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Soil compaction of arable land, caused by heavy machinery constitutes a major threat
to agricultural soils in industrialized countries. The degradation of soil structure due to
compaction leads to decreased (macro-) porosity resulting in increased mechanical
impedance, which adversely affects root growth and crop productivity. New crop
cultivars, with root systems that are adapted to conditions of increased soil strength,
are needed to overcome the limiting effects of soil compaction on plant growth. This
study aimed (i) to quantify the genetic diversity of early root system development in
wheat and to relate this to shoot development under different soil bulk densities and (ii)
to test whether root numbers are suitable traits to assess the genotypic tolerance to soil
compaction. Fourteen wheat genotypes were grown for 3 weeks in a growth chamber
under low (1.3 g cm−3), moderate (1.45 g cm−3), and high soil bulk density (1.6 g
cm−3). Using X-ray computed tomography root system development was quantified in
weekly intervals, which was complemented by weekly measurements of plant height.
The development of the root system, quantified via the number of axial and lateral roots
was strongly correlated (0.78 < r < 0.88, p < 0.01) to the development of plant height.
Furthermore, significant effects (p < 0.01) of the genotype on root system development
and plant vigor traits were observed. Under moderate soil strength final axial and lateral
root numbers were significantly correlated (0.57 < r < 0.84, p < 0.05) to shoot dry
weight. Furthermore, broad-sense heritability of axial and lateral root number was higher
than 50% and comparable to values calculated for shoot traits. Our results showed that
there is genetic diversity in wheat with respect to root system responses to increased soil
strength and that root numbers are suitable indicators to explain the responses and the
tolerance to such conditions. Since root numbers are heritable and can be assessed at
high throughput rates under laboratory and field conditions, root number is considered
a promising trait for screening toward compaction tolerant varieties.

Keywords: genetic diversity, phenotyping, mechanical impedance, root-shoot synchronization, soil compaction,
X-ray computed tomography
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INTRODUCTION

It is estimated that an area of 68 million hectares of arable
land is degraded by soil compaction (Hamza and Anderson,
2005; Batey, 2009), which is caused by the increasing use of
heavy agricultural machinery in modern agriculture (Tracy et al.,
2011). In comparison to undisturbed soils, compacted soils are
characterized by lower (macro-) porosity and decreased pore
connectivity (Bottinelli et al., 2014; Chen G. et al., 2014; Kuncoro
et al., 2014b). This soil structural degradation adversely affects
soil physical functions, which limit root growth and therefore
decrease agricultural productivity (Barraclough and Weir, 1988;
Botta et al., 2010; Arvidsson et al., 2014). Decreased void space
in compacted soils leads to higher mechanical impedance and
hence results in reduced root growth rates and resource uptake
(Bengough and Mullins, 1991; Young et al., 1997; Jin et al.,
2013). Furthermore, crop growth in compacted soils may be
limited due to low levels of plant available water (Lipiec and
Hatano, 2003) and decreased fluid transport rates (Kuncoro et al.,
2014a; Colombi et al., 2017). Together these adverse changes of
soil physical functions lead to decreased physical soil fertility
caused by soil compaction (Abbott and Murphy, 2007). High soil
strength may also occur in dry soils, which are also characterized
by increased mechanical impedance (Masle and Passioura, 1987;
Bengough et al., 2011). Since high soil strength reduces primarily
root system vigor, varieties with adapted root system traits are
needed in order to overcome adverse effects of soil compaction
on crop productivity. The integration of root traits into breeding
programs is suggested to increase the tolerance of crops to
soil derived abiotic stress and therefore to contribute to crop
productivity under limited soil fertility (York et al., 2013).

In recent years, the concept of adapting the root system
architecture of crops in a way that allows improving crop
productivity under poor soil fertility received growing attention
(Bishopp and Lynch, 2015). Root system architecture describes
the spatial configuration of coarse structures of the root system
based on the quantification of root numbers, lateral branching
density and root angles in soil (Lynch, 1995). Among other root
architectural properties, root numbers were shown to be related
in different crops to the genotypic tolerance to low soil fertility.
In maize for example, low axial and lateral root number were
observed to enhance plant performance under conditions of low
soil nitrogen (Saengwilai et al., 2014; Zhan and Lynch, 2015)
and under low soil moisture (Zhan et al., 2015; Gao and Lynch,
2016). In common bean instead, a high number of basal roots
in the top soil improved phosphorus uptake and plant vigor in
low phosphorus soils (Miguel et al., 2013). A major advantage of
root system architectural traits and root numbers in particular
is that they can be assessed in large diversity panels under
field conditions at high throughput rates (Trachsel et al., 2011;
Colombi et al., 2015; Burridge et al., 2016). The quantification of
root dry weight or length instead is much more laborious and not
feasible under field conditions. The heritability of root numbers
was reported to be relatively high in a wide range of crop species
(Wilcox and Farmer, 1968; Bucksch et al., 2014; Colombi et al.,
2015; Li et al., 2015; Richard et al., 2015; Burridge et al., 2016).
Besides increasing awareness about the importance of roots for

crop production, it has been suggested that holistic phenotyping
approaches are needed to understand plant responses to abiotic
stress. This may include simultaneous assessments of above and
below ground traits and continuous measurements of plant traits
instead of measurements taken at one single point in time (Walter
et al., 2015).

