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Modeling the Impact of Biopores on 
Root Growth and Root Water Uptake
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Roots are known to use biopores as preferential growth pathways to overcome 
hard soil layers and access subsoil water resources. This study evaluates root–
biopore interactions at the root-system scale under different soil physical and 
environmental conditions using a mechanistic simulation model and extensive 
experimental field data. In a field experiment, spring wheat (Triticum aestivum 
L.) was grown on silt loam with a large biopore density. X-ray computed tomog-
raphy scans of soil columns from the field site were used to provide a realistic 
biopore network as input for the three-dimensional numerical R-SWMS model, 
which was then applied to simulate root architecture as well as water flow in the 
root–biopore–soil continuum. The model was calibrated against observed root 
length densities in both the bulk soil and biopores by optimizing root growth 
model input parameters. By implementing known interactions between root 
growth and soil penetration resistance into our model, we could simulate root 
systems whose response to biopores in the soil corresponded well to experimen-
tal observations described in the literature, such as increased total root length 
and increased rooting depth. For all considered soil physical (soil texture and 
bulk density) and environmental conditions (years of varying dryness), we found 
biopores to substantially mitigate transpiration deficits in times of drought by 
allowing roots to take up water from wetter and deeper soil layers. This was even 
the case when assuming reduced root water uptake in biopores due to limited 
root–soil contact. The beneficial impact of biopores on root water uptake was 
larger for more compact and less conductive soils.

Abbreviations: CT, computed tomography; DAS, days after sowing; HC, hydraulic conductivity; LAI, leaf 
area index; RLD, root length density; SWP, soil water potential.

The ability of plants to extract water from the soil is referred to as plant water acces-

sibility and is determined by the architecture of the root system as well as by various 
interaction processes in the soil–plant continuum (Colombi et al., 2018). One of the most 
important constraints limiting plant water accessibility is soil penetration resistance with 
its direct impact on root elongation (Bengough et al., 2011). Soil penetration resistance 
is positively correlated with soil bulk density and the absolute value of the soil matric 
potential (Gao et al., 2012; Whalley et al., 2007). Higher soil penetration resistance leads 
to lower root growth rates and in consequence to less extended root systems with reduced 
ability to take up water from deeper soil layers (Bengough et al., 2011; Chen et al., 2014; 
Colombi et al., 2018; Tracy et al., 2012; Valentine et al., 2012). This is an issue in particular 
during prolonged dry spells when the upper soil layers are water depleted and when the 
subsoil water supply has high potential value for plant transpiration (Gaiser et al., 2013; 
Kirkegaard et al., 2007).

An opportunity for roots to overcome compact soil layers and to grow into greater 
depths is the use of large-sized biopores (diameters >2 mm) as preferential growth pathways 
(Kautz, 2015; McKenzie et al., 2009; Stirzaker et al., 1996). Biopores are generally vertically 
oriented, tubular-shaped cavities in the soil formed by decayed plant roots or earthworm 
burrowing (Kautz, 2015; Naveed et al., 2016). Their abundance depends on soil manage-
ment and cropping sequence (Han et al., 2015; Kautz et al., 2010), and they can persist for 
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many years in subsoil horizons below the plow layer (Edwards et 
al., 1988; Shipitalo et al., 2004). Higher soil compaction was found 
to increase the amount of roots growing in biopores (Gaiser et al., 
2013; Hirth et al., 2005), and these roots were shown to elongate 
faster and deeper (Hirth et al., 2005; Stirzaker et al., 1996).

The probability of roots remaining within biopores and 
continuing to grow along them was demonstrated to be higher if 
biopores were aligned more vertically (Dexter and Hewitt, 1978; 
Hirth et al., 2005; Stirzaker et al., 1996) and if pore walls were 
smooth (Hirth et al., 2005; Stirzaker et al., 1996). Large-sized 
biopores are usually air filled (Fredlund and Xing, 1994), and 
root water uptake is thus limited to the contact area between root 
and biopore wall. In a field study, Athmann et al. (2013) observed 
that 85% of barley (Hordeum vulgare L.) and oilseed rape (Brassica 

napus L.) roots found in biopores maintained direct contact with 
the pore wall. Using analytical solutions, de Willigen et al. (2018) 
showed that incomplete radial root–soil contact (i.e., a root grow-
ing in a preexisting pore with a larger diameter) hardly reduced 
root water uptake capacity due to compensatory root water uptake, 
while incomplete axial root–soil contact (i.e., entire axial root parts 
without soil contact) led to a significant decrease in root water 
uptake potential.

