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Abstract

Soils with high stone content represent a challenge to root development, as each stone
is an obstacle to root growth. A high stone content also affects soil properties such as
temperature or water content, which in turn affects root growth. We investigated the
effects of all soil properties combined on root development in the field using both
experiments and modeling. Field experiments were carried out in rhizotron facilities
during two consecutive growing seasons (wheat [7riticum aestivum L.] and maize
[Zea mays L.]) in silty loam soils with high (>50%) and low (<4 %) stone contents. We
extended the CPlantBox root architecture model to explicitly consider the presence of
stones and simulated root growth on the plot scale over the whole vegetation period.
We found that a linear increase of stone content resulted in a linear decrease of rooting
depth across all stone contents and developmental stages considered, whereas rooting
depth was only sensitive to cracks below a certain crack density and at earlier growth
stages. Moreover, the impact of precipitation-influenced soil strength had a relatively
stronger impact on simulated root arrival curves during the vegetation periods than
soil temperature. Resulting differences between stony and non-stony soil of otherwise
the same crop and weather conditions show similar trends as the differences observed
in the rhizotron facilities. The combined belowground effects resulted in differences
in characteristic root system measures of up to 48%. In future work, comparison of
absolute values will require including shoot effects—in particular, different carbon
availabilities.

been conducted (Hlavacikova et al., 2018; Naseri et al., 2019).
The effect of stones on root architecture development is even

More than 10% stone content is found in 41% of Europe’s soils
(Stendahl et al., 2009), affecting both forested and agricul-
tural areas (Cai, Vanderborght, et al., 2018; Hlavacikové et al.,
2018). Although stones are abundant in many areas and signif-
icantly affect vegetation dynamics, systematic investigation of
stony soil physical and hydraulic properties has only recently

Abbreviations: MR, minirhizotron; RAC, root arrival curve; RID, root
intersection density; RLD, root length density; RSA, root system
architecture; TDR, time domain reflectometry.

less well known (Cai, Vanderborght, et al., 2018) and has only
been explicitly incorporated in few root architectural models
(Jin et al., 2020; Schnepf et al., 2018). The combined effect
of stones and corresponding soil properties on root architec-
ture development at the plot scale has not yet been explicitly
simulated.

Modeling approaches are often used along with field
observations to investigate detailed root system architectures
(RSAs) of plants and their interaction with the surrounding
soil environment (Dunbabin et al., 2013; Postma et al., 2017,
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Schnepf et al., 2018). In order to identify parameters that char-
acterize the RSA and how it develops as a function of the soil
conditions and properties, experimental field sampling data
have been combined with model simulations using an inverse
modeling framework (Garré et al., 2012; Morandage et al.,
2019; Pages et al., 2012; Vansteenkiste et al., 2014; Ziegler
et al., 2019). Stones have never been explicitly considered in
those studies.

However, the presence of large stones affects rooting pat-
terns of crops. When a root tip meets an obstacle that cannot
be penetrated or pushed away by the root, the root tends to
change its growth direction by bending away from the obsta-
cle to find another path (Bizet et al., 2016; Fakih et al., 2017;
Jin et al., 2020; Popova et al., 2013, 2016; Schnepf et al.,
2018). Displacement of solid particles by roots depends on
many factors such as soil depth, root diameter, solid diameter,
length of root segment, and root type or plant type (Whiteley
& Dexter, 1984). The ability of roots to grow through soils is
a function of root diameter (dR) and grain diameter (dG). If
the aspect ratio (S = dR/dG) is small, the root apex cannot dis-
place, deform, or penetrate the obstacle (Kolb et al., 2017) and
the root changes its growth direction (Falik et al., 2005). These
processes may lead roots to follow highly tortuous paths, and
new lateral root emergence (Richter et al., 2009) that primarily
affect the structure of the root system and rooting depth. The
influence of stone content on soil properties and root system
development are outlined in the paragraphs below.

Stony soils may have the same fine soil bulk density as
non-stony soil; however, they differ in bulk soil porosity and
thus bulk soil bulk density. Soil strength or soil penetra-
tion resistance is one of the most important factors (Kirby &
Bengough, 2002) that determines roots’ ability to overcome
the soil resistance against root extension. Roots may exhibit
different characteristics and alterations in their original mor-
phology, depending on soil strength and compaction (Correa
et al., 2019). It has been found that elongation rates of roots
decrease with increasing soil strength (Bengough, 1997; Ben-
gough et al., 2006; Houlbrooke et al., 1997; Taylor & Brar,
1991; Tracy et al., 2012), and that root length density (RLD)
decreases with increasing penetration resistance (Pardo et al.,
2000). Bulk density usually does not vary substantially with
time; however, soil strength does due to the fluctuations of
moisture content and soil matric potential. Soil penetration
resistance increases also with decreasing water content and
matric potential (Eavis, 1972; Jin et al., 2013). All of those
properties are affected by stone content. Since roots grow
around stones and explore only the fine materials around
stones, roots may sense mainly the properties of fine mate-
rials. Stony soils may have the same fine soil bulk density as
non-stony soil; however, they differ in bulk soil porosity and
thus bulk soil bulk density.

Cracks are formed mostly in fine-grained soils due to
changes in soil moisture dynamics and soil composition.

Core Ideas

* We present a dynamic root architecture model that
considers macroscopic soil properties.

* Root elongation rate and preferred growth direc-
tion are influenced by stones.

* We simulate the effects of soil properties on root
architecture development using field data.

* Only belowground effects are considered by the
root architecture model.

e Similar trends in measured and simulated root
growth are observed in two different soils.

Cracks in soils create weak passages, which allow roots to
grow with minimum resistance while anchoring into the crack
surfaces. These zones accumulate more water during rainfall
or irrigation events and are more favorable for root functions
during water stress periods than hard, less permeable zones
(Grismer, 1992). In soils with high penetration resistance,
cracks may be of importance to root system development,
as they provide loose zones with minimal resistance through
which roots can reach deeper depths (Tardieu, 1994).