Like other abiotic stresses such as water or nutrient scarcity,
soil compaction causes alterations of the root system phenotype.
These phenotypic responses are consistent between different
crop species including major mono- and dicotyledonous crops
such as small grain cereals, maize or soybean (Tracy et al.,
2012; Chen Y.L. et al., 2014; Grzesiak et al., 2014; Pfeifer et al.,
2014; Colombi and Walter, 2016). Apart from shallower root
growth and increased root diameters, crop root systems show
decreased axial and lateral root numbers in response to soil
compaction. In most of these studies such alterations of the
root phenotype resulted in decreased shoot biomass both under
laboratory (Grzesiak et al., 2014; Pfeifer et al., 2014) and field
conditions (Chen Y.L. et al., 2014; Colombi and Walter, 2016).
It has been shown that these root architectural responses to
soil compaction obtained from mature plants in the field can
be reproduced in pots with young plants (Colombi and Walter,
2016). In the same study it was also observed that lateral root
initiation in wheat, triticale, and soybean seedlings is delayed due
to increased soil strength. However, in this study only one variety
per crop species was assessed and thus no conclusive statement
could be made about genetic diversity of plant responses to
soil compaction within one species. Leaf and root growth rates
of wheat, barley, maize, and pea were reported to decrease
within minutes to hours when soil strength increased (Masle
and Passioura, 1987; Bengough and Mullins, 1991; Beemster
et al., 1996; Young et al., 1997). The susceptibility to increased
soil strength varies considerably between different species. It has
been shown that legumes are more sensitive to soil compaction
than grasses (Arvidsson and Håkansson, 2014) and that small
grain cereals show a higher tolerance to increased mechanical
impedance than maize (Grzesiak et al., 2014).

Despite the information about phenotypic responses of
crops to soil compaction and the differences between species,
information about differences within a single species is scarce,
but would be highly desired for plant breeding purposes.
A detailed understanding of the genotypic diversity is needed to
identify root traits, which determine the tolerance to increased
soil strength (Hamza and Anderson, 2005). This includes the
understanding of root-shoot relationships in compacted soils
as well as quantitative information about root traits, which
determine growth responses and the tolerance to increased
soil strength. Genotypic differences of axial and lateral root
number and shoot vigor were shown in young triticale, maize,
and soybean plants. Depending on the genotype, moderate
soil compaction in particular led to decreased, constant or
even increased root numbers (Bushamuka and Zobel, 1998;
Grzesiak et al., 2014). However, in these studies only two
to four genotypes were evaluated, which did not allow for
quantitative statements about the influence of root traits on the
tolerance to soil compaction. In other studies soil compaction
was simulated with paraffin-Vaseline disks and the capability
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to penetrate these disks was compared between seedlings of 24
and 81 wheat genotypes (Kubo et al., 2004, 2006). These studies
reported a positive relationship between the number of roots
penetrating through the paraffin-Vaseline layer and shoot dry
weight. Similar results were reported for eight varieties of narrow-
leafed lupin grown in the field, where the number of lateral
roots was positively correlated to the agronomic performance
of the different cultivars (Chen Y.L. et al., 2014). These studies
indicated the use of certain root system architectural traits in
order to increase the tolerance to soil compaction. However,
due to the destructive measurements, root-shoot relationships
could not be quantified dynamically in any of these studies.
X-ray computed tomography or magnetic resonance imaging
are promising approaches to study root system development
in soil over time. Using X-ray micro computed tomography
temporal dynamics of root system architecture in response
to soil compaction were quantified in tomato, wheat, and
soybean seedlings (Tracy et al., 2012, 2013; Colombi and Walter,
2016).

In this study we test the hypothesis whether root number is
a suitable trait that could be used in crop breeding programs
aiming to improve the tolerance to compacted soils by: (i)
investigating how root system development is related to shoot
development under increasing soil strength, (ii) quantifying the
genetic diversity of root and shoot responses to increased soil
strength, and (iii) testing whether root numbers may be used
to assess the tolerance of different wheat varieties to increased
soil strength. Fourteen wheat varieties were grown under three
different levels of soil bulk density for 3 weeks, during which root
system development and shoot growth were quantified in weekly
intervals.

MATERIALS AND METHODS

Plant Material and Soil Physical
Conditions
The 14 winter wheat (Triticum aestivum L.) varieties used in this
study, originate from Swiss public breeding programs and were
released to the market between 1910 and 2010 (Table 1). Plants
were grown in PVC columns of 4.9 cm inner diameter and 15 cm
height, which were filled with field soil (Pseudogleyed Cambisol)
excavated at Agroscope Zurich (8◦31′E, 47◦27′N, 443 m above sea
level). For the experiments, soil was taken from the uppermost
15 cm, dried to approximately 22% gravimetric water content
and homogenized before being sieved through a 2 mm sieve. Soil
pH (CaCl2) in the top 20 cm was 6.9 with an organic carbon
content of 1.7% and textural composition of 25% clay, 50% silt
and 25% sand. The soil was stored at 3◦C until further use.
Different levels of soil strength were achieved by compressing the
soil to three different soil bulk densities. Soil was packed into the
columns to low (1.3 g cm−3), moderate (1.45 g cm−3), and high
(1.6 g cm−3) bulk density in six layers of 2 cm height. In order
to ensure homogenous packaging surfaces of each layer were
slightly abraded. To ensure proper soil aeration, the columns
were closed at the bottom with sheep wool. Each variety-bulk
density combination was replicated four times.

Four individual soil cores of 5.1 cm diameter and 5 cm height
per bulk density were packed with the same sieved soil as used for
plant growth studies in 1 cm layers to low (1.3 g cm−3), moderate
(1.45 g cm−3), and high (1.6 g cm−3) soil bulk density. These
samples were saturated slowly from below and equilibrated on
a ceramic plate to a matric potential of −100 hPa in order to
determine gravimetric water content at field capacity (Schjonning
and Rasmussen, 2000). Mechanical impedance at −100 hPa was
determined by two penetrometer insertions into the center of
the bottom side of the soil cores as described by Colombi and
Walter (2016). Measured penetration resistance was 0.34 (±0.08
SD) MPa, 0.44 (±0.03 SD) MPa, and 1.06 (±0.22 SD) MPa for
low, moderate and high bulk density, respectively.

