

where θ is the soil volumetric water content (m3 m−3); φ is the
matric potential; and a, b, and c are empirical parameters;

PR = 𝑑 ⋅ θ𝑒 ⋅ ρ𝑓b (2)

where θ is the soil volumetric water content (m3 m−3), and d,
e, and f are empirical parameters; and

θεa,10% =
(
1 −

ρb
ρs

)
− 0.1 (3)

where ρs is the soil particle density (here assumed to be
2.65 Mg m−3), and 0.1 is the limiting air-filled porosity at
10%.

According to the da Silva et al. (1994) approach, the upper
limit of LLWR is defined as equal to the value of either θFC or
θεa,10%, whichever is the smaller, and the lower limit is equal
to θWP or θPR, whichever is the larger.

The refinement of the LLWR proposed by Pulido-Moncada
and Munkholm (2019) recalculates the upper and lower limits
of the LLWR concept by using, respectively, the εa at which
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0.005 of the Ds/Do is reached (εa,0.005) and the fraction of
readily available water (RAW). The refined LLWR is then
defined as the water range between the θεa,0.005 and θRAW.

The refined upper limit, εa,0.005, estimates the variation in
εa related to pore connectivity, and it was calculated by the
power-law model as suggested by Kadžienė et al. (2011) using
Equations 4 and 5.

𝐷s∕𝐷o = α ⋅ εβa (4)

θεa,0.005 =
(
1 −

ρb
ρs

)
−
(
𝐷s∕𝐷o

α

)1∕β
(5)

where α and β are empirical parameters.
The refined lower limit for LLWR, based on the RAW,

expresses the boundary at which plants suffer physiological
water stress (θRAW) and was calculated from the RAW con-
cept using Equations 6, 7, and 8 (Silva et al., 2015).

RAW = 𝑑ETO ⋅ TAW (6)

where dETO is the crop evapotranspiration depletion factor; a
dETO value of 0.55 was used in this study as the average value
recommended for spring barley and winter wheat because
dETO varies from 0.30 to 0.70 depending on the root depth
and evapotranspiration rate (Allen, Pereira, Raes, & Smith,
1998). The dETO value of the crops depends on the evapo-
rative demands, but it was neither measured nor estimated
and instead assumed a constant value throughout the growing
period (Denmead & Shaw, 1962). TAW is the total soil avail-
able water, which is defined as the water content between FC
and WP (Allen et al., 1998).

RAW = θFC − θRAW (7)

Replacing in Equation 6 the RAW concept (Equation 7) and
the TAW concept, then:

θRAW = θFC − ρ ⋅
(
θFC − θWP

)
(8)

where θFC and θWP are the variation in water content with ρb,
calculated by Equation 1, assuming −100 and −15,000 hPa
for FC and WP, respectively.

2.7 Water and aeration stress day

The upper and lower limits of the LLWR estimated from both
the da Silva et al. (1994) and Pulido-Moncada and Munkholm
(2019) approaches were used in the calculation of the water
and aeration stress day (ASD) indices.

The water stress day (WSD), as proposed by Benjamin,
Nielsen, and Vigil (2003), aims to capture in-season water
dynamics to better determine the effects of soil condition on
plant growth. The WSD is calculated as the amount of water
stress the plant is subjected to during the growing season
(Equation 9):

WSD = θ − θLL (9)

where θ is the daily water content of the soil, and θLL is the
lower limit of the LLWR for any day that θ < θLL; otherwise,
WSD = 0.

Based on the WSD, we propose in Equation 10 a calculation
of the amount of aeration stress (ASD) the plant is subjected
to during the growing season:

ASD = θ − θUL (10)

where θ is the daily water content of the soil, and θUL is the
upper limit of the LLWR for any day that θ > θUL; otherwise,
ASD = 0.