Direct measurements of the impact of biopores on root 
growth and root water uptake are difficult. Laboratory experi-
ments (e.g., Hirth et al., 2005; Stirzaker et al., 1996) can give 
valuable information on the influence of soil structure on both 
root growth and root water uptake but are limited to young plants, 
small pot sizes, and short measurement intervals. Field experi-
ments (e.g., Colombi et al., 2017; Kautz et al., 2013; White and 
Kirkegaard, 2010) provide important insights on the dynamics of 
root growth in soils with biopores during entire cropping periods 
but do not allow direct investigation of the influence of soil struc-
ture on root water uptake. Simulation models can thereby help 
to explain the relations among experimental data (e.g., link water 
use efficiency with soil water content and bioporosity) and to test 
scenarios of different environmental and soil physical conditions. 
In recent years, significant progress has been made in the develop-
ment of crop models, which are used to analyze the performance 
of cropping systems under variable climate and soil management 
conditions (Vereecken et al., 2016; Wöhling et al., 2013). These 
models, however, are usually based on simplifying assumptions 
such as a uniform root distribution and homogeneous root water 
uptake in lateral soil horizons. The effect of soil structure is 
thereby at best taken into account indirectly via stress functions 
on root elongation (e.g., de Moraes et al., 2018; Gaiser et al., 2013). 
If the impact of biopores on model input parameters such as root 
length density development, root system hydraulic conductance, 
and the relative distribution of root water uptake is known, the 
effects of structured soil can be taken into account more accurately.

We recently developed a new model approach for the simu-
lation of root growth in structured soil. In this approach, the 
structure of the biopore network as well as the root architecture are 
considered in a spatially explicit way and the growth of individual 

root tips is described as a function of local soil penetration resis-
tance. In test simulations, this model realistically reproduced root 
growth in artificial macropores on both the single root and the 
plant root system scales (Landl et al., 2017). Our model approach 
was incorporated in the three-dimensional numerical R-SWMS 
(Root–Soil Water Movement and Solute Transport) model (Javaux 
et al., 2008) and is, to our knowledge, the first explicit three-
dimensional simulation model for root architecture development 
and root water uptake in soil with biopores.

Experimental studies showed that root growth in artificial 
macropores and naturally created biopores differs significantly. 
While Stirzaker et al. (1996) found roots to be trapped in straight 
vertical macropores created with steel rods, Kautz et al. (2013) 
observed field-grown roots to leave biopores when entering less 
compact soil layers. An explanation for this discrepancy is the wide 
range of geometries and orientations covered by naturally created 
biopores, which contrasts with the generally straight and smooth 
appearance of artificial pores (Pagenkemper et al., 2013, 2015). 
For realistic simulations of root growth and root water uptake 
in structured soil, it is thus necessary to use realistic biopore net-
works. A possibility to noninvasively reproduce soil structure in 
three dimensions is X-ray computed tomography (X-ray CT) (Luo 
et al., 2008; Pagenkemper et al., 2013, 2015; Peth et al., 2008). A 
simplified reconstruction of the pore space geometry of X-ray CT 
images can serve as a realistic description of the pore network in 
simulation models.

In the present study, we evaluated the impact of subsoil 
biopores on root growth, root water uptake, and root soil explora-
tion using the simulation model R-SWMS. Our model approach 
for root growth in structured soil was calibrated with extensive 
experimental field data. A natural biopore system was created 
using X-ray CT scans of intact soil columns from the field site. 
We used the calibrated model to simulate scenarios in which we 
evaluated the impact of subsoil biopores on root growth and root 
water uptake under different soil physical and environmental 
conditions. To compute root water uptake, we used the model 
approach developed by Couvreur et al. (2012), which provides real-
istic parameters describing root system hydraulic conductance and 
relative distribution of root water uptake that can directly be used 
in one-dimensional crop-scale models such as HYDRUS (Cai et 
al., 2018; Šimůnek et al., 2016).