Growth Conditions
Pre-germinated seeds (25◦C, 48 h) were selected according
to similar radicle length and seed size. The emerged radicle
(length ≈ 2 mm) was placed into a hole of 1 mm diameter
and 5 mm length, which was inserted into the center of the
soil columns. Seeds were covered with 1 cm of loose soil (1.0 g
cm−3). Plants were allocated in a randomized complete block
design with four blocks and grown for 23 days in a growth
chamber at a day/night cycle of 14/10 h. Incident light was 510
(±33, SD) µmol s−1 m−2 and recorded average temperature
and relative air humidity were 21.4◦C and 63%, respectively. Soil
moisture content was kept at field capacity (−100 hPa) by daily
weighing and watering.

Root and Shoot Growth Dynamics
Both root and shoot development was recorded four times
during growth. This was done in weekly intervals, starting at leaf
emergence, which occurred in all plants 2 days after planting.
Similar to previous studies (Tracy et al., 2012, 2013; Colombi and
Walter, 2016) root system development was quantified using an
X-Ray micro computed tomography (µCT) scanner (Phoenix v|
tome| x s 240; GE Sensing and Inspection Technologies GmbH,
Wunstorf, Germany). The top 6 cm of the pot were scanned at

TABLE 1 | Winter wheat varieties used in the study ordered according to
the year of market release.

Variety name Year of release

Plantahof 1910

Mont-Calme 245 1926

Mont-Calme 268 1926

Probus 1948

Zenith 1969

Arina 1981

Runal 1995

Titlis 1996

Zinal 2003

CH-Claro 2007

Forel 2007

CH-Combin 2008

Suretta 2009

Simano 2010
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FIGURE 1 | Illustration of root system quantification by means of X-ray computed tomography: (A) cross sections taken 1 cm below seed base 1, 2, and
3 weeks after shoot emergence (WAE) with axial roots marked (circles); (B) three dimensional arrangement of lateral branching points (red markers) within the top
6 cm of the soil column 1, 2, and 3 WAE; (C) segmentation of root system 2 WAE under moderate (1.45 g cm−3) and high soil bulk density (1.6 g cm−3); Scale
bar = 1 cm.

120 kV and 450 µA with 0.1 mm Cu filter. To reduce noise in the
scans and scanning time binning of 2∗2 voxels was applied. The
used settings (Supplementary Table 1) resulted in a scan time of
7 min and a voxel edge length of 0.068 mm. The number of axial
and lateral roots were manually counted in each scan using Visual
Studio Max 2.2 (Volume Graphics GmbH, Heidelberg, Germany)
in a segment of 4 cm height, starting 1 cm below the seed base.
Axial roots were only counted if they penetrated deeper than
1 cm below the seed base and lateral roots were counted if they
emerged from axial roots at depths between 1 and 5 cm below the
seed base (Figure 1). Visual detection limits for structures in µCT
scans are commonly seen to be at diameters that exceed twice
the voxel edge length (Jähne, 2002). Hence, the chosen resolution
of 0.068 mm voxel edge length enabled to quantify first order
lateral roots. The first time point 2 days after sowing was only
used to confirm that roots successfully penetrated the soil and was
excluded from further analysis. At the same days at which µCT
scans were performed, shoot development was determined. These
measurements included the number of fully developed leaves, the
number of tillers and plant height. To quantify plant height, the
coleoptile was marked and plant height was measured from this
mark to the tip of the longest leaf.

Diversity of Root and Shoot Traits
3 Weeks after Emergence
In addition to axial and lateral root number determined from the
µCT scans 3 weeks after emergence, final root branching density

was determined by dividing lateral by axial root number. After
the final CT scan, roots were gently washed out from the soil and
dried at 60◦C for at least 72 h before determining root dry weight.
Shoot dry weight and root-shoot ratio were further plant vigor
traits that were measured at the end of the experiment 3 weeks
after emergence. As for roots, shoots were dried for 72 h before
weighing. Four additional replications per bulk density of the
variety “Arina” were grown under the exactly same conditions
but were never scanned in order to check whether X-ray
irradiation adversely affected plant development (Flavel et al.,
2012). Comparing their root and shoot dry weights with plants
from the same variety, which were regularly scanned, allowed
excluding effects of X-ray on plant development (Supplementary
Table 2). Final plant height, leaf and tiller number as well as
root-shoot ratio were used as additional plant vigor indicators.

Data Analysis and Statistics
Data analysis and statistics were performed in R version 3.1.3
(R Core Team, 2015). In order to account for effects of
repeated measurements, root system and shoot development
were evaluated in the ASReml package (Guilmour et al., 2009)
for R with the following linear mixed effect model:

Yijkl = µ+ αi+βj+αβij+wl+αβwijl+pk+εijkl (1)

where Y represents the measured trait of the ith variety
(i = 1,2,. . .,13, 14) and of the jth bulk density (j = 1.3 g cm−3,
1.45 g cm−3, 1.6 cm−3), within the 1th week after emergence
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(l = 1, 2, 3) and the kth pot (k = 1, 2,. . ., 167, 168); α is the
variety effect, β is the effect of the soil bulk density, αβ is the
interaction between the variety and the bulk density, w is the
effect of the week after emergence, αβw is the interaction between
the variety, the bulk density and the week after emergence, βw
is the interaction between the bulk density and the week after
emergence, p is the effect of the pot and ε is the residual error.
Variety, bulk density, variety-bulk density interaction and the
week after emergence were treated as fixed factors whereas the
remaining factors were set as random. The numbers of axial
and lateral root were converted by square root transformation
to better meet the model (Eq. 1) assumptions (Supplementary
Figure 1). Based on the model predictors for all variety-bulk
density combinations, plant height and back-transformed root
numbers were related using the following square root function:

h = a ∗ r0.5
+ b (2)

where h is the plant height at 1, 2, or 3 weeks after emergence,
r is the axial or lateral root number at 1, 2, or 3 weeks
after emergence, a is the scaling factor and b the intercept.
Performing analysis of covariance (ANCOVA) based on
model predictors (Eq. 1) allowed determining whether bulk
density significantly affected root-shoot relationships. To
do so, soil bulk density and transformed (square root) root
numbers were used as factorial and continuous variable,
respectively and plant height was treated as response
variable.