Previous studies showed that temperature changes the RSA,
affecting length, rooting depth, root elongation rates, branch-
ing intensity, surface area, growth direction, and lateral branch
angles (Kaspar & Bland, 1992; Macduff et al., 1986; Nagel
et al., 2009; Onderdonk & Ketcheson, 1973; Vincent & Gre-
gory, 1989). Several studies were conducted to investigate the
effect of temperature on root growth of different plants: cotton
grass (Eriophorum vaginatum L.; Ellis & Kummerow, 1982;
Tardieu, 1994), cotton (Gossypium hirsutum L.; McMichael
& Quisenberry, 1993), alfalfa (Medicago sativa L.; Ellis &
Kummerow, 1982), and oilseed rape (Brassica napus L.) and
barley (Hordeum vulgare L.; Macduff et al., 1986). These
studies indicated that certain crops have a specific optimum
temperature of reaching the maximum growth rate. Increas-
ing temperature does not always increase root elongation
rates because after reaching the optimum temperature, root
growth starts to decrease with increasing temperature (Dren-
nan & Nobel, 1998; McMichael & Quisenberry, 1993). For
instance, winter wheat (Triticum aestivum L.) shows root
length increases with increasing temperature up to ~20 °C and
starts to decrease thereafter (Huang et al., 1991). Furthermore,
the optimum, minimum, and maximum temperatures for root
development and elongation rates vary with genotypes as well
as crop types (Sattelmacher et al., 1990).

Several root growth models were introduced to include soil
physical, chemical, and climatic features such as biopores
(Landl et al., 2017), soil strength (de Moraes et al., 2018;
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Grant, 1993), root obstacle avoidance (Fakih et al., 2017; Jin
et al., 2020), temperature (Nagel et al., 2009), and moisture
content (de Moraes et al., 2018). Furthermore, some studies
were conducted to understand the effect of soil properties on
root growth under field conditions based on root growth mod-
els (de Moraes et al., 2019; Landl et al., 2019). The main
challenge in this regard is the lack of dynamic soil and field
root sampling data and to include complex soil structures
and dynamics in the models. Figure 1 illustrates prominent
soil physical conditions that influence root growth dynamics
and root architecture development based on plants’ growth
medium.

To study the effect of stone content on root growth in the
field, two minirhizotron (MR) facilities were established in
Selhausen, Germany. The two sites are 150 m apart from each
other and can be considered to experience equal climatic con-
ditions. They also have similar fine soil properties (silty loam)
but differ substantially in their stone contents (60 and 4%,
respectively). Throughout this manuscript, we use the terms
“stony soil” and “cracked soil” to refer to the soils of these two
sites. During the last 4 yr of root observations, significant dif-
ferences in root mass, root depth distribution, and maximum
rooting depth in two different sites were observed (Cai et al.,
2016). The differences between sites are remarkably more sig-
nificant than the differences between the years (growing peri-
ods) and crops. However, these observations and governing
factors cannot be explained without proper representation of
the underlying root growth mechanisms. Therefore, we used
a root architecture model to examine the effect of stone con-
tent and corresponding differences in soil properties on root
distribution at the two sites with the same climate and crops.
We investigated whether the difference in stone content and
related soil properties can explain the observed differences in
root system development by numerical modeling.

Main factors that influence the root growth dynamics of a plant

2 | MATERIALS AND METHODS
2.1 | Field experiments
2.1.1 | The experimental site

We conducted field experiments at two rhizotron facilities in
Selhausen, Germany (50°52'07.8"" N, 6°26'59.7” E), which
are located ~150 m apart from each other. As described in
Cai, Vanderborght, et al. (2018), the main soil in the field is
a Haplic Luvisol that developed in a layer with a silt loam
texture (Weihermiiller et al., 2007). The thickness of the silt
loam layer varies strongly along the slope of the field. It is up
to 3 m thick at the bottom of the slope and not present at the
top. One rhizotron facility is located at the top (stony) and
has a stone content of >60%. The second rhizotron facility
(cracked) is located at the bottom of the slope. It has a silty
loam soil with a negligible amount of stone content (<4%)
that is also characterized with deep soil cracks.

Table 1 shows the particle size distribution of the soils
of the two rhizotron facilities. Each facility covers an area
of 68.25 m? (7 m wide and 9.75 m long) and is separated
into three subplots with three different water treatments. The
first plot was kept dry using a sheltering system, which shel-
tered out the rainwater. The middle plot was fed by rainwa-
ter. The third plot was irrigated to supply the necessary plant
water demand. In this study, we used only the data collected
from the rain-fed plot because this plot represents the natu-
ral climatic conditions of the area. Soil moisture content was
measured hourly using time domain reflectometry (TDR) sen-
sors (Campbell Scientific, Inc.). The TDR data were con-
verted to water content based on the Topp equation for the
cracked facility and a combination of the Topp equation and
Complex Refractive Index Model (CRIM) model for the stony
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TABLE 1 Volume fractions of soil and gravel at the Selhausen test site, modified after Weihermiiller et al. (2007) and Stadler et al. (2015)
Percentage
Stony facility Cracked facility
Name Particle size Depth < 30 cm Depth > 30 cm Depth < 30 cm Depth > 30 cm
Gravel mm %
Very coarse >63 1.0 1.5% 2.4 1.2
Coarse 40-63 2.0 3.0%
20-40 3.0 4.6"
Medium 10-20 5.0- 7.6*
6.3-10 7.0 10.7¢
Fine gravel 2.0-6.3 16.0 24.5¢
Stone fraction >2.0 34 51.9 2.4 1.2
Fine fraction” <2.0 33 23.1 57.6 58.8
Porosity - 33 25 40 40

2Estimated based on the assumption that the distribution in the size classes is the same as in <30-cm depth, adjusted based on known total stone content.
bDistribution of fine fraction (<2.0 mm) of stony (sand = 36%, silt = 50%, and clay = 14%) and cracked facility (sand = 12%, silt = 68%, and clay = 18%).

facility. The MPS-2 sensors (Decagon Devices) measured the
soil water potential along with the soil temperature for both
facilities half-hourly. In addition to MPS-2 sensors, soil water
potentials were measured by tensiometers (UMS) hourly (see
Cai et al. [2016] for a detailed description of the installation
setup and experimental procedure in the MR facilities in Sel-
hausen). We measured crop height and leaf area index weekly
during the entire growing seasons to study the aboveground
shoot development differences in the two sites. Furthermore,
climatic data were collected from the climate station next to
the field site.