For comparison between years, WSD and ASD calculated
for each plot were integrated over time (Equation 11) within
two fixed dates covering a significant part of the growing
season:

𝑆𝑡 = Σ𝑛
𝑖=1

{[
𝑋𝑖 +

(
𝑋𝑖+1

)]
∕2

}
⋅
(
𝑡𝑖+1 − 𝑡𝑖

)
(11)

where St is the cumulative WSD or ASD values at time t (day),
n is the number of considered time intervals i, and X is either
WSD or ASD. If not measured, WSD and ASD values on 12
April and 30 June were obtained by linear interpolation.

2.8 Vegetation index and yield

The relative vegetation index (RVI) was calculated as the
ratio between the hemispherical–conical reflectance in a near-
infrared band at 740–820 nm (NIR) and a photosyntheti-
cally active band at 400–700 nm (PAR) (Petersen, Jensen, &
Mogensen, 2002):

RVI = NIR
PAR

=
NIRr∕NIRi
PARr∕PARi

(12)

where the suffixes r and i stand for reflected and incident
fluxes, respectively.

Harvesting and weighing of grains from each plot were per-
formed using a Haldrup plot combine harvester. Plant produc-
tivity was assessed with the yield from harvesting 90 m2 per
plot.
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2.9 Statistical analyses

A nonparametric Kruskal–Wallis test was conducted to detect
statistical differences in LLWR limits and compaction treat-
ment effects on in-season water dynamic parameters. Analy-
sis of variance was used to determine significant differences
for yield and RVI. To evaluate the association between in-
season water dynamic indicators and yield and RVI, a Spear-
man correlation analysis was performed. A criterion of 5%
was selected to represent statistical significance. All data
were analyzed using the statistical package SPSS (version 24,
SPSS Inc.).

3 RESULTS AND DISCUSSION

3.1 Climate conditions during the growing
seasons

Figure 1 shows the daily precipitation, reference evapotranspi-
ration, and mean temperatures during the growing seasons in
2017–2019. Compared with the long-term baseline of 1961–
1990 (Jensen, 1996), the total monthly precipitation in 2017
was higher during the growing season for spring barley, except
for May (i.e., 65 [+25], 27 [−17], 93 [+40], and 95 [+27]
mm from April to July, respectively). The growing season
for winter wheat in 2017–2018 was characterized by gener-
ally higher precipitation than the baseline from September to
March (+72, +26, +12, +3, +21, −17, +49 mm, respectively)
and lower precipitation than the baseline from April to July
(−10, −21, −48, and −50 mm, respectively). In the growing
season 2018–2019, precipitation was lower than the baseline
from September to November (−31, −4, −34 mm) but gener-
ally higher from December to July (+25, +21, +12, +63, -26,
+10, +11, −23 mm), except in April and July.

The mean monthly air temperature in 2017 was fairly sim-
ilar to the baseline of 1961–1990 from April to July. For
the first year of winter wheat (2017–2018), the tempera-
ture was higher than the baseline from October to January
(+2.1,+1.1,+2.6, and +3.3 ˚C) and from April to July (+3.5,
+4.8, +3.1, and +4.7 ˚C). In the growing season 2018–2019,
temperatures were similar to the baseline in autumn but higher
from December to the end of the growing season (+3, +2.2,
+5, +3.7, +3.2, +0.1, +3.1, and +1.6 ˚C), except in May and
July when the mean temperatures were, respectively, 4.5 and
4.7 ˚C lower than in 2018.

The cumulative monthly reference evapotranspiration was
slightly lower than the long-term baseline during the period
from April to July in 2017. For winter wheat 2017–2018,
the low reference evapotranspiration in the autumn-winter
period was similar to the baseline, except in February when
it was +12.9 mm and in March when it was −3.9 mm. From

April to July 2018, evapotranspiration reached higher values
than the baseline (+8, +24, +23, and +36 mm, respectively).
In the second growing period for winter wheat (2018–2019),
the cumulative reference evapotranspiration was similar to
the baseline, except from April to July (+24, −10, +18, and
+9 mm, respectively). This was also a period with lower evap-
otranspiration than the previous growing season, except in
April.