The set of root and shoot traits obtained 3 weeks after
emergence was evaluated with a two-factorial analysis of
variance (ANOVA), in which the effects of the variety,
the soil bulk density and their interaction were treated as
fixed effects. Again, the number of roots was converted by
square root transformation (Supplementary Figure 2). To
compare the relative genotypic variability of root numbers
and root and shoot dry weight between different levels of
soil strength, coefficients of variation (CV) were calculated for
each treatment-level (n = 4). Using one factorial ANOVA,
the relative genotypic variability of root and shoot traits
could be compared across the three levels of soil strength
studied. Means between soil bulk density levels and genotypes
were compared using least significant difference (LSD) and
Tukey’s honest significant difference (HSD) tests, respectively
at significance level of p < 0.05. The tolerance of varieties
to increased soil bulk density was assessed based on the
proportion between variety mean trait values under high
(1.6 g cm−3) or moderate (1.45 g cm−3) soil bulk density
and low bulk density (1.3 g cm−3), respectively. In doing
so, values were standardized in order to account for the
effects of the breeding background (pre- and post-green
revolution).

Furthermore, broad-sense heritability was calculated for root
and shoot traits, which were quantified 3 weeks after emergence.
To check for the stability of the inheritance under increased
soil strength, heritability was calculated separately for each
bulk density level. Genotypic variance was obtained by setting
the replication and the variety as a fixed and random factor,

respectively. Mean based heritability was estimated as proposed
by Falconer and Mackay (1996):

H2
=

σ2
g

σ2
g +

σ2
e
r

(3)

where σg
2 and σe

2 represents the genotype and residual error
variance, respectively and r is the number of replications.

RESULTS

Root System and Shoot Development in
Response to Increased Soil Bulk Density
Soil bulk density significantly (p < 0.01) affected all root system
and shoot traits, which were assessed in weekly intervals during
plant growth (Table 2). Increased soil strength caused delayed
plant development and resulted in decreased plant height, lower
tiller, and leaf number as well as decreased axial and lateral
root number. Compared to low and moderate soil bulk density,
plant height and leaf number under high soil bulk density were
decreased already 1 week after leaf emergence by 25–44%. Two
and 3 weeks after emergence leaf number and plant height under
high soil bulk density were around 35% lower compared to the
plants grown under low and moderate bulk density (Table 3).
Moderate soil compaction also led to a slight reduction in leaf
number and plant height of around 7% compared to the low
bulk density treatment. The strongest effects of increased soil
strength on shoot development were observed for the number
of tillers. Under low bulk density plants developed 2.7 and 4.0
tillers 2 and 3 weeks after emergence, respectively. These numbers
decreased under moderate soil compaction to 2.0 and 3.0 tillers
per plant 2 and 3 weeks after emergence, respectively, whereas
under high soil bulk density almost no tillers were developed
(Table 3). In terms of root number, the responses to increased
soil bulk density were in a similar order of magnitude as for shoot
traits. Under high soil strength, lateral root number decreased by
around 70% compared to the plants grown at low bulk density
at all three measurement points. A reduction of axial roots due
to high soil bulk density could be observed 2 and 3 weeks after
emergence (Table 3). Under moderate soil compaction axial root
number decreased only slightly compared to the low bulk density

TABLE 2 | Effects of variety (V), soil bulk density (BD), their interaction and
week after emergence (WAE) on axial and lateral root number (NoAx and
NoLat, respectively), plant height, number of fully developed leaves and
number of tillers; significance of effects was determined using linear
mixed model (Eq. 1) and Wald-tests; ∗ and ∗∗ denote significant effects at
p < 0.05 and <0.01, respectively, n.s., denotes non-significant effects
(n = 4).

Trait Transformation V BD V:BD WAE

NoAx [#] sqrt ∗∗ ∗ n.s. ∗∗

NoLat [#] sqrt ∗∗ ∗∗ ∗∗ ∗∗

Plant height [mm] ∗∗ ∗∗ ∗ ∗∗

Leaf number [#] ∗∗ ∗∗ n.s. ∗∗

Tiller number [#] ∗∗ ∗∗ ∗ ∗
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TABLE 3 | Bulk density mean values of predictors obtained from linear mixed model (Eq. 1) for axial and lateral root numbers (NoAx and NoLat,
respectively), plant height, leaf and tiller number under low (1.3 g cm−3), moderate (1.45 g cm−3), and high (1.6 g cm−3) soil bulk density 1, 2, and
3 weeks after emergence (WAE); values are based on 4 replications of 14 varieties and root numbers represent back-transformed values.

1 WAE 2 WAE 3 WAE

Bulk density [g cm−3] 1.3 1.45 1.6 1.3 1.45 1.6 1.3 1.45 1.6

NoAx [#] 4.6 4.9 4.5 10.2 10.1 7.2 16.7 16.0 9.1

NoLat [#] 50.5 48.1 15.3 77.1 68.9 25.4 116.5 94.1 34.9

Plant height [mm] 187.1 176.5 132.4 282.0 261.4 168.4 320.1 292.9 181.4

Leaf number [#] 1.94 1.88 1.05 3.28 3.00 2.05 4.39 4.18 2.94

Tiller number [#] 0.36 0.34 0.00 2.70 2.05 0.02 4.03 3.07 0.06

FIGURE 2 | Non-linear regressions and Pearson correlation coefficients between (A) axial and (B) lateral root number and plant height under bulk densities
of 1.3 g cm−3 (black), 1.45 g cm−3 (orange), and 1.6 g cm−3 (red), gray represents regression over all three bulk densities; square, circle, and triangle symbol
shapes represent values obtained 1, 2, and 3 weeks after leaf emergence, respectively; ∗∗ denotes significant correlation at p < 0.01 (n = 4).

treatment, whereas 2 and 3 weeks after emergence lateral root
number was decreased by 11 and 19%, respectively (Table 3).