2.1.2 | Grain size analysis and soil
classification

The grain size distribution was obtained from the soil analysis
of the Selhausen test site (Cai et al., 2016; Stadler et al., 2015;
Weihermiiller et al., 2007) (Table 1). Facility 2 (cracked) con-
sists of >96% of particles with diameters smaller than 2 mm.
Therefore, it is unlikely to see an effect of stones on rooting
patterns in the cracked facility. The detailed grain size analysis
of fine fractions of both facilities is carried out by the previ-
ous studies (Cai et al., 2016). In order to determine the particle
size distribution of stone fraction (>2 mm) in the stony facil-
ity, we collected a block (240 x 250 X 65 mm) of soil from the
stony facility. The soil sample was dried, and stones (>2 mm)
were separated from the fine soil fraction (<2 mm). The stone
fraction was further separated based on the diameter classes
of 2-6.3, 6.3-20, 20-63, and >63 mm.

2.1.3 | Experimental design and agricultural
management

Winter wheat was sown on 26 Oct. 2015 and harvested on 22
July 2016. Maize (Zea mays L.) was sown on 3 May 2017
and harvested on 12 Sept. 2017. Winter wheat was sown at
a population density of 450 plants m~> with 3-cm distance
between plants in a row and 12-cm distance between rows. A
total number of 750 maize seeds were sown (~10 plants m~2)
in 10 rows with inter-row spacing of 75 cm and 13-cm spacing
between two plants within a row.

2.1.4 | MR root observations

Root growth was observed through horizontally installed 7-
m-long, 6.4-cm-0.d. transparent tubes using a Bartz MR cam-
era system (VSI /Bartz Technology Corporation). Rhizotubes
are installed at six different depths of 10, 20, 40, 60, 80, and
120 cm below the soil surface in each facility. There are three
replicate tubes at each depth, accounting for 54 tubes in each
facility. The camera captures 1.65-cm-long and 2.35-cm-wide
real-size images (Cai, Morandage, et al., 2018). Images were
taken at 20 fixed positions from the left- and right-hand sides
of each tube weekly (or biweekly) during the growing seasons.
We conducted 22 and 12 measurements for winter wheat and
maize, separately, during the growing seasons. The images
were processed using the root imaging software Rootfly (Zeng
et al., 2008) to obtain the number of roots per image. To get
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one-dimensional depth profiles representative for the plot, we
computed the average root count per image over all 40 images
taken at predefined positions along each 7-m-long horizontal
tube. We then followed Option 2 of Cai et al. (2016) and com-
puted the RLD by dividing the number of root counts by the
product of image width and radius of the rhizotube. This is
an estimation based on the assumption that roots would grow
nearly vertically through the soil volume now occupied by the
rhizotube. To know the absolute value of root length densi-
ties would require calibration with actual root length measure-
ments, such as from coring. For many applications, only the
normalized RLD distribution is needed (e.g., in computing the
sink term for root water uptake from soil; Cai et al., 2016).

2.2 | Root growth simulations (the root
architecture model CPlantBox)

The root architecture model of CPlantBox (Schnepf et al.,
2018; Zhou et al., 2020) was used to simulate the three-
dimensional root architectures of winter wheat and maize root
systems for full vegetation periods (240 d for winter wheat
and 120 d for maize). CPlantBox simulates root systems with
predefined RSA parameters, and each parameter of the RSA
model is described by mean and standard deviation values
that assign stochasticity to simulated root systems. Root sys-
tems can be simulated with or without considering the soil
and environmental factors that affect root growth and distri-
butions. Each of these effects is implemented in CPlantBox
such that the RSA parameters are rescaled, and root growth is
subjected to changes in soil and environmental conditions of
the growth medium and the locality.

23 |
maize

Model setups for winter wheat and

The winter wheat root systems were simulated using the
parameters of Morandage et al. (2019) with a 9-d time interval
between two successive basal roots. Morandage et al. (2019)
assumed that the basal roots emerge at once along with pri-
mary roots for root system simulations. For the simulation of
the maize RSAs, we used the RSA parameter set of Postma
and Lynch (2011).

Due to the model stochasticity, we performed 100 simula-
tions for each scenario without stones and 50 repetitions for
scenarios, including stones due to long simulation times. Each
simulated root system represented a plant within a field. For
wheat and maize, planting density was given by 12- and 75-cm
inter-row spacing and 3- and 13-cm distance between plants,
respectively. From the resulting root architectures in the field,
we computed RLD profiles for comparison against observed
RLD profiles. Since the simulation of multiple root systems

in a virtual plot requires a higher computational demand, we
simulated only one root system in each simulation step and
repeated the simulations. The RLD was calculated by aver-
aging over the representative area covered by a root system
based on row and inter-row distances:

RLD (cm cm_3) =

total root length of a horizontal slice (cm cm‘3)

ey

inter row distance (cm) X inter plant distance (cm)

We considered different scenarios. First, we simulated the
effects of each soil property on root system development sepa-
rately, and finally, we compared their combined effect on sim-
ulated and real field sampling data.

2.4 | Modeling the influence of static soil
physical properties on simulated root growth
patterns

In this section, we describe how CPlantBox simulates the
effect of prominent structural features (e.g., stones, soil bulk
density, and cracks) on RLD distributions and rooting depths.