3.2 Field PR and water content

The field PR data revealed values ≤0.5 MPa with no com-
paction effect in the 0.1-to-0.2-m layer (p > .05) (Figure 2).
This was expected because plowing was conducted annually
in the experimental field. A marked increment in field PR,
with values ≥1.0 MPa, was evident below the plowed layer
with both treatments. Traffic stress caused significantly larger
field PR (p < .05), reaching a maximum value of 2.25 MPa at
∼0.3–0.5 m depth. This is in agreement with the results found
in the same experiment by Pulido-Moncada et al. (2020),
which indicated that compaction significantly increased ρb
and decreased gas transport for depths of 0.3 and 0.5 m.

The compaction treatments also significantly affected soil
water content at 0.3–0.4 m depth (Figure 3) in 2017–2019. In
general, larger volumetric water content was registered for the
compacted subsoil compared with the control (p < .05) during
April and May at 0.3–0.4 cm depth, whereas no significant
differences were found in June at any depth.

Given that our results show no significant differences in
water content of the plowed topsoil, further evaluation of
water content dynamics was conducted only at 0.3 and 0.6 m
depth.

3.3 Water content variation with bulk
density

Results from the present study show that θFC and θPR were the
upper and lower LLWR limits, according to the da Silva et al.
(1994) approach (Figure 4). After compaction, θεa,10% and
θPR were the limiting boundaries, with a very narrow range
between θFC and the θεa,10%.

When the refined approach by Pulido-Moncada and
Munkholm (2019) was calculated, the LLWR between
θεa,0.005 and θRAW was also drastically reduced by com-
paction. However, the refined limits provided a broader
range compared with the da Silva et al. (1994) approach
(Figure 4). In a previous study from the same experiment,
Pulido-Moncada and Munkholm (2019) also reported that,
2 yr after completion of the compaction experiment, traffic
stress significantly reduced the LLWR at the measured range
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F I G U R E 1 Daily precipitation, Penman reference evapotranspiration, and average air temperature at 2.0 m height during the growing season in
2017, 2018, and 2019.

in ρb at 0.3, 0.5, and 0.7 m depth. This was contrary to the
study conducted by Benjamin et al. (2003) on a loam soil from
the United States, where LLWR did not change significantly
with changes in ρb below 0.3 m depth.

The volumetric water content for the limiting factors con-
sidered by the two LLWR approaches was estimated at the
mean ρb for the control and compacted soil at 0.3 and 0.6 m
depth (Table 2) by interpolation (Figure 4a,b). It was assumed

that the water content variation with ρb at 0.3 m depth was
applicable at 0.6 m depth because of a similar ρb distribu-
tion in the deeper subsoil layer. The mean ρb of the 0.5-m
soil layer from samples taken in 2017 (Pulido-Moncada et al.,
2020) was assumed to represent the conditions at 0.6 m, based
on the LLWR results from 0.5 and 0.7 m depth at the same
experiment assessed by Pulido-Moncada and Munkholm
(2019).



8 PULIDO-MONCADA ET AL.

T A B L E 2 Mean dry bulk density and the corresponding volumetric water content for the potentially limiting factors considered by the two least
limiting water range approaches under study

Bulk density θFC θεa,10% θPR θWP θεa,0.005 θRAW

Mg m−3 m3 m−3

0.3-m depth

Control 1.62 0.28 0.29 0.28 0.21 0.33 0.24

Compacted 1.77 0.28 0.23 0.30 0.21 0.26 0.24

0.6-m depth

Control 1.60 0.29 0.30 0.26 0.20 0.34 0.24

Compacted 1.65 0.29 0.29 0.29 0.22 0.31 0.25

Note. Mean bulk density values correspond to those reported by Pulido-Moncada et al. (2020). Volumetric water content at −100 hPa (i.e., field capacity, θFC), at 10% of
air-filled porosity (θεa,10%), at −15,000 hPa (i.e., wilting point, θWP), at 2 MPa of penetration resistance (θPR), at the air-filled porosity at which relative gas diffusivity
reaches 0.005 (θεa,0.005), and at the critical moisture level based on the definition of readily available water (θRAW).