Using a square root function (Eq. 2) the development of
lateral and axial root numbers was observed to be significantly
(p < 0.01) correlated with the development of plant height.
Pearson correlation coefficients were between 0.78 and 0.88
indicating a reasonably strong non-linear relationship between
root number and plant height over time (Figure 2). Analysis
of covariance with bulk density as a fixed factor allowed
determining the influence of increased soil strength on root-
shoot relationships. The relationship between the number of
axial roots and plant height was affected significantly (p < 0.01)
by bulk density but not by the interaction of bulk density and
root number. Bulk density explained 16% of the total variance,
whereas the interaction between bulk density and root number

only explained 0.1% of the total variance (Table 4). In contrast
to that, the relationship between the development of lateral root
number and plant height remained unaffected by increased soil
bulk density (Table 4). Hence, it can be concluded that more axial
roots are needed to maintain shoot growth under increased soil
strength compared to conditions of loose soil (Figure 2).

Genotypic Diversity of Root and Shoot
Traits under Different Levels of Soil
Compaction
Besides increased soil strength, root system and shoot
development were also influenced by the variety. Axial and
lateral root number, plant height as well as leaf and tiller number
were significantly (p< 0.01) different between the 14 investigated
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varieties (Table 2). As observed for the development of root
systems and shoots, genetic diversity of root and shoot properties
were also observed 3 weeks after emergence at the end of
the experiment. Lateral and axial root number as well as the
lateral–axial root number ratio was significantly different
(p < 0.01) between the different varieties. The same responses
were observed for shoot traits such as plant height, leaf and tiller
number, root and shoot dry weight as well as root-shoot ratio
(Table 5).

Furthermore, the obtained data showed that the genotypic
variability of root numbers and root and shoot dry weight
increased with increasing soil strength. The relative genotypic
difference of axial and lateral root number and root and shoot
biomass to the respective bulk density mean value increased
significantly with increasing bulk density (Figure 3). This effect
of increasing genotypic variability with increasing soil strength
was particularly pronounced for axial root number and root and
shoot dry weight and less for lateral root number. Coefficients of
variation for axial root number, which were calculated for each
soil bulk density treatment were 9.3% under low soil strength
and increased to 12.0 and 14.3% under moderate and high soil

TABLE 4 | Effects of soil bulk density, axial and lateral root numbers (NoAx
and NoLat, respectively) based on linear mixed model predictors (Eq. 1)
and their interaction on plant height using analysis of covariance model:
bulk density (1.3, 1.45, and 1.6 g cm−3) was treated as a factor and
transformed root number (square root) was treated as continuous
variable; numbers indicate proportion of variance (SSxx/SStot) in
percentage explained by each effect; ∗∗ denotes significant effects at
p < 0.01, n.s., denotes non-significant effects and R2 represents multiple
r-squared.

Effect SSxx/SStot

Bulk density 16.3∗∗

NoAx0.5 70.6∗∗

Bulk density : NoAx0.5 0.1 n.s.

R2 0.87

Bulk density 0.5 n.s.

NoLat0.5 78.4∗∗

Bulk density : NoLat0.5 0.5 n.s.

R2 0.79

strength, respectively. Also for root and shoot dry weight, a
significant increase of CV with increased soil compaction could
be observed. Under low soil bulk density CV for root and shoot
dry weight was 15.2 and 7.5% respectively. These values increased
to 17.3 and 21% for root dry weight and 11.3 and 14.1% for
shoot dry weight due to a moderate and severe increase in soil
bulk density, respectively. For lateral root number bulk density
mean CVs of 10.1, 11.1, and 16.4% were obtained under low,
moderate, and high soil strength, respectively also indicating a
slight increase of genotypic variability with increasing soil bulk
density (Figure 3).

Estimations of broad-sense heritability (Eq. 3) showed that the
degree of inheritance is comparable between shoot and root traits.
Furthermore, it was observed that the heritability of most traits
decreased only slightly in response to increased soil strength.
Lateral root number and plant height showed heritabilities of
more than 75% under all three soil compaction levels. For axial
root number and the number of leaves, broad-sense heritability
ranged from 58 to 75% and was also only slightly lower under
high and moderate soil bulk density compared to low soil
strength. The lowest heritability estimations were observed shoot
dry weight under low soil bulk density (Table 6). Most likely
this relatively low value of 48% was caused by the relatively low
genotypic variance of shoot dry weight under low soil strength
(Figure 3).

Tolerance to Increased Soil Strength
among Varieties
Besides significant genotypic responses to different levels of soil
bulk density, root and shoot traits that were assessed 3 weeks
after emergence were significantly affected by increased soil bulk
density (Table 5). Furthermore, as illustrated in Figure 4, the
magnitude of the responses in root numbers to soil compaction
differed among the assessed varieties. Generally, increased soil
strength resulted in decreased plant vigor and root numbers.
Average shoot dry weight decreased by 19 and 82% under
moderate and high soil strength, respectively when compared to
plants grown under low bulk density. In comparison to plants
from the low bulk density treatment, root dry weight was 36
and 87% lower due to moderate and high soil compaction,

TABLE 5 | Effects of variety (V), soil bulk density (BD) and their interaction on axial and lateral root number (NoAx and NoLat, respectively) and plant
vigor parameters 3 weeks after emergence analyzed with analysis of variance (ANOVA); minimum (Min), average (Mean) and maximum (Max) values and
Tukey honest significant difference (HSD) at p < 0.05, values in brackets for NoAx, NoLat, and NoLat/NoAx represent back-transformed values; ∗ and ∗∗

denote significant effects at p < 0.05 and <0.01 respectively, n.s., denotes non-significant effects (n = 4).