24.1 |
avoidance

Stone content and root obstacle

The model CPlantBox uses signed distance functions to
simulate root growth in confined geometries (Schnepf et al.,
2018). The signed distance function determines the distance
of a given point (x) to the nearest boundary of the object. If
the value is positive, x is inside Q (inside the boundary); if it
is negative, x is outside the boundary, and zero indicates that
x is positioned on the boundary (Osher & Fedkiw, 2003):

Q Qt
f(x)={ d(x,0Q), xe @

—d (x,0Q), xeQ~

Using such signed distance functions to represent the geom-
etry of stones explicitly, root tip heading during growth is
changed repeatedly until the new position of the root tip is
outside of any stones (Figure 2). The algorithm checks for
each new root tip position, whether it lies outside any stones.
If it does not, a new pair of axial and radial angles (o, p) is
chosen as follows. First, only B is set to be uniformly random
between —n and w, whereas « is left unchanged. If, after a
maximal number of trials, no new valid pair « and 3 has been
found, a is increased by a small increment, and the proce-
dure for finding an angle p starts again. This simple approach
leads to a realistic root behavior at the boundaries, where thig-
motropism can be observed (Schnepf et al., 2018). Because of
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FIGURE 2 Deflection of root segments due to obstacle avoidance. (a) The axial and radial angles (o, ) are changed repeatedly until a new,

obstacle-free growth direction is found. (b) Packing stones in a 100-cm X 100-cm X 160-cm soil block with different diameter classes to simulate

root growth in stony soil, based on the compositions given in Table 1. (c) Root growth simulations with the influence of stones as obstacles (dR: root

diameter; dG: grain diameter; S: stone obstacle; dir: growth direction; X, Y, Z: coordinate axes)

TABLE 2

percentages of the stony soil facility used for simulations

Simplified distribution of particle sizes and respective

Total stone Distribution of stones in diameter classes,

volume mm

(>5 mm) 5 10 20 40 80
%

Topsoil (19%) 8.0 5.0 3.0 2.0 1.0

Subsoil (28.9%) 12.2 7.6 4.6 3.0 1.5

numerous deviations due to impenetrable obstacles, the final
root length distribution may substantially change compared
with roots grown in fine-grained soils.

Based on the grain size analysis of the stony soil of the
stony facility, we categorized grain size distribution as per-
centages of spheres with 80-, 40-, 20-, 10-, and 5-mm diame-
ter (Table 2). We assumed that stones with a diameter smaller
than 5 mm can be considered as movable obstacles by roots
and do not affect the growth direction of root trajectories.
In contrast, stones larger than 5 mm cannot be moved by
roots and therefore present an obstacle (Figure 2a). We further
assume that the soil matrix of surrounding stones is homoge-
neous. In CPlantBox, we randomly selected stone positions
and diameter classes to place all particles inside the selected
soil domain with a size of 100 X 100 X 160 cm.

To study the dependence of root growth as a function
of stone content, we selected five scenarios with decreas-
ing packing densities to evaluate how increasing stone con-
tent affects rooting depths. The highest packing density was
selected according to the composition of the stony soil given
in Table 2, and the remaining four scenarios were chosen as

TABLE 3 Root elongation rates of winter wheat (Colombi et al.,
2017) and maize (Popova et al., 2016) observed in soils with different
bulk densities

Bulk density, g cm™3
Parameter 1.3 1.4 1.5 1.6 1.7
Elongation rate, 2.28 1.67 1.18 0.80 0.40*

wheat, cm d~!

Elongation rate, 3.50 2.86 225 1.63 1.00
maize, cm d—!

2Extrapolated value.

80, 60, 40, and 20% densities of the stone fractions of the
stony facility. We repeated each scenario 50 times to compute
the mean vertical root distributions with 1-cm depth intervals.
Finally, we evaluated the changes in rooting depth as a func-
tion of increasing packing density for both wheat and maize
crops.

242 |
densities

Root system response to different bulk

We simulated five scenarios with increasing soil bulk densi-
ties of 1.3, 1.4, 1.5, 1.6, and 1.7 g cm™3. We obtained root
elongation rates at different bulk densities based on labora-
tory studies published by Colombi et al. (2017) for wheat
and Popova et al. (2016) for maize (Table 3) and rescaled the
elongation rates accordingly. It should be noted that the elon-
gation rates of these parameters were derived based on the
early stages of the plants, and we assumed that the other root
architecture parameters are not considerably influenced.
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Finally, the root systems of winter wheat and maize crops
were simulated 100 times for each scenario to compute
the mean maximum rooting depth (D99) by taking the
depth above which 99% of the total root length was
observed.

2.4.3 | Role of soil cracks on rooting depth

The influence of cracks on root growth of winter wheat and
maize crops was simulated using the approach of Land] et al.
(2017) that considers cracks or macropores as anisotropies
to the preferred root growth direction. In addition to changed
root orientation due to cracks, the root elongation rate is also
increased when roots grow inside the cracks due to decreased
bulk densities. Since we did not have measured growth rates
of roots inside cracks, we used the literature-derived root
elongation rates of loose soil with a bulk density of 1 g cm™3.
Compared with the root elongation rate in field soil (1.55 g
cm™3), the elongation rate in the loosely packed soil inside
the macropores (1 g cm™>) was 200% larger (Valentine et al.,
2012). To test the effect of crack intensities, we defined a
100-cm X 100-cm X 160-cm homogeneous soil domain and
set the seed in the center of the soil domain at 3-cm depth.
With this setup, we tested five scenarios with 5-mm-wide
uniform cracks representing increasing crack intensities
of 2, 5, 10, 20, and 50 cracks per 1-m length of the soil
domain.