 Materials and Methods
Field Experiment

The model setup was based on a field experiment, which 
was performed at the study site Klein Altendorf (University of 
Bonn, Germany, 50 62  N, 6 98  E) in 2010. In this experiment, 
the effect of varying biopore densities on root growth of spring 
wheat was investigated. The soil at the field site was classified as 
a Haplic Luvisol (IUSS Working Group WRB, 2014), which is 
characterized by a silt clay loam texture (4–7% sand, 67–76% silt, 
17–29% clay, 2.6–10 g kg−1 organic C). Below a plow horizon of 
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(1994). In this approach, the root system is described by a set of user-
defined input parameters that determine plant-specific properties 
such as unimpeded growth speed, branching angles, root trajectory 
development, and the distance between two successive lateral roots. 
In addition to these root-system-inherent parameters, environmental 
impact factors on root system development were considered.

The influence of varying soil strength as well as biopores on 
root system development is taken into account with the approach 
by Landl et al. (2017). In this approach, biopores are regarded as an 
additional soil material with very low penetration resistance. Soil 
mechanical resistance is expressed by its inverse, soil mechanical 
conductance, and is handled in analogy to hydraulic conductivity 
in Darcy’s law. Differences in soil strength between the biopore 
and the soil matrix lead to anisotropic or direction-dependent soil 
mechanical conductance, which is larger in the direction of the 
main axis of the biopore and smaller in the radial direction. This 
anisotropy influences both the direction of root growth and the 
root growth rate. The orientation of an individual root segment 
d is computed as

d Fk   [2]

where k is the three-dimensional soil mechanical conductance 
tensor that represents the ease with which a root can penetrate 
the soil and F is a driving force, which is determined by the orienta-
tion of the previous root segment, a random deflection angle, and 
a tropic component.

It is generally assumed that root elongation E [L T−1] is at its 
maximum at zero soil penetration resistance and stops completely 
when a maximum soil penetration resistance Rmax [P] (where P is 
used to represent the pressure dimension) is reached (Bengough 
and Mullins, 1990). We use the empirical equation developed 
by Veen and Boone (1990) to calculate Rmax as a function of soil 
matric potential m as

4
max m4 exp 2.33R   [3]

where Rmax and m are expressed in hectopascals. It must be noted 
that this equation was originally developed for maize (Zea  mays 
L.) root growth on sandy loam. However, considering that wheat 
and maize show similar root growth pressures (Clark et al., 2003) 
and that the computed values of Rmax fall well within the range of 
the measured values of Rmax specified by Ehlers et al. (1983) for silt 
loam, we considered this equation valid for our modeling purposes.

Experimental studies on the evolution of root elongation 
between zero and maximum soil penetration resistance have 
frequently observed a strong initial decrease followed by a lower 
reduction rate when approaching maximum soil penetration 
resistance (Bengough et al., 2011; Bengough and Mullins, 1990; 
Taylor and Ratliff, 1969). We described this relationship between 
elongation rate and soil penetration resistance with the inverse of 
a polynomial relation:

1/2

max
max

1
R

E E
R

  [4]

where E and Emax are actual and maximum elongation rates 
[L T−1] and R and Rmax are actual and maximum soil penetration 
resistance [P]. Soil penetration resistance R (hPa) was computed 
as a function of bulk density b (g cm−3), soil matric potential m 
(hPa) and effective saturation Se (dimensionless) using the empiri-
cal pedotransfer function developed by Whalley et al. (2007):

10

10 m e b

log 10

0.35log 10 0.93 1.26
  [5]

This pedotransfer function was developed for 12 different, 
undisturbed soils with diverse matric potentials as well as varying 
texture, organic C content, and bulk density (1.2–1.65 g cm−3) and 
can thus be considered valid for a wide range of different soils. It 
must be noted that soil texture is considered indirectly via effective 
saturation in this equation.