Trait Transformation V BD V:BD Min Mean Max HSD

NoAx [#] sqrt ∗∗ ∗∗ n.s. 2.69 (7.25) 3.70 (13.70) 4.49 (20.16) 0.68

NoLat [#] sqrt ∗∗ ∗∗ ∗∗ 5.27 (27.82) 8.80 (77.47) 12.29 (151.04) 1.57

NoLat/NoAx [#] sqrt ∗∗ ∗∗ ∗∗ 1.76 (3.10) 2.34 (5.48) 2.92 (8.54) 0.42

Root dry weight [g] ∗∗ ∗∗ n.s 0.059 0.386 0.733 0.217

Shoot dry weight [g] ∗∗ ∗∗ ∗ 0.097 0.454 0.767 0.148

Root-Shoot-Ratio [−] ∗∗ ∗∗ n.s. 0.58 0.80 1.07 0.365

Plant height [mm] ∗∗ ∗∗ ∗∗ 160.3 264.8 373.3 42.3

Leaf number [#] ∗∗ ∗∗ ∗ 2.25 3.83 5.00 0.93

Tiller number [#] ∗∗ ∗∗ ∗∗ 0.00 2.39 5.5 2.04
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FIGURE 3 | Relative difference to the bulk density mean (black = 1.3 g cm−3, orange = 1.45 g cm−3, red = 1.6 g cm−3) of 14 genotypes for (A) axial and
(B) lateral root number, (C) shoot and (D) root dry weight based on genotype mean values (n = 4), represented by individual bars; coefficients of variation (CV)
between different levels of soil bulk density were compared using least significant difference (LSD) tests at p < 0.05; significant differences are indicated with different
letters.

respectively (Supplementary Table 3). Therefore, root-shoot
ratios decreased from 0.96 under low soil strength to 0.75 and
0.70 under moderate and high soil bulk density, respectively.
Furthermore, lateral and axial root number as well as lateral–
axial root number ratio decreased due to moderate and high soil
compaction by 4–19% and 45–70%, respectively.

Despite these general responses of root numbers and root
and shoot dry weight to increased levels of soil compaction,
the magnitude of these responses differed particularly under

TABLE 6 | Estimated broad sense heritability (Eq. 3) of axial and lateral
root number (NoAx and NoLat, respectively) and plant vigor traits using
variance components 3 weeks after shoot emergence; heritability based
on means (n = 4) of 14 varieties was calculated separately for low (1.3 g
cm−3), moderate (1.45 g cm−3), and high soil bulk density (1.6 g cm−3).

Heritability

Trait Transformation 1.3 g cm−3 1.45 g cm−3 1.6 g cm−3

NoAx [#] sqrt 0.67 0.66 0.56

NoLat [#] sqrt 0.92 0.89 0.75

NoLat/NoAx [#] sqrt 0.86 0.66 0.50

Root dry weight [g] 0.54 0.70 0.56

Shoot dry weight [g] 0.48 0.65 0.64

Plant height [mm] 0.95 0.91 0.93

Leaf number [#] 0.74 0.67 0.65

moderate soil compaction. The strongest responses to moderate
soil compaction were observed in root dry weight, followed by
lateral root number and shoot dry weight. The number of axial
roots were least affected by the increase of soil bulk density
from 1.3 to 1.45 g cm−3 (Figure 5). Furthermore, the effect of
moderate soil compaction on axial and lateral root number varied
considerably between different varieties. In certain varieties
(Arina, Mont-Calme 268, Titlis) axial root number was not
affected or even increased in response to moderately increased
soil bulk density, whereas in other varieties (CH-Combin, Mont-
Calme 245, Probus) the number of axial roots decreased by
almost 20% (Figure 5). Similar responses were observed for the
number of lateral roots, which decreased by more than 25%
in some varieties (CH-Combin, Probus, Plantahof), whereas in
other varieties (Arina, Mont-Calme 268, Titlis) the number of
lateral roots remained constant under moderately increased soil
strength (Figure 5). This genetic diversity in the responses to
moderate soil compaction was also observed for shoot dry weight.
The reduction of shoot dry weight due to moderately increased
soil strength in the most sensitive varieties was more than 25%.
In other varieties instead, moderately increased soil bulk density
did not affect shoot dry weight (Figure 5). In contrast to root
numbers and shoot dry weight, root dry weight was reduced
in all varieties under moderate soil bulk density compared to
the plants grown under low soil strength. However, also for
responses of root dry weight to moderately increased bulk density
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FIGURE 4 | Genetic diversity of root system phenotype among four selected genotypes under low (1.3 g cm−3), moderate (1.45 g cm−3) and high soil
bulk density (1.6 g cm−3) 3 weeks after shoot emergence; “Arina” and “Titlis” represent cultivars, which are relatively tolerant to moderate soil
compaction indicated by showing no or only small decrease in root numbers, “Probus” and “CH-Combin” represent cultivars, which are sensitive to
moderate soil compaction; percentage values indicate the relative number of axial (NoAx) and lateral roots (NoLat) when comparing genotype mean
values under moderate and high soil bulk density to low soil bulk density; scale bar = 3 cm.

considerable genetic diversity was observed (Figure 5). Under
high soil strength root numbers and root and shoot dry weight
decreased in all varieties compared to low and moderate soil
compaction. As observed for plants grown under moderate soil
strength, the responses of axial and lateral root number to high
soil compaction among the investigated varieties covered a wider
range than those of root and shoot dry weight (Figure 5).