2.5 | Influence of dynamic soil conditions on
root growth patterns

2.5.1 Soil temperature

To adapt growth rates according to measured soil temper-
atures, we rescaled the optimum elongation rates with a
temperature-dependent impedance factor. The impedance fac-
tor was calculated using measured data half-hourly at six dif-
ferent soil depths (10, 20, 30, 60, 80, and 120 cm) (Supple-
mental Figures S1 [wheat] and S4 [maize]). The field-derived
temperature values were obtained from 2015 November to
2016 July for winter wheat, and from 2017 May to 2017
September for maize. The relative root elongation rates were
assigned to the CPlantBox model as grid-based values. When
roots arrive at a certain depth, elongation rates are rescaled
based on the temperature of that depth at the given time,
according to Clausnitzer and Hopmans (1994):

VT = sinm(T)° 3)

conditions where

1. tem > tem or tem < tem; VT =0

max

T < 0.5(temyy, + temy,,, ),

_ tem —temy;,

b
2 temy,,, — temy;,

log(0.5)
T,

opt —

tem,
log( min

tem — tem,

max min

Tp > 0.5(temyy, + temy,,, ),
tem — tem,

T = max ’
3 temmilno— tem,,,
o g(0.5)
log( Topt — temy,,,
temy,;, — temy,,,

where tem is the measured soil temperature (°C), T, is the
genotype-specific optimal temperature for root growth, and
tem,,,, is the maximum and tem,;, is the minimum temper-
ature within which root elongation occurs. Maximum, mini-
mum, and optimum temperatures for winter wheat were set to
25,2, and 16.3 °C, respectively (Porter & Gawith, 1999), and
for maize were set to 40.1, 12.6, and 26.3 °C (Sanchez et al.,
2014). We simulated the root systems, root development, and
root arrival curves (RACs) under the optimal conditions and
according to the temperature dynamics of the stony facility
and the cracked facility.

2.5.1 | Effect of penetration resistance and
matric potential on root growth

We computed root elongation rates as functions of bulk den-
sity measurements, and water content, and matric potential
observations in 30-min time intervals at six different depths in
two field sites. According to Dexter (1987), the relative root
elongation VR ;¢ can be expressed as

VR, = _R _ ™% + exp_0‘6931<PR/PR]/2) 4)
Rmax \IIW
where R,,, is the maximum rate of root elongation (cm d~'),

R is the root elongation rate (cm d~1), yy,, is the matric poten-
tial (kPa), which was measured in field sites (Supplemental
Figures S3 [wheat] and S6 [maize]), y,, is the matric poten-
tial at the wilting point (—1,500 kPa), Py is the penetrome-
ter resistance (MPa), and Py, is the penetration resistance
value at which the root elongation rate decreases to half of
its maximum value. The Py, values were obtained from the
published data of wheat (Colombi et al., 2017) and maize
(Bengough et al., 2011). The penetration resistance dynam-
ics, Py can be adjusted at each time step based on normalized
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moisture content (sp) and normalized bulk density (p,) (Vaz
et al., 2013).

PR — exp(l.s +2.18 x Por— 4Sp) (5)
where
0, -6,
sp = ———
0,— 6,
and
_ Pb ~ Pbmin
Po U

Pbmax — Pbmin

where 0, is the volumetric water content (cm® cm™), 0, is
the saturation (= porosity), 6, is the permanent wilting point
(cm® cm™3), py, is the measured bulk density (g cm™), ppmin
is the minimum soil bulk density (g cm™), and py,,,, is the
maximum soil bulk density (g cm™3).

Although the sensors measure the soil hydraulic properties
of the bulk soil (stones + fine soil), roots experience mostly
the influence of fine materials of soil, as roots do not explore
the stone fraction of the soil. Therefore, soil hydraulic proper-
ties that determine the root—soil penetration resistance in the
fine soil fraction should be considered, and the bulk volumet-
ric water content data should be converted into fine soil val-
ues in the stony soil site (Naseri et al., 2019). According to
Hlavacikova et al. (2018), the bulk volumetric water content
0P is defined as

0°=(1-R,) 0' + RO (6)

where R, is the stoniness (cm? em™3), and 6'fis the volumet-
ric water content of stones (cm® cm™), and 0 is the volu-
metric water content of fine soil (cm® cm™3). If we assume
that the 0"f = 0, fine soil water content, 6fcan be computed
as Of =0 /(1 — R,) . The fine soil porosity and wilting point
of the topsoil were thus computed to be 0.5 and 0.15, and the
same parameters of subsoil were 0.52 and 0.13, respectively.
We used measured porosity (0.4) and wilting point (0.19) for
the loamy soil in the cracked facility (Cai et al., 2016). We
selected the average, maximum, and minimum bulk density of
1.3,1.7,and 1.1¢g c¢m™ for the stony soil facility, and 1.5, 1.7,
1.3 g cm™ for the cracked soil facility, respectively. Based
on the above settings, the elongation rates of each root tip at
each time step and depth were derived using measured water
content (Supplemental Figures S2 [wheat] and S5 [maize]),
and water potential (Supplemental Figures S3 [wheat] and S6
[maize]). Then, we simulated wheat and maize root systems
using the rescaled growth rates due to fluctuations of mois-
ture contents to compute the dynamics of RLD throughout
the growing season, taking observations at 10-, 20-, 40-, 60-,
80-, 120-cm depths.

TABLE 4
combined effective elongation rates of two rhizotron facilities and

The effect of individual factors used to compute the

simulate the root growth based on measured soil properties and
macroscopic features

Macroscopic
Penetration  features

Soil type Temperature resistant Cracks  Stones
1. Stony Yes Yes No Yes

facility
2.Cracked  Yes Yes Yes No

facility

‘Water content
101 — Wheat-Stony L2777

—-= Wheat-Cracked

------ Maize-Stony

j}
E: 087 - Maize-Cracked
= Wheat \
o0 4 \
g 067 Maize A
Q
\
2041 \
g \
= \
= \
O
~ 0.2 \
\
/ \
,I
0.01— . e . . . . .
0 5 10 15 20 25 30 35 40
Temperature [°C]
0.20 0.25 0.30 0.35 0.40 0.45
Soil water content [m* m~?)
FIGURE 3 The relationship between relative root elongation

rates of wheat and maize and the properties of growth medium: soil
temperature (Clausnitzer & Hopmans, 1994), soil water potential, and
soil moisture content (Dexter, 1987 ; Bengough et al., 1997 ; Dexter &
Hewitt, 1978) of stony and cracked facilities

2.6 | Combining all effects based on field
data to simulate root development in the two
field sites

Finally, we combined all the individual effects, including tem-
perature, water content, water potential, soil bulk densities,
and respective penetration resistance on root development,
in simulations and calculating the final RLD distributions of
wheat and maize in both rhizotron facilities. Both facilities
were exposed to the same climatic conditions, and the same
crops were grown. The key difference is the stone content
(stony facility) and the presence of cracks due to desiccation
(cracked facility). The impedance to single root elongation as
affected by individual physical properties is shown in Table 4
and Figure 3 for wheat and maize. The adjusted site-specific
elongation rates were multiplied to calculate the combined
effective elongation rates, V¢;.
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FIGURE 4
wheat and maize in both rhizotron facilities. RLD, root length density

v

€

ir = VTerr X VRopp X Vo, @)

where VT was temperature-induced root elongation rate,
VR was relative elongation due to penetration resistance,
and V,, is the effects of macroscopic features (stones and
cracks).