Penetration resistance (MPa)
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F I G U R E 2 Penetration resistance measured in the field in 2017
at a soil water content near field capacity. Control soil was not exper-
imentally trafficked, and compacted soil underwent traffic stress with
a tractor–slurry trailer combination applying ∼58 kN wheel load. Bars
indicate SE. Different letter in the shaded area indicate significant differ-
ence between treatments for 0.05-m depth intervals (p ≤ .05).

3.4 In-season water content dynamics
within limiting boundaries

The water content limits at the mean values of ρb shown
in Table 2 were plotted together with measured water con-
tent in Figure 5 to identify in-season variation of stresses
related to soil water content. For the control soil at 0.3 m

depth, the water range displayed between the da Silva et al.
(1994) limits suggests that during the 3 yr of evaluation
substantial water stresses occurred during the growing sea-
sons, reaching values equal to or lower than θWP between
late April and mid-May. When considering the refined lim-
its, the control plots at 0.3 m depth show that in 2017 water
contents were lower than the dry limit during the whole
measuring period but in 2018 and 2019 were lower than
the dry limit only from 17 May and 24 April and onward,
respectively.

In the compacted plots, at 0.3 m depth, θPR becomes
larger than θεa,10% and θFC, indicating that mechanical
soil conditions restricted root growth and thus soil water
accessibility during the 3 yr. The refined limits suggest
instead that the water content was within the boundaries
(θεa,0.005 > θ > θRAW) during the first 2 wk of April in 2017,
during 5 d in mid-May in 2018, and at the beginning of April
in 2019.

The in-season water dynamics in the control plots at 0.6 m
depth show that using the da Silva et al. (1994) limits revealed
a narrow period with no water content restriction from 4 May
to 16 June in 2017, from 23 May to 9 June in 2018, and from
25 May to 30 June in 2019. However, the refined LLWR by
Pulido-Moncada and Munkholm (2019) identified no water
limitation (θεa,0.005 > θ > θRAW) for the entire growing sea-
son, except in 2018 and 2019 when a slight water excess
occurred until 12 May 2018, and until 1 May 2019.

For the compacted soil at 0.6 m, θεa,10%, θFC, and θPR had
the same value at the mean ρb of 1.65 Mg m−3, indicating that
a maximum restriction for water availability exits through-
out the growing seasons. In contrast, the water range set by
θεa,0.005 and θRAW suggests that slight water excess occurred
until late April in 2017 and until late May in 2018 and 2019.
It is important to highlight that, at 0.6 m depth, the water con-
tent was always above θRAW in the control and the compacted
soil (except from 1 June 2018), which indicates that during
dry periods roots reaching deeper into the subsoil had access
to available water.
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F I G U R E 3 Soil water content measured with a multisensor capacitance PR2 Profile Probe down to 1.0 m soil depth at different dates from 2017
to 2019. Bars indicate SE. Values followed by different letters are significantly different between treatments for the same depth (p ≤ .05). Spring barley
was sown in 2017 and winter wheat cultivar Sheriff in 2018 and 2019.
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F I G U R E 4 (a) The da Silva et al. (1994) approach integrates the volumetric water content variation with soil bulk density at −100 hPa (i.e.,
field capacity, θFC), at 10% of air-filled porosity (θεa,10%), at −15,000 hPa (i.e., wilting point, θWP) and at 2 MPa of penetration resistance (θPR). (b)
The refined approach proposed by Pulido-Moncada and Munkholm (2019) considers the air-filled porosity at which relative gas diffusivity reaches
0.005 (θεa,0.005) as the upper limit and the critical moisture level based on the definition of readily available water (θRAW) as the lower limit. (c) The
resulting least limiting water range (LLWR) in the light of the two approaches for Taastrup site at 0.3 m depth.

