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ABSTRACT

Non-destructive phenotyping of roots and measurement of root water uptake from different soil layers in the field
are vital for improving water management and facilitating the development of drought-resistant crop varieties,
but difficult because of their opaqueness. As a result, indirect methods using easy-to-measure variables such as
soil water content have been used as alternatives. However, the inherent measurement errors could undermine
the robustness and reliability of these methods. This paper proposes a new method to bridge this knowledge gap
by using soil water content profiles measured at two time points to calculate root uptake and root-length density.
It is based on the Richards’ equation by treating root uptake from different soil layers between the two time
points as random unknown numbers; their distributions are calculated using the Bayesian framework, solved by
the Markov Chain Monte Carlo method. We applied the method to 39 winter wheat lines grown in a silt-clay loam
field. Soil water content profile measured at the first time point from each plot served as the initial condition, and
water content measured at the second time point was the target to match the model for calculating average root
water uptake and root-length density between the two time points. The results show that the measured soil water
contents fall within the 95% confidence interval of the calculated soil water contents. The inherent soil water
measurement errors lead to uncertainties in the calculated root water uptake for all lines, but such uncertainties
decrease with soil depth. Although the soil types and agronomic management were the same for all 39 lines, their
root water uptake from different soil layers varies considerably, with some lines more capable of using subsoil
water than others. Generally, the calculated and measured root-length densities agree well, albeit the degree of
the agreement varies with lines. While this paper focuses on methodology and applies the method to one growth
stage spanning one month only, the consistent results for all 39 lines indicates the method is robust and can be
applied to other crops cultivated in different conditions. Given the growing interest in improving root traits to
enhance water use efficiency, the proposed method has important implications as phenotyping roots and un-
derstanding their water uptake from different soil layers in the field is a prerequisite to achieve this crucial target.

1. Introduction

change as well as the underlying mechanisms, remain elusive (Bonan
et al., 2014; Chen et al., 2020; Gat, 1996; Penman and Keen, 1948;

Root water uptake is not only an important hydrological process
(Beer et al., 2010; Bengough, 2012; Coenders-Gerrits et al., 2014;
Jasechko et al., 2013), but also controls photosynthesis and carbon cycle
in terrestrial systems. It has been used to estimate gross primary pro-
ductivity of ecosystems where experimental measurements are infea-
sible (Beer et al., 2007; Cheng et al., 2017). While root water uptake has
been studied for centuries, some issues, such as how plants adjust their
water uptake from different soil layers in response to environmental

Williams et al., 2004), and processes are stilling be made (Miillers et al.,
2022; Miillers et al., 2023).

Root growth and its water acquisition are jointly modulated by soil
and root architecture. When the environment of root growth changes,
plants adjust their root architecture and hydraulic network to facilitate
water uptake to keep the water status in plant (Atkinson et al., 2020;
Dunbabin et al., 2006; Zhou et al., 2020). As directly measuring roots
and their water uptake is difficult in the field (Flavel et al., 2014; Rabbi
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et al., 2018; Zarebanadkouki et al., 2013), classical root phenotyping is
excavation and coring-counting (Gregory et al., 1978a; Gregory et al.,
1978b). To link root architecture to water uptake, various methods have
been developed, among which the isotope method by simultaneously
measuring stable isotopes in plant stem and along the soil profile ap-
pears to be most promising. The origin of the isotopes flowing through
the stem (hence its associated water) can be tracked down to soil based
on mass balance (Brooks et al., 2010; Liu et al., 2021; Ma and Song,
2016; Schwendenmann et al., 2015). While isotope method has been
widely used, it neglects that the movement of isotopes from the location
they are taken from soil to the location in the stem where they are
sampled is not a convective process as presumed by the mass-balance
method; they mixes with isotopes taken by roots from other places in
the soil due to interconnectedness of the xylems and variation of water
velocities in and between the xylems (Ehleringer and Dawson, 1992;
Gao et al., 2020). Apart from these hydrodynamic mixings, there are
other error sources that affect the isotope method (von Freyberg et al.,
2020).