3 | RESULTS AND DISCUSSION

3.1 | Measured RACs and RLD profiles of
winter wheat and maize in stony and cracked
soils

Our MR data are useful for investigating the development of
root systems at different depths during the entire duration of
the vegetation period. Figure 4 shows the RACs, measured at
10-, 20-, 40-, 60-, 80-, and 120-cm soil depths of winter wheat
and maize obtained during the 2015-2016 and 2017 growing
seasons, respectively. In both experimental facilities, winter
wheat reached its maximum root development ~200 d after
sowing and maize roots 100 d after sowing. In the cracked
soil, wheat roots arrived at 120-cm depth after 120 d, whereas
there were hardly any roots observed at this depth in the stony
soil.

In soil either with or without stones or cracks, winter wheat
roots reached up to 40-cm depths within the first month. After
the first month, root development in the silty loam (cracked)
soil was faster than in the stony soil. The first arrivals of wheat
roots were observed at 60- and 80-cm depth after 51 and 86 d
in the silty loam (cracked) soil. If stones were present, wheat

-80 cm T6-120 cm

100 200 0 100 200

Root arrival curves observed in rhizotubes located at 10-, 20-, 40-, 60-, 80-, and 120-cm depths during the growing seasons of

roots had reached 60- and 80-cm depths after 86 and 98 d.
In the cracked soil, wheat roots arrived at 120-cm depth after
120 d, whereas there were hardly any roots observed at this
depth in the stony soil.

Regardless of the soil type, maize roots reached the first
40 cm in within the first month and 60 cm in 38 d after sow-
ing. The arrivals of maize roots at 80-cm depth in stony and
cracked soil were observed 53 and 46 d, respectively, after
sowing. We observed roots at 120-cm depth in the cracked soil
by 53 d, whereas no roots were observed at the same depth in
the stony soil. Additional excavation data confirmed the tor-
tuous path around the stones in the stony soil and that max-
imum rooting depth did not exceed 100 cm (Supplemental
Figure S8). Quite contrary, deep excavation in the cracked
facility revealed a maximum rooting depth of 170 cm for
maize (i.e., roots grow well below our deepest observation
point at 120-cm depth).

The MR data are also presented as RLD profiles at the end
of the vegetation period in Figure 5, together with the sim-
ulated and literature-derived range of RLD profiles for the
two crops. We can see that the absolute values of observed
root length densities do not compare with the simulated ones
and also fall outside of the literature range of RLD profiles,
except for maize in the stony facility. This can be expected
due to our conversion method from root counts to RLD. How-
ever, the shapes also do not match well with the simulated
and literature-derived range. Interestingly, the rather unusual
convex shape of maize in the cracked facility was corrobo-
rated by the root intersection density (RID) data obtained from
trenches in the year 2017 (Supplemental Figure S7). Further-
more, the MR data show small root length densities in the
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FIGURE 5 Root length density (RLD) distribution of winter

wheat and maize at the end of the growing seasons measured by the
minirhizotron (MR) method (green) plotted against the simulated RLD
curves (blue) without considering the influence of soil and
environmental factors and using standard winter wheat and maize input
parameter sets of CPlantBox. The solid green lines indicate the
measurements from the stony facility, and the dashed green lines
indicate the cracked facility MR measurements. The gray shaded areas
indicate root length density profiles derived based on measured data
from the literature of wheat (Palta et al., 2004; Wasson et al., 2014;
White et al., 2015; Xu et al., 2016; Zhang et al., 2009) and maize
(Buczko et al., 2008; Gao et al., 2010; Mekonnen et al., 1997; Postma
& Lynch, 2012; Zhan & Lynch, 2015; Zhuang et al., 2001)

top 40 cm. This is in line with other MR observations that
are often known to underestimate RLD in the top 30-40 cm
(Hulugalle et al., 2015; Postic et al., 2019; Svane et at., 2019)
due to influence of the tubes that may alter root develop-
ment, lack of contact between soil and tubes, and the posi-
tion of the tubes relative to the seed positions (Ephrath et al.,
1999). Preferential growth along is likely to be less important
in the Selhausen rhizotron facilities because of the horizon-
tally installed tubes.

Our main goal was therefore to compare the relative, not
absolute, differences of characteristic root system measures
between stony and cracked soils as observed and simulated. In
the Section 3.2, we present the simulation results of the sim-
ulated root length densities using the input parameters from
CPlantBox as described in Section 2.3 and demonstrate how
they are affected (a) by each of the measured soil properties
individually and (b) by all properties combined. For this, we
informed the model with the measured values of soil temper-
ature, soil water content, matric potential at 10-, 20-, 40-, 60-,
80-, and 120-cm depth, monitored during the whole vegeta-
tion period (data are available in the supplemental material).

3.2 | Simulated RLD distributions of winter
wheat and maize before explicit consideration
of the soil properties

Literature data of RLDs of wheat and maize are highly vari-
able. Some studies show RLD values as high as 60 cm cm™>

Nheat Maize
40 Wheat 06 [aize e
° 10 em e 10 em ik
3.5 . o Xid
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3.0 L] 80 cm F. 80 cm
&
& Fd 5704
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FIGURE 6 Simulated root arrival curves at different depths of
wheat (left) and maize (right) in homogeneous soil (solid line) and soils
with only the influence of cracks of silty loam soil (cracked facility,
dashed line), and in stony soil (stony facility, + markers). DAS, days
after sowing

and as slow as 0.5 cm cm™~> for mature root systems of wheat
(Ephrath et al., 1999; Mekonnen et al., 1997; Svane et at.,
2019; Zuo et al., 2006). However, most of the literature data
indicate similar characteristics in the shape of the RLD curve
(i.e., a shape that shows higher RLD in the topsoil and then
decreasing with depth). The gray shaded area in Figure 5 is the
envelope of available published RLD profiles (extreme RLD
values that are indicated in published data were excluded),
encompassing many different environmental conditions and
thus representing a range of plausible RLD values. The root
length densities obtained from CPlantBox model simulations
fit well within that range of literature data for both crops.