3.5 In-season WSD and ASD dynamics

In general, the results from the estimation of the ASD
and WSD showed that greater ASD and smaller (numer-
ically greater) WSD was estimated when using the da
Silva et al. (1994) than the Pulido and Munkholm (2019)
LLWR approach at any combination of treatment and

depth (p < .05) (Supplemental Figures S1 and S2). We
used the Pulido-Moncada and Munkholm (2019) LLWR
approach for further analysis of the in-season water
dynamics because the da Silva et al. (1994) approach
suggested that at mean ρb there was zero or very small
LLWR for root development and growth (Figures 4
and 5).
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F I G U R E 5 Average soil water content (m3 m−3) at 0.3 and 0.6 m depth measured from April to July in 2017, 2018, and 2019. The horizontal lines
represent the upper and lower limits of the least limiting water range (LLWR) at the mean bulk density value of each treatment × depth combination.
The da Silva et al. (1994) approach (left panel) integrates the water contents at −100 hPa (i.e., field capacity, θFC), at 10% of air-filled porosity (θεa,10%),
at −15,000 hPa (i.e., wilting point, θWP), and at 2 MPa of penetration resistance (θPR). The refined approach (right panel) proposed by Pulido-Moncada
and Munkholm (2019) considers the air-filled porosity at which relative gas diffusivity reaches 0.005 (θεa,0.005) and the critical moisture level based
on the definition of readily available water (θRAW).

When the refined limits were considered, an overall higher
estimation of cumulative ASD was obtained for the com-
pacted soil than for the control at 0.3 m depth (p < .05), except
in 2019 (Table 3). No significant compaction effect on the
cumulative ASD was found at 0.6 m depth in the 3 yr of study.
The cumulative WSD during the growing period was not sig-
nificantly affected by compaction within each year of evalua-
tion at any depth (p > .05).

When winter wheat growing years were considered
together, the compaction effect on cumulative ASD was
strongly significant at 0.3 m depth (p < .01), but no effect
was found at 0.6 m depth (p > .05).

3.6 LLWR/weather factors ruling the grain
yield and maximum RVI

The LLWR results indicating impeded root growth conditions
for compacted soil compared with the control are not reflected
in reduced crop yield, with no significant compaction effect
on grain yield or maximum RVI (p > .05) (Table 4). This
is contradictory to the reduction in yield and the inhibition
effect on root development by subsoil compaction that has
been widely reported elsewhere (Oussible, Crookston, & Lar-
son, 1992; Qin et al., 2018; Schneider & Don, 2019; Taylor &
Brar, 1991). The lack of subsoil compaction effect on yield in
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T A B L E 3 Cumulative aeration stress day (Cum. ASD) and water stress day (Cum. WSD) indicators, calculated for the period 12 April to 30
June using Equation 11

Year Crop
Depth
(m) Treatment Cum. ASD Cum. WSD

2017 spring barley 0.3 control 0.0b −5.2a

compacted 0.2a −4.9a

0.6 control 0.0a −0.1a

compacted 0.1a 0.0a

2018 winter wheat 0.3 control 0.1b −2.5a

compacted 3.1a −2.9a

0.6 control 0.5a −0.1a

compacted 1.7a −0.7a

2019 winter wheat 0.3 control 0.0a −6.4a

compacted 0.7a −7.7a

0.6 control 0.9a −0.0a

compacted 2.2a −0.0a

p Value

Compaction effect within years
2018–2019

0.3 .021 .753

0.6 .247 .666

Year effect between 2018 and 2019 0.3 .100 .016

0.6 .343 .015

Note. Values are based on the refined limits of the least limiting water range. Values in a column followed by the same letter are not significantly different between
treatments for the same depth and year (p ≥ .05).