In addition to soil strength, soil temperature is also considered 
to limit root elongation. It has been shown that root growth occurs 
only if the soil temperature lies within a plant- and genotype-spe-
cific interval and reaches a maximum at a defined optimum soil 
temperature (Koevoets et al., 2016; Porter and Gawith, 1999). In 
our model, reduced root elongation due to sub- or supra-optimal 
soil temperature is described by a sine-wave-shaped impedance 
function, which equals zero at the lower (2 C) and upper (25 C) 
limit and one at the optimum (15 C) soil temperature (Somma et 
al., 1998). Minimum, maximum, and optimum soil temperature 
values for spring wheat root growth were derived from Porter and 
Gawith (1999).

Simulation of Water Flow in the Soil 
and Root Water Uptake

Water f low in the soil is driven by gradients of soil water 
potential and described by the Richards’ equation (Richards 1931):

K S
t

  [6]

where  is the volumetric water content [L3 L−3], t is the time [T], 
K is the unsaturated hydraulic conductivity [L2 P−1 T−1],  is the 
total soil water potential (matric + gravitational) [P] and S is a sink 
term [L3 L−3 T−1], which is defined positive for root water uptake 
and negative for root water release.

The relationships between soil water content  [L3 L−3], matric 
potential m [P]) and hydraulic conductivity K [L2 P−1 T−1] are cal-
culated from soil hydraulic properties via the closed-form expression 
established by Mualem (1976) and van Genuchten (1980):
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where r [L
3 L−3] is the residual water content, s [L

3 L−3] is the 
saturated water content,  is related to the inverse of the air-entry 
suction [P−1], n and m are shape parameters with m = 1 − 1/n, and 
Ks is the saturated hydraulic conductivity [L T−1].

Due to the large size of our root system (>50,000 root seg-
ments), it was computationally infeasible to compute water flow 
between the soil and root system on the root segment level as pro-
posed by Doussan et al. (1998). We therefore used the implicit 
approach of Couvreur et al. (2012), where root water uptake is 
computed at the soil element level, which drastically reduces 
computation time. In this approach, hydraulic conductances of 
individual roots are summarized to a single equivalent root system 
hydraulic conductance, while spatially heterogeneous soil–root 
interface water potentials are combined to a single equivalent soil 
water potential (SWP) sensed by the plant. The sink term of an 
individual soil element is computed as

rs s,eq col comp s, s,eqSSF SSFk k k k kS V K K    [9]

where Sk [L3 L−3 T−1] is the sink term in the kth soil element, 
Vk [L3] is the volume of the kth soil element, Krs [L3 P−1 T−1] 
is the equivalent conductance of the root system, s,eq [P] is the 
equivalent total (matric + gravitational) SWP sensed by the plant, 

col [P] is the total (matric + gravitational) water potential at the 
root collar, SSFk (dimensionless) is the standard sink fraction of 
the kth soil element, Kcomp [L3 P−1 T−1] is the compensatory root 
water uptake conductance, and s,k [P] is the SWP of the kth soil 
element. While the first term of the equation describes the stan-
dard root water uptake under homogeneous SWP distribution, the 
second term accounts for SWP heterogeneity. The parameters SSF, 
Krs, and Kcomp were introduced by Couvreur et al. (2012) as the 
three macroscopic parameters that describe the hydraulic architec-
ture of a root system: SSF specifies for each soil element the amount 
of water taken up by the root segments located within this soil 
element as a fraction of the total plant water uptake under homo-
geneously distributed SWP, Krs describes the water flow per unit of 
water potential difference between root collar and soil, and Kcomp 
defines the extent of compensatory root water uptake within indi-
vidual soil elements due to water potential heterogeneity within 
the soil domain. These macroscopic parameters remain constant 
for root systems with static architecture and constant hydraulic 
properties. The parameters SSF and Krs were determined from the 
numerical solution of the hydraulic tree approach by Doussan et al. 
(1998), which was run for one single time step. The value of Kcomp 
was assumed to equal Krs. This is a valid assumption if root axial 
hydraulic conductances substantially exceed root radial hydraulic 
conductances (Couvreur et al., 2012), which is the case for cereal 
root systems (Meunier et al., 2018).