3.3 | Influence of stones and cracks on root
growth dynamics

Figure 6 shows the influence of stones and cracks on the simu-
lated root growth of winter wheat and maize. Cracks stimulate
the development of roots in the deeper depths (see Figure 6,
blue dashed line), whereas stones prevent roots from penetrat-
ing deeper into the soil profile in comparison with the simula-
tions of homogeneous soil. Therefore, a higher RLD is found
in the upper layers (see Figure 6, red makers). The simulated
maximum rooting depths at the end of the growth period were
130, 88, 135 cm for wheat and 123, 81, 134 cm for maize in
homogeneous soil, stony soil, and soil with cracks, respec-
tively.

3.4 | Sensitivity analysis of static soil
properties on maximum rooting depth

The effect of stone content, crack intensity, and bulk density of
soil on maximum rooting depth is summarized in Figure 7 for
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FIGURE 7 Sensitivity of the maximum rooting depths (D99 =
depth above which 99% of root lengths observed) of wheat (dotted
lines) and maize (dashed lines) on bulk density (blue lines), crack
intensity (green lines), and stone content (red lines) in comparison with
root growth patterns in homogeneous soil (black lines). Subplots Q1,
Q2, Q3, and Q4 correspond to each quartile of the entire growth period
of each crop type. S1, S2, S3, S4, and S5 represent the systematic
increase of bulk densities (1.3, 1.4, 1.5, 1.6,and 1.7 g cm™3), crack
intensities (2, 5, 10, 20, 50 m~! of the cracked facility) and stoniness
(20, 40, 60, 80, and 100% of the stony facility) of soil, respectively

different stages during the vegetation period. The stone con-
tent and the size of the stones have a considerable influence on
the maximum rooting depth of both wheat and maize crops.
The effect of stones is more prominent in the later stages of
the growth period as the difference between simulated rooting
depths of homogenous soil and stony soil increase over time
(differences in Q4 are higher than the differences in Q1). A
linear decrease in rooting depths was observed due to a linear
increase in stone content in the soil (see Figure 7, red lines).
The maximum rooting depth increases with increasing den-
sity of cracks for both crops, indicating a —30-cm difference
in the first 60 d of wheat and 30 d of maize, respectively. How-
ever, the sensitivity of rooting depth on cracks decreases with
crop maturation, and for any age, roots are not sensitive to
crack intensities that are higher than 10 m ~! for both crops
(see Figure 7, green lines). The blue lines in Figure 7 show
the effect of increasing bulk density on the maximum rooting
depth. Root growth in relatively loose soil results in higher
maximal rooting depth in early growth stages than the soil
at 1.5 g cm™> bulk density. For maize, this is leveled out at
later growth stages at our parameterization, but not for wheat.
Compacted soils, on the other hand, show a reduced maxi-
mum rooting depth at all growth stages.
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FIGURE 8 Simulated mean root arrival curves for winter wheat
during the 2015-2016 growing season (left) for maize during the 2017
growing season (right) considering only the influence of temperature
on root growth in the stony facility (+ markers) and the cracked facility
(dashed line), plotted against the optimal temperature conditions (solid
line) at depths of 10, 20, 40, 60, 80, and 120 cm. RLD, root length
density; DAS, days after sowing

3.5 | Effect of soil temperature on root
growth and development

The measured soil temperature of the Stony soil facility is
approximately 2 °C higher than the cracked facility (Sup-
plemental Figure S1 [wheat] and S4 [maize]). The temper-
ature differences cause slightly faster root growth in the stony
soil (Figure 8). Winter wheat underwent temperatures ranging
from 0 °C during the winter to 30 °C in the spring and maize
experienced temperatures from 5 to 35 °C during the growth
period. Notably, colder temperatures between February and
March caused a reduction in elongation rates (in some cases,
stopped the root elongation due to near-zero temperatures).

For wheat, the temperatures are far from optimal in both
facilities. In the top layers, root development was delayed and
reached the same RLD as the optimal temperature later. At the
deepest depth (120 cm), root growth is reduced and does not
catch up at later times. There is also a small difference in root
length densities caused by the temperature difference between
the two facilities. Compared with wheat, the temperatures are
not as far from optimal for maize in both facilities. However,
less than optimal temperatures hit the maize in the early phase,
just after germination.

After stress periods, simulated growth curves show a steep
growth compared to root growth under optimal conditions
(Figures 8-9). The fact that impeded curves are sometimes
even steeper than the steepest part of the optimum curve
can be explained by the fact that both wheat and maize have
fibrous root systems. In our model, basal roots emerge in
specified time intervals near the root collar. If unimpeded,
they could grow one after the other through the first 10-cm
depth layer and further downwards. If impeded, it could hap-
pen that more and more basal roots emerge but cannot grow
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FIGURE 9 Simulated mean root arrival curves for winter wheat
during the 2015-2016 growing season (left) and 2017 maize growing
season (right) considering only the influence of soil strengths in the
fine material of the stony facility (+ markers) and the cracked facility
(dashed line), plotted against the optimal soil conditions (solid line) at
depths of 10, 20, 40, 60, 80, and 120 cm. RLD, root length density;
DAS, days after sowing

past a certain soil depth before the next basal root arrives,
thus increasing root tip density and the slope of the RAC.