T A B L E 4 Means of the grain yield and the maximum value of the relative vegetation index (max_RVI) for the three years under study

Year Crop Treatment Yield (kg ha−1) max_RVI
2017 spring barley control 7,554a 13.5a

compacted 7,774a 13.4a

2018 winter wheat control 7,038a 8.0a

compacted 6,782a 8.3a

2019 winter wheat control 9,142a 15.5a

compacted 9,543a 16.0a

p Value

Compaction effect within years 2018–2019 .927 .914

Year effect between 2018 and 2019 <.001 <.001

Note. Values in a column followed by the same letter are not significantly different between treatments in the same year (p ≥ .05).

our study may be associated with the fact that the studied sub-
soil was initially already compacted and went to a more severe
compaction state after heavy traffic experimentation. For con-
trol soil, maximum PR values of 1.3, 1.2, and 1.6 MPa at 0.3,
0.5, and 0.8 m depth, respectively, were reported by Schjøn-
ning et al. (2016).

Additionally, Håkansson and Reeder (1994), summarizing
a series of studies, found that topsoil compaction caused the
major part of the crop response in the first year after com-

paction and that the effect disappears after 2 yr. Subsoil com-
paction also responsible for part of the crop response appears
to be constant, and the effect disappears after 5–10 yr. This
compaction persistency/crop response model was cited to be
highly dependent on soil clay content. In a previous study,
Schjønning et al. (2016) showed that yield decline was mainly
associated to topsoil compaction during the annual heavy traf-
fic trial in three sandy loam fields (including the studied field).
Our results may hence suggest that subsoil compaction does
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T A B L E 5 Spearman’s rho coefficients between grain yield, maximum value of the relative vegetation index (max_RVI), cumulative aeration
stress day (cum. ASD), and cumulative water stress day (cum. WSD) in 2018–2019

Grain yield max_RVI
1.000 .903**

0.3 m depth

Cum. ASD −.547* −.408

Cum. WSD −.744** −.671**

0.6 m depth

Cum. ASD .286 .416

Cum. WSD .208 .447

*Significant at the .05 probability level.
**Significant at the .01 probability level.

not have a strong residual effect 4 yr after termination of the
compaction experimentation on the temperate sandy loam soil
under study.

For spring barley, the yield obtained in 2017 was 25%
larger than the previous 10-yr average for the region accord-
ing to Statistics Denmark (https://www.statistikbanken.dk/
statbank5a/selectvarval). Although spring barley is sensitive
to wet conditions during seedling emergence (Peltonen-Sainio
et al., 2010), in Taastrup a wet pre-seeding period (February–
March) and the wet April (65 mm) in 2017 (Figure 1) appear
not to have caused a yield reduction. The deficit of water, esti-
mated in the remaining growing season in 2017, for both con-
trol and compacted soil at 0.3 m depth, was likely not of sig-
nificance because there was available water deeper in the soil
profile, as shown by the 0.6-m results. Additionally, similar
temperatures to normal years and low or normal evaporative
demand characterized the growing season for spring barley.
Hence, favorable conditions, both aboveground and below-
ground, were present for spring barley in 2017.

In 2018, the average grain yield for winter wheat was
6,910 kg ha−1, which was lower than the 10-yr average of
8,141 kg ha−1 on the island of Zealand (Statistics Denmark
-https://www.statistikbanken.dk/statbank5a/selectvarval). On
the other hand, in 2019, the winter wheat grain yield was
1,202 kg ha−1 higher than the 10-yr average. Thus, the 2018
yield was 26% lower than the 2019 yield (p < .001) (Table 4).
The maximum RVI for winter wheat was also significantly
lower in 2018 compared with 2019 (p < .001) (Table 4). The
maximum RVI in 2018 (reached mid-May) was on average
8.2, which is very small compared with 13–15 in a normal
year (Petersen et al., 2002). An RVI of 8.2 can be translated
into a leaf area index of ∼1.7, which is not enough to obtain
full ground cover and thus explains the low grain yield. This is
supported by the significant correlation found between maxi-
mum RVI and grain yield (r = .90; p < .001) for winter wheat
within the period 2018–2019 (Table 5).