The equivalent SWP sensed by the plant, s,eq, is computed 
as a function of the distribution of local SWPs as well as standard 
sink fractions as

s,eq s,
1

 SSF
M

k k
k

  [10]

where k is the index of soil elements ranging from 1 to M. For soil 
elements that do not contain any root segments, SSFk equals zero. 
It must be noted that Eq. [9–10] rely on the assumptions that SWP 
within one soil element is constant and that root radial conduc-
tances are much smaller than root axial conductances.

The water potential at the root collar col [P]) is assumed 
to be equal to the leaf water potential, and the f lux at the root 
collar is set to the actual transpiration rate Tact [L

3 T−1]. When no 
water stress is present, i.e., when the water potential at the collar is 
above a specified threshold value lim, Tact is equal to the potential 
transpiration rate Tpot [L

3 T−1]. Under water stress, Tact falls below 
Tpot and is computed as

act rs s,eq limT K   [11]

where lim [P] is the minimal water potential at the root collar, 
which triggers stomatal closure due to water stress and which was set 
to the constant value of −15,000 hPa (the permanent wilting point).

Numerical Solution of the R-SWMS Model
For the numerical solution of the water f low equation in 

R-SWMS, the soil domain is discretized in a regular cubic grid 
of nodes. Soil hydraulic state variables (e.g., soil water potential 
and soil water content) as well as parameters that describe local 
soil properties (e.g., bulk density) are specified explicitly for each 
soil node. Eight adjacent soil nodes then define one soil element, 
whose average state variables and parameters are calculated from 
the nodal values. The root system, which consists of a multitude 
of straight root segments that are connected with each other, 
develops within this soil grid. Length and orientation of newly 
emerging root segments are influenced by the properties of the 
soil element in which the root tip is located. The resolution of the 
soil grid is chosen according to the size of the soil domain as well 
as the length of the simulation period, the required preciseness of 
the results, and the available computation time. For simulations 
on the root-system scale, the solution of water flow in the soil is 
computationally expensive due to large soil domains (>1-m depth) 
and the long periods that are simulated (up to several months). 
This makes it necessary to choose a relatively coarse grid resolution 
(centimeter scale). For simulations of root system development in 
response to small-scale soil structures such as biopores, however, 
a finer grid resolution must be used (millimeter scale). We recon-
ciled these opposing needs by introducing two soil grids: a fine 
soil grid in which biopores were represented and which was used 
for the simulation of root system development and its architec-
tural response to environmental impact factors and a coarse grid, 
which was used to compute soil water flow but did not represent 
biopores. It must be noted that the influence of biopores on soil 
water flow was therefore neglected. Different soil layers as well as 
all further soil properties were represented in both grids. Soil water 
potential distribution, which was computed in the coarse grid, was 
transferred to the fine grid, where it influenced root system devel-
opment via its effect on soil penetration resistance.
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with updated root systems and SWP distributions, respectively, 
within the soil domain every day during the first 10 d of simula-
tion, when the root systems changed rapidly due to large initial 
elongation rates, and every 5 d from Day 11 to Day 112, the last 
day of simulation. As initial conditions, the matric potential in the 
soil domain was set to hydrostatic equilibrium with −400 hPa at 
the top boundary.

Model Calibration via Optimization 
of Root Architecture Parameters

We used the model setup derived from the experimental field 
measurements as well as our 12 different biopore networks to sim-
ulate root systems during the entire cropping season of 112 d from 
8 Apr. to 30 July 2010. To obtain realistic root system architectures, 
we optimized our root growth model input parameters so that sim-
ulated and experimentally observed RLDs in both bulk soil and 
biopores corresponded to each other. To indicate the quality of fit 
between observed and simulated RLDs, we computed Pearson’s 
correlation coefficient R as well as the relative root mean square 
error (rRSME). While R is a measure of the statistical relationship 
between observed and simulated RLD, rRMSE defines the relative 
differences between observed and simulated RLD values (Loague 
and Green 1991). The parameter rRMSE was computed as