To assess the tolerance of the different varieties to soil
compaction, correlations between root traits and shoot dry

weight were performed based on proportions of the respective
traits. This was achieved by dividing the variety mean value
obtained under moderate or high soil bulk density by the variety
mean value under low soil bulk density. In doing so, values
could be standardized and corrected for the influence of the
different breeding background. These analyses showed significant
(p< 0.05) positive correlations between the root system traits and
shoot dry weight under moderate soil bulk density. Proportions
of shoot dry weight, were positively correlated (0.57 < r < 0.65)
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with proportions of axial and lateral root number as well as with
proportions of root dry weight (Figure 6). Shoot dry weight of
varieties, which maintained or increased their axial root number
under moderate soil compaction, decreased only slightly even
though the respective root dry weight decreased by more than
20%. The same but less pronounced findings were obtained for
the relationship between relative lateral root number and relative
shoot dry weight under moderately increased soil bulk density.
Under high soil strength, no significant correlation between
proportions of shoot dry weight and root numbers were found
(Figure 6). The same results were achieved, when correlating
actual root numbers and root dry weight to actual shoot dry
weight. Under moderate soil compaction increased numbers of
roots as well as root dry weight were related to increased shoot
dry weight (0.68 < r < 0.84). Yet under high and low soil
bulk density no significant relationship between below and above
ground traits was (Figure 7). These results showed that the
tolerance to soil compaction differs significantly among wheat
varieties and that root numbers are suitable to explain this genetic
diversity.

DISCUSSION

The main aim of the current study was to evaluate the suitability
of root number as a target trait for improving the tolerance to
soil compaction. Quantifying root system and shoot development
across 14 wheat varieties grown under three levels of soil bulk
density revealed how root-shoot relationships are affected by
increasing soil strength. Furthermore, it was possible to show
that root numbers are heritable and may explain the genotypic
tolerance to compacted soils.

Axial Root Number Determines Shoot
Growth Dynamics under Increased Soil
Bulk Density
To better understand how increased soil strength affects whole
plant growth and root-shoot relationships, lateral and axial root
number as well as plant height, leaf and tiller number were
quantified in weekly intervals. Compared to the columns packed
to 1.3 g cm−3, mechanical impedance increased by around 30 and
200% under moderate and high soil bulk density, respectively.
This increase of soil strength due to higher soil bulk density is
comparable to previous studies (Grzesiak et al., 2014; Nosalewicz
and Lipiec, 2014; Colombi and Walter, 2016) and significantly
affected root system and shoot development (Table 2). Shoot
development was delayed due to increased soil strength (Table 3),
which corresponds to previous studies in wheat, barley, and
maize (Masle and Passioura, 1987; Beemster et al., 1996; Young
et al., 1997). Similar to shoot growth, root system development
was delayed due to increased soil bulk density. As observed
previously in different small grain cereals (Colombi and Walter,
2016) the initiation of axial and lateral roots was deferred
in response to increased soil strength at early stages of plant
development (Table 3).

The simultaneous quantification of plant height and root
numbers in response to increased soil bulk density over time

FIGURE 5 | Boxplots of relative (A) axial and (B) lateral root numbers, (C)
root and (D) shoot dry weight based on mean values (n = 4) of 14 genotypes
under moderate (1.45 g cm−3, orange) and high bulk density (1.6 g cm−3,
red), expressed as the ratio between genotype mean values under increased
and low (1.3 g cm−3) bulk density; dashed line represents low bulk density.

enabled to relate above and below ground growth. These results
showed, that under all levels of soil strength, axial and lateral
root numbers were highly correlated (0.78 < r < 0.88) with plant
height following a square root function (Figure 2). Similar results
were obtained in broccoli seedlings, where it has been shown that
root length explained responses of leaf area to soil compaction
(Montagu et al., 2001). In this and other studies (Grzesiak et al.,
2014; Nosalewicz and Lipiec, 2014) root traits were not assessed
continuously during growth, which does not allow investigating
how soil strength affects the dynamics of root-shoot relationship.
If soil bulk density increased, more axial roots were needed to
maintain shoot growth (Figure 2), whereas no such effect could
be observed for the relationship between lateral root number and
plant height (Table 4). This finding demonstrated that early plant
development under increased soil strength was mainly driven by
axial and only partially by lateral roots. Most probably this was
caused by the fact that thick roots are less prone to buckling
compared to thin roots (Materechera et al., 1992; Lipiec et al.,
2012; Chimungu et al., 2015). Hence, the obtained results indicate
that axial roots, which are inherently thicker than lateral roots,
were of increasing importance for early plant vigor when soil
strength increases.
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FIGURE 6 | Linear regressions and Pearson correlation coefficients between relative shoot dry weight and relative (A) axial and (B) lateral root number
and (C) relative root dry weight, expressed as the ratio between genotype mean values under increased (1.45 g cm−3, orange; 1.6 g cm−3, red) and low (1.3 g
cm−3) bulk density represented by dashed lines; ∗ denotes significant correlation at p < 0.05, n.s., denotes non-significant correlations (n = 4).

FIGURE 7 | Linear regressions and Pearson correlation coefficients between shoot dry weight and (A) axial and (B) lateral root number and (C) root dry
weight; black, orange, and red symbols represent soil bulk density of 1.3, 1.45, and 1.6 g cm−3, respectively, ∗∗ denotes significant correlation at p < 0.01, n.s.,
denotes non-significant correlations (n = 4).