3.6 | Effect of soil strength on root growth
and development

Although the cracked facility soil has a higher water hold-
ing capacity (Supplemental Figures S2 and S5) and measured
water content in stony soil is lower, the fine fraction of stony
soil has a higher moisture content. Moreover, the wilting point
of the cracked soil is higher than in the stony soil. Therefore,
the anticipated lower penetration resistance and higher root
growth rates due to apparent higher moisture contents in the
cracked soil cannot be observed in simulated root growth pat-
terns. The simulated RACs show that the fine soil matrix in
the stony soil acts as a less resistant medium for root exten-
sion. Simulated root development in stony facility and cracked
facilities is highly affected by penetration resistance (solid
lines in Figure 9). Temporal variation of dry and wet weather
conditions caused higher penetration resistance and stopped
root growth in periods when the moisture content reached
below the wilting point. In particular, dry summer conditions
profoundly impeded root growth of maize.

3.7 | Effect of all factors combined on root
growth and development

From Figure 6-9, we can see that stone content, tempera-
ture, and penetration resistance can have a substantial influ-
ence on RLD and root development. Although the influence
of stone content was less important in the initial growing
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FIGURE 10 Comparison between simulated root arrival curves
of optimal conditions (solid line) and root arrival curves of the stony
facility (+ markers) the cracked facility (dashed line) for winter wheat
during the 2015-2016 growing season (left) and 2017 maize growing
season (right) considering the impact of all soil physical properties.
RLD, root length density; DAS, days after sowing

stage, it strongly affects final RLD and rooting depth with up
to 60% difference compared with optimum root growth. The
temperature was near to optimal for maize, whereas wheat
experienced a substantial reduction of root growth between
80 and 120 d after sowing, with RLD <60% compared with
optimal. However, root development could catch up with
optimal growth by the end of the growing season except at
120-cm depth. Impedance due to penetration resistance
resulted in permanently reduced root growth, even though
the maize root system could recover after a drought period
between 40 and 60 d after sowing, in which crops in the
cracked facility suffered more than those in the stony facility.

Figure 10 now shows the simulated RAC data (winter
wheat during the 2015-2016 growing season and maize in
2017) when considering all measured soil information simul-
taneously. As a comparison of absolute RLD values between
simulations and observations is challenging, we compared
relative differences between several observed and simulated
characteristic root system measures in both facilities. Due to
MR underestimation, we did not consider the RLD values
in the top 40 cm. Figure 11 presents observed and modeled
differences between stony and cracked soils, expressed as
the difference of a root system measure between cracked
and stony facilities relative to the cracked facility (silty loam
soil) value. A bar towards the positive side means that the
respective root system measure is larger in the cracked facility
than in the stony facility. Likewise, a bar towards the negative
side means that the respective root system measure is larger
in the stony facility than in the cracked facility. Modeled and
observed differences for both crops show that the loamy soil
has a larger RLD below 40-cm depth than the stony soil. At
any given depth, roots need longer to develop 50% of the
RLD in the stony facility than in the cracked facility: both
observations and simulations agree on this trend for wheat.
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differences in root system measures and between stony and cracked
facilities for both wheat and maize (RLD = root length densities, length
= total root length below 1 m? of soil surface up to 120-cm depth,
maxRLD = depth at which maximum RLD is observed, and AT =
median root arrival times at 40-, 60-, and 80-cm depths)

Although simulations also predict this trend for maize, except
at 40-cm depth, observations for maize predict the opposite.
However, there are of course substantially more roots in the
cracked facility than in the stony facility. Simulation results
and data also agree on the fact that the total root length below
1-m? surface area is larger in cracked facility than in stony
facility. However, this is more pronounced in the observations
than in the simulations. This could be due to the fact that
observations also include differences in carbon availability,
which is not included in the root architecture model. In
heterogeneous soil conditions, root systems could respond by
altering branching density, branching angle or root anatomy
that could also cause changes in physiological behavior
(Schwinning, 2010). However, anatomical changes that lead
to changes in RLDs are also not considered in the model.
The depth at which the maximum RLD occurs is the same
in the stony facility and the cracked facility according to sim-
ulations, whereas observations show that the depth at which
the maximum RLD is found is much larger in the cracked
facility than in the stony facility. This can be explained by
the fact CPlantBox-simulated RLD profiles have a shape that
decreases with depth (and thus the highest RLD is found in the
top in both stony and cracked facilities), whereas observations
show a greater RLD in deeper layers in the cracked facility.

4 | CONCLUSION

In this study, we presented a plot-scale root architecture
growth model that explicitly considers stones as obstacles

as well as cracks in soil. Root elongation was impeded by
dynamically changing temperature and soil strength. Sim-
ulation studies of maize and wheat plants considering the
combined effects qualitatively agreed with observation. We
showed that simulated differences of characteristic root sys-
tem measures between stony and cracked soils of otherwise
same crop and weather conditions show similar trends as in
the measurements obtained in the rhizotron facilities in Sel-
hausen.

The simulation model enabled a deep analysis of the single
processes that lead to the combined results. In a sensitivity
analysis, we showed the strength of impact of stones and
cracks to the plant rooting depth of maize and wheat. The
presence of the stone fraction in soil significantly reduces
the rooting depths due to tortuosity effect, which leads to
accumulation of roots at shallower depths compared with
homogeneous soil. Furthermore, we showed the dynamic
impact of temperature and soil strength using RACs, showing
strong dependence of the type of root architecture. Analyses
of the single processes enable quantitative hypotheses for
better experimental designs.

An important simplification of the model is that it only
alters the root elongation rate. In heterogeneous soil condi-
tions, root systems could respond by altering branching den-
sity or branching angle. Although these root system responses
are already implemented in CPlantBox, the parameterization
is challenging. Emerging approaches for parameterization of
RSA of certain crops based on field sampling data are use-
ful for understanding the alteration of parameters in hetero-
geneous growth mediums (Morandage et al., 2019). A fur-
ther model limitation is the lack of shoot development and
resulting carbon availability for root growth. Crop height and
leaf area index for wheat and maize in both the stony facility
and cracked facility are given in Supplemental Figure SO as
an indication of the differences in shoot development in two
soils. Future work will require the extension of our approach
to consider the whole plant so as to be able to predict the car-
bon availability for shoot and root growth.
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