2
sim, obs,

obs1

1/2
1 100

rRSME RLD RLD
RLD

n

i i
in

  [16]

where n is the number of RLD measurements in a depth and 
RLDsim and RLDobs are simulated and observed RLDs, respec-
tively. For the optimization procedure, we selected those five 
input parameters that had the greatest impact on root length 
density variation. While number, emergence time, and ini-
tial growth rate of axial roots are the major determinants of 
total root length density, sensitivity to gravitropism as well as 
root tortuosity define the distribution of root length density 
within the soil profile. Additionally, we optimized the param-
eter “conductance in the macropore,” which defines the degree 
of anisotropy of penetration resistance in the soil elements 
containing biopore walls and affects the probability of a root 
to continue growing within a biopore or to reenter the bulk 
soil (Landl et al., 2017). The values of the optimized param-
eters were on the same orders of magnitude as standard values 
found in the literature. All remaining root growth model input 
parameters were derived from the literature. Parameter values, 
literature sources, and literature-derived ranges for optimized 
parameters are indicated in Supplemental Table S1.

Setup of Simulation Scenarios
The initial model setup was based on measurements from the 

field experiment. For a more general evaluation of the impact of 
subsoil biopores on root growth and root water uptake under vary-
ing environmental and soil physical conditions, we additionally set 
up five different simulation scenarios.

Scenario I: Presence of Subsoil Biopores
To get a better understanding of the impact of biopores on 

root system development and root water uptake, we performed 
simulations with and without subsoil biopores.

Scenario II: Subsoil Bulk Density
The importance of biopores as root growth pathways typically 

increases with soil compaction. We therefore additionally per-
formed simulations with subsoil bulk density that was increased 
to 1.65 g cm−3.

Scenario III: In�uence of Partial Root–Soil Contact 
on Radial Root Hydraulic Conductivity

It has been suggested that root hairs may bridge the gap 
between soil and roots in biopores so that partial root–soil contact 
does not reduce root radial hydraulic conductivity (Carminati et 
al., 2013; Wasson et al., 2012). This aspect was taken into account 
by additional simulations with unlimited root radial hydraulic 
conductivity in biopores.

Scenario IV: Soil Type
Typically, roots use biopores as preferential growth pathways 

to reach water resources at greater depths. Subsoil water availability, 
however, depends on the soil type. Apart from the original silt 
loam, we therefore also performed simulations with sandy loam. 
While silt loam is characterized by a relatively high water holding 
capacity and hydraulic conductivity for a wide range of soil matric 
potentials, sandy loam is highly conductive close to saturation but 
rapidly becomes resistive to water flow when soil water potential 
decreases. These differences in soil hydraulic properties also lead 
to differences in SWP distributions in the soil domain, which in 
turn affect root system development. Water retention curves and 
soil hydraulic parameters used in our simulations are shown in 
Supplemental Fig. S1 and Tables S2 and S3.

Scenario V: Climatic Conditions
We performed additional simulations with climate data from  

2012 measured at the same reference field site in Klein-Altendorf, 
Germany. As in 2010, the field plots were planted with spring wheat 
and we used measured LAI values to partition evapotranspiration 
into evaporation and transpiration. We used the crop coefficient 
values from the basic setup from 2010. Compared with 2010, 2012 
was less dry, especially toward the end of the cropping season.

Using the optimized root architecture parameters, we 
simulated root growth and root water uptake for all possible 
combinations of soil physical and environmental conditions. 
Altogether, we performed simulations with 24 different setups, 
which is the factorial combination of three types of soil structure 
(biopores with limited hydraulic conductivity, no biopores, and 
biopores with unlimited hydraulic conductivity), two different 
soil bulk densities, two soil types, and climate data for two differ-
ent seasons. For each of these setups, we ran simulations with all 
12 different biopore systems; for combinations without biopores, 
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Legumes were shown to be more sensitive to soil compac-
tion than cereals (Arvidsson and Håkansson, 2014), and soybean 
[Glycine max (L.) Merr.], maize, and barley roots were observed to 
colonize biopores more frequently than wheat roots when grown 
on the same field site (Colombi et al., 2017; Perkons et al., 2014). 
The significance of biopores as root growth pathways to greater 
soil depths may thus be even higher for plants other than wheat.