Root Numbers Are Suited to Assess
Tolerance to Increased Soil Bulk Density
Root system and shoot development (Table 2) as well as root
and shoot traits obtained 3 weeks after emergence (Table 5)
were significantly different among the 14 investigated varieties.
Genotypic differences in response to increased soil strength were
observed in maize, wheat, and triticale (Bushamuka and Zobel,
1998; Kubo et al., 2004, 2006; Grzesiak et al., 2014), whereas other
studies did not report significant differences between genotypes
(Tracy et al., 2012). Certain studies investigated only two to
four genotypes (Bushamuka and Zobel, 1998; Tracy et al., 2012;
Grzesiak et al., 2014), which did not allow relating root traits to
genotypic plant performance or compaction was simulated using

paraffin-Vaseline disks instead of using actually compacted soil
(Kubo et al., 2004, 2006). The results obtained in the current
study revealed a genetic diversity of root and shoot traits in wheat
in response to soil compaction. Besides this genetic diversity of
root and shoot traits (Table 5), increasing variability of traits
among varieties were observed due to increased soil bulk density,
what corresponds to previous studies (Bushamuka and Zobel,
1998; Grzesiak et al., 2014). Compared to loosely packed soil, the
genetic variability of axial and lateral root number 3 weeks after
emergence increased under moderate and high soil bulk density,
which is indicated by the increase of coefficients of variation with
increasing soil strength (Figure 3). Also genotypic diversity of
root and shoot dry weight at the end of the experiment was higher
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under moderate and high soil strength compared to plants grown
under low soil bulk density (Figure 3).

Below and above ground responses to compacted soil were
observed to differ between varieties, as illustrated in Figure 4
and the magnitude of these responses was different for root
numbers and shoot dry weight when compared to root dry weight
(Figure 5). Under moderate soil compaction some varieties
increased their root numbers and shoot dry weight remained
unaffected. In other varieties instead, already a moderate increase
of soil strength led to a reduction of root numbers and shoot
dry weight of 18% to more than 30% (Figure 5). Decreasing,
constant or even increasing plant vigor in response to moderate
soil compaction was observed in wheat, barley, and maize
(Bushamuka and Zobel, 1998; Bingham and Bengough, 2003;
Grzesiak et al., 2014; Nosalewicz and Lipiec, 2014). Relative
root dry weight instead was reduced in all varieties due to
moderately increased soil compaction (Figure 5), resulting in
reduced root-shoot ratio under moderate compared to low
soil bulk density. The discrepancy between root numbers and
root dry weight in response to moderate soil compaction can
be most likely explained by decreased root length, which was
observed in response to compaction in a wide range of monocot
crop species (Bingham and Bengough, 2003; Tracy et al., 2012;
Grzesiak et al., 2014). Under high soil bulk density similar but
more severe responses were observed. Compared to low and
moderate soil bulk density, root and shoot biomass as well as root
numbers decreased in all genotypes and the strongest response
was observed for root dry weight followed by shoot biomass and
root numbers (Figure 5).

Previous studies observed that root numbers influence crop
performance under abiotic stress including low water availability
(Zhan et al., 2015; Gao and Lynch, 2016) or low levels of plant
available soil nitrogen (Saengwilai et al., 2014; Zhan and Lynch,
2015) and phosphorus (Miguel et al., 2013). Furthermore, the
assessment of root numbers is possible under field conditions at
high throughputs in a wide range of mono- and dicotyledonous
crops (Trachsel et al., 2011; Colombi et al., 2015; Burridge et al.,
2016; Colombi and Walter, 2016). Measurements of root biomass
or root length in the field instead are challenging and laborious.
Results from the current study showed that axial and lateral root
numbers not only respond to soil compaction but also determine
early shoot vigor under moderately increased soil strength.
Similar to results reported for narrow-leafed lupins (Chen Y.L.
et al., 2014), variety mean values of relative axial and lateral root
number were significantly related (0.57 < r < 0.65, p < 0.05) to
relative shoot dry weight (Figure 6). Varieties, which maintained
their root numbers under moderate soil compaction compared to
conditions of loose soil showed less decreasing shoot dry weight
than varieties, in which moderate compaction led to a decrease
of root numbers. Remarkably, this relationship could be shown
even though root dry weight decreased in all assessed varieties
due to moderate soil compaction (Figure 6). Also absolute
root numbers were positively correlated to shoot dry weight
(0.68 < r < 0.84, p < 0.01) under moderately increased soil
strength (Figure 7). Under severe soil compaction no significant
relationship between shoot dry weight and root numbers or
root dry weight could be observed (Figures 6, 7). Mechanical

impedance in the severely compacted columns was most likely
above the limit at which genotypic differences affect shoot
performance (Kubo et al., 2004). Furthermore, calculations of
broad-sense heritability showed that root numbers are supposed
to be relatively highly heritable. Even under high soil strength,
estimations of 56 and 75% heritability were obtained for axial
and lateral root number, which was in a similar range than the
values observed for plant height, leaf number or shoot dry weight
(Table 6). These results are comparable to other studies, in which
heritability estimations for shoot and root traits were evaluated
in mono- and dicotyledonous crops (Wilcox and Farmer, 1968;
Bucksch et al., 2014; Colombi et al., 2015; Li et al., 2015; Richard
et al., 2015; Burridge et al., 2016). Taking into account these
heritability estimations and the significant influence of root
number on shoot biomass, the number of roots is suggested to
be a suitable indicator to assess the genotypic tolerance to soil
compaction.

CONCLUSION

With the current study we demonstrated that early shoot
development of wheat on compacted soil is closely related to
the number of axial roots. Thereby significant genetic variability
between 14 different wheat varieties could be shown with respect
to their tolerance to increased soil bulk density. In particular
under moderate soil compaction, the genotypic capacity to
maintain the number of axial and lateral roots resulted in
higher shoot biomass production. Furthermore, root numbers
showed relatively high heritabilities and can be assessed at high
throughput rates even under field conditions. Therefore, it can
be stated that root number is a promising target trait for crop
breeding programs aiming to improve the tolerance of crops
to compacted soil. For future studies, it would be desirable to
evaluate whether the presented findings are transferable to other
species and to quantify root-soil interactions underlying crop
productivity on compacted soils.
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