The in-season soil water dynamic indicators estimated for
the period between April and July in 2018–2019 at 0.3 m

depth was partially correlated to grain yield. The cumula-
tive ASD and WSD indicators were both negatively corre-
lated with grain yield (r = −.547; p < .05 and r = −.744;
p < .01, respectively) (Table 5). The inversely proportional
relation found between WSD (negative numeric values) and
grain yield indicates that the lack of water at 0.3 m depth was
important for crop productivity because roots reached deeper
layers with available water content.

In 2018, the loss in grain yield and maximum RVI, com-
pared with 2019, appear to have been caused mainly in the
spring. The weather went from a very cold March to a hot and
dry period in April, May, and June (Figure 1). No root growth
was evaluated, but root development in April 2018 was most
likely poor due to late sowing and a wet autumn/winter (shal-
low water table) with total precipitation of 498.3 mm from
September 2017 to March 2018. The tillering stage with three
shoots (23 on the BBCH scale) was reached on 12 Apr. 2018
and on 2 Apr. 2019 (data not shown). Few tillers after the win-
ter and a very short time for further tillering in spring 2018
strongly indicate poor early root development in 2018 com-
pared with 2019. The low RVI peak in late May 2018, despite
expected poor early-season root growth, could not alone be
explained by an excess of soil water (ASD) in April and the
beginning of May (Supplemental Figure S1) because similar
cumulative ASD was found for both years 2018 and 2019 at
0.3 and 0.6 m depth (Table 3).

In April 2018, the mean air temperature reached 9 ˚C after
a mean of 0.2 ˚C in March and increased to 15.5 ˚C in May
and 17.6 ˚C in June. Because the optimum air temperature
for grain yield is 15 ˚C (Chowdhury & Wardlaw, 1978), it is
important to note that in May and June 2018 maximum air
temperatures of 25–27 ˚C were registered for short periods
(3–6 d). Winter wheat yield is commonly cited to be neg-
atively affected when temperatures are >30 ˚C (Alghabari
et al., 2014; Mäkinen et al., 2018). However, Peltonen-Sainio
et al. (2010) found under Finnish conditions that grain yield of
winter wheat is sensitive to an increase in temperature prior
to and during heading, reaching up to 186 kg ha−1 in yield

https://www.statistikbanken.dk/statbank5a/selectvarval
https://www.statistikbanken.dk/statbank5a/selectvarval
https://www.statistikbanken.dk/statbank5a/selectvarval
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decline per 1 ˚C increase in phase mean temperature. Like-
wise, Teixeira, Fischer, Van Velthuizen, Walter, and Ewert
(2013) highlighted that when the temperature rises above
25–35 ˚C during the grain filling of wheat, this period will be
shorter and result in a yield decrease. For wheat, a high tem-
perature affects grain yield even at relatively high soil water
contents, and when the interaction of both temperature and
water stresses occurs, higher yield depletion is expected (Shah
& Paulsen, 2003).