Modeling Root Water Uptake in Soil with Biopores
In times of drought, our simulations showed a beneficial 

impact of biopores on root water uptake. Biopores could thereby 
reduce a transpiration deficit by up to 24 mm, which represents 
11% of the seasonal transpiration demand of spring wheat in 
our study area. This positive effect was primarily caused by the 
increased rooting depth in structured soil, which allowed roots to 
take up water from deeper and wetter soil regions.

The impact of biopores on hydraulic root architecture param-
eters depended on the water uptake ability of roots with limited 
root–soil contact. When unlimited hydraulic conductivity at 
the root–biopore wall interface was assumed, mean root water 
uptake took place deeper in the soil domain and root system con-
ductance increased. When limited hydraulic conductivity at the 
root–biopore wall interface was assumed, roots were also able to 
take up water from deeper soil layers but root system conductance 
remained fairly constant. These findings may be important for 
simulations of root water uptake in structured soil using one-
dimensional models (e.g., HYDRUS, Šimůnek et al., 2016) where 
the impact of biopores on plant transpiration can be taken into 
account only implicitly via root hydraulic architecture parameters 
and root length density profiles.

Many studies (e.g., Stirzaker et al., 1996; White and 
Kirkegaard, 2010; Passioura, 2002) have emphasized the problem 
of poor root–soil contact in biopores and its adverse effect on root 
water uptake and plant development. However, simulations with 
limited HC at the root–soil interface in biopores performed better 
in meeting plant transpiration demands than simulations with-
out biopores under any soil physical and environmental condition. 
Furthermore, toward the end of dry periods when the soil was 
already water depleted, simulations with limited HC in biopores 
led to equal or even slightly higher actual transpiration rates than 
simulations with unlimited HC in biopores. Similar results were 
found by Meunier et al. (2016) and Couvreur et al. (2014b), who 
showed that root systems with low radial conductance can main-
tain higher transpiration rates toward the end of a dry period.

Our simulation results suggest that the influence of biopores 
on root water uptake differs for different soil densities as well as 
soil types. Due to the larger increase in rooting depth, biopores 
had a more beneficial effect on root water uptake in more com-
pact soil. Furthermore, the effect of biopores was stronger in sandy 
loam than in silt loam due to the sandy loam’s higher soil hydraulic 
resistivity at low soil water potentials. When evaluating the impact 
of biopores on crop performance, it is therefore necessary to take 
into account not only characteristics that are directly related to 

biopores (e.g., number of biopores per unit surface area and the 
abundance and spatial distribution of roots in biopores) but also 
properties whose connection to biopores is less evident, such as soil 
type and soil bulk density.

In the present study, we considered biopores to be air filled at 
all times. Under natural conditions, however, rain events can lead 
to preferential flow in biopores, which significantly influences the 
water content distribution in the soil profile (Jarvis et al., 2016). 
Preferential flow allows water to quickly infiltrate and drain into 
deeper soil layers and thereby reduces the amount of water that 
can be stored in the topsoil (Good et al., 2015). This difference in 
water distribution within the soil profile is encountered by larger 
rooting depths due to biopores.

 Conclusion
In this simulation study, we combined extensive experimental 

field data with an explicit three-dimensional model for the simula-
tion of water flow, root system development, and root water uptake 
in soil with biopores. Our model increases understanding of plant 
physiological responses to structured soil under different soil physi-
cal and environmental conditions. Our simulation results confirmed 
the beneficial impact of biopores for root penetration into greater 
soil depths as well as for plant transpiration under drought condi-
tions. The positive influence of biopores persisted even under the 
assumption of reduced root water uptake in biopores due to limited 
root–soil contact and was larger for dense soil than for loose soil as 
well as for sandy loam than for silt loam. We furthermore evaluated 
the influence of biopores on root hydraulic architecture parameters. 
These relationships may be of use for larger scale simulations with 
one-dimensional models that can only implicitly take into account 
the effect of biopores on root growth and root water uptake via RLD 
profiles and root hydraulic architecture parameters.
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