Spatiotemporal change in soil water content is the footprint of root
water uptake and it can hence be used to interpret root traits and root
water uptake (Vandoorne et al., 2012). The easiest way is soil-drying
method where root water uptake from a soil layer is assumed to be
the difference in soil water contents measured at two time points
(Dardanelli et al., 1997; Garre et al., 2011; Miillers et al., 2023; Nelson
et al., 2006). This method does not need soil parameters and works well
when soil is relatively dry in that soil water change is predominantly
induced by root water uptake and water redistribution induced by
gravity and matric potential gradient is negligible. When vertical water
flow is significant following rainfall or irrigation, however, the
soil-drying method is no longer valid to estimate root water uptake
(Domec et al., 2010; Zhang et al., 2021). An improvement is to include
vertical water flow to inversely (or backwardly) calculate root water
uptake by numerically solving the nonlinear Richards’ equation with
soil hydraulic properties taken as known priori (Angaleeswari and Rav-
ikumar, 2019; Liao et al., 2016). Unlike forward modelling, however,
inverse modelling is ill-posed in that a small measurement error could be
amplified to substantial errors in the calculated root water uptake. To
improve the accuracy of the inverse modelling, various methods have
been developed (Guderle and Hildebrandt, 2015). All these methods
calculate root water uptake by minimising the difference between
measured and simulated soil water contents at some time points, and
they differ only in how to achieve, iteratively, the minimisation. One
simple method is to progressively update an initial water uptake esti-
mated from the soil-drying method until a satisfactory agreement be-
tween the simulated and measured soil water contents is reached (Zuo
and Zhang, 2002). Others include using modified functions to reduce the
impact of measurement errors (Li and Yue, 2018). While these methods
have been verified against synthesised data without errors, their appli-
cation to the field is limited where soil properties and root growth are
complicated, and experimental measurements are prone to errors. In
fact, it has been found that the optimisation-based methods that work
satisfactorily for error-free synthesised data could fail when applied to
data with errors (Guderle and Hildebrandt, 2015). Instead of solving the
optimization and the nonlinear Richards equation, an alternative is to
directly calculate root uptake based on mass balance if soil water con-
tent can be measured accurately in high frequency such as at hourly
intervals (Angaleeswari et al., 2021; Li et al., 2002). Despite the inten-
sive research on root water uptake and the underlying mechanisms over
the past decades, studies on how to deduce root-length density from root
water uptake are limited.

We present a new method in this paper to calculate root water uptake
and phenotype roots. Soil water movement induced by water redistri-
bution and root uptake is modelled by the Richards’ equation, and root
water uptake from each soil layer is treated as an unknown random
number. Its probability distribution is calculated using the Bayesian
framework solved by the Markov Chain Monte Carlo (MCMC) method.
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Root water uptake is intricately linked to root architecture and roots in
the same soil layer could compete for water with the root-length density
increasing. To account for this phenomenon, root water uptake rate in
each soil layer is assumed to increase asymptotically with root-length
density. The method was applied to 39 winter wheat lines grown in
different plots under the same management in a silt-clay loam field. For
each line, we calculated its root water uptake rate and root-length
density, and then compared these with ground-truth data. This allows
us to gain insights into the variation among these lines in their utiliza-
tion of water from different soil layers and to elucidate genetic differ-
ences between these lines in their root water uptake.

2. Materials and methods
2.1. The experiment

The field experiment was conducted from 2017 to 2018 in one of the
Rothamsted long-term experiments at Woburn in the UK. It aimed to
study the growth of different winter wheat lines under the same growing
conditions. Soil in the experimental site is silt-clay loam, and the
experiment comprised 504 separate 9 x 1.8 m plots, over which 39
winter wheat lines, each having three replicates, were sown on 10/10/
2017. The field experiment was rainfed; husbandry for all lines were the
same, following standard agronomic protocols for the UK with adequate
fertilisation, weed, and pest and disease control. Water content profile in
each plot was measured four times from 05/03/2018-11,/06/2018 using
the neutron probe method via an aluminium access tube installed
approximately 1 m from one end of the plot.

Soil cores 100 cm long and 5 cm in diameter were taken between 4/
7/18-2/8/18, when the crops were at the flowering stage, from each
plot using an auger (Van Walt Ltd., Surrey, UK) at a location approxi-
mately 1 m from the aluminium tube on the side towards the plot centre.
They were then stored into a black plastic bag. Root length-density was
measured using core-breaking method (Hodgkinson et al., 2017), in
which each core was broken at a position about 5 cm from its top surface
first to reveal a fresh face; the remaining part was then broken into a
number of 10 cm-long segments. The number of roots in the two end
faces of each segment was counted three times, by rotating the core 120°
after each counting. The number of roots in each segment was the
number of roots on the two end faces; the root counts were converted
into root length density assuming that the roots in each segment were
parallel to the core wall (Hodgkinson et al., 2017).

Considering the sampling date of both soil water and root-length
density, we used soil water measured on 15/5/2018 and 11/6/2018
in the modelling, with the former serving as the initial condition and the
latter as the target to match the simulated soil water content for calcu-