In our study, the Penman reference evapotranspiration in
May (on average 3.9 mm d−1) and June (4.2 mm d−1) in
2018 reached values higher than the normal values for poten-
tial evaporation in Taastrup in these months (i.e., 3.0 and
3.5 mm d−1, respectively). It is likely that poor (early) root
development, as well as high evaporative demands (affect-
ing all treatments), might have worsened water stress late
in the season. As mentioned above, in late May 2018 water
content reached values close to or lower than θRAW at both
depths and even reached below θWP at 0.3 m, increasing
the WSD rapidly at that time (Supplemental Figure S2).
Comparison between 2018 and 2019 showed that at 0.3 m
depth numerically less cumulative WSD occurred in 2018
compared with 2019 (p = .016) (Table 3) because dry
conditions started earlier in mid-April in 2019 (Figure 3).
However, at 0.6 m higher cumulative WSD occurred in 2018
compared with 2019 (p = .015) (Table 3) because markedly
drier conditions at depth were recorded from late May in 2018
(Figure 3). Curled leaves were observed in June after anthe-
sis, which is a well-known symptom of drought stress caused
by high temperatures and, therefore, evaporative demands as
well as UV radiation (Kadioglu, Terzi, Saruhan, & Saglam,
2012). Hence, during the growing season in 2018, the combi-
nation of the abovementioned factors (poor early root devel-
opment [aeration stress-related], high temperatures and evap-
orative demands, and moderate soil water deficits during and
after anthesis) is expected to have influenced rapid crop devel-
opment, physiological responses (stomata closure), and yield
decrease (Denmead & Shaw, 1962).

In 2019, the high grain yield and RVI obtained from both
the control and compacted soil indicated crop growth were
apparently not limited by water content below the dry limit at
0.3 cm depth from mid-April to end of the growing season. We
expect that the plants have benefited from a better-developed
root system during a drier autumn/winter of 283 mm com-
pared with 411 mm in 2018 (Figure 1), which ensured access
to water in deeper soil layers (with wider LLWR) during later
stages of plant development. The 2019 winter wheat also ben-
efitted from a lower average air temperature (10.8 ˚C) and ref-
erence evapotranspiration (2.7 mm d−1) in May during head-
ing compared with 2018.

Additionally, the WSD and ASD calculated from the
Pulido-Moncada and Munkholm (2019) refined limits were

useful indicators for evaluating the influence of in-season
water dynamics on crop response in our study. Benjamin et al.
(2003) found a strong positive correlation between corn yield
and WSD (calculated from PR as lower limit) than with ρb or
LLWR. The authors suggested that in-season water dynam-
ics estimated by WSD play a large role in the determination
of corn yield in their region of study with higher evaporative
demands. Our results showed an opposite correlation between
WSD and grain yield compared with Benjamin et al. (2003);
however, it reflected some specific conditions for tile-drained
soils in a northern Europe area with a severely compacted sub-
soil. Dry conditions in the topsoil without structural limitation
force the crop to reach deeper layers for water uptake. There-
fore, for the studied tile-drained soil, taking account of both
aboveground and belowground factors seems to be of impor-
tance for a comprehensive evaluation of crop response. Fur-
ther evaluation of the capability and applicability of the WSD
and ASD indicators should be conducted for other soils, cli-
mates, and crops.

4 CONCLUSION

Subsoil compaction increased the field PR below the plow
layer, causing unfavorable conditions with an excess of water
in April and beginning of May in the years when precipita-
tion continuously exceeded the normal values in the studied
area. The water content of the studied compacted subsoil falls
outside the LLWR proposed by da Silva et al. (1994) during
the whole growing season in most cases. The refined LLWR
by Pulido-Moncada and Munkholm (2019) provides a broader
range of water contents with minimum physical limitations to
root growth. Compaction narrowed the LLWR at both depths;
however, no significant effects of compaction on grain yield
were observed. Water deficit at 0.3 m might have been com-
pensated by roots reaching the deeper soil layer with less lim-
iting conditions. The use of WSD and the proposed ASD as
potential indicators of in-season stresses for crop growth pro-
vided knowledge of the water dynamics and the periods under
stress during the growing season. Compaction significantly
increased ASD in two out of three years. However, in-season
water content dynamics results alone could not explain what
happened aboveground in terms of grain yield. Early crop
growth and development were very poor in spring of 2018.
Later in the season, crop growth and development might have
been governed by high temperatures and evaporative demands
together with soil water deficit. Our study highlights the need
to investigate more deeply the effects of subsoil compaction
on in-season stresses (aboveground and belowground) affect-
ing crop yield, such as for different crops and different soil
and climatic conditions and with measurements on both soil
water content and root growth dynamics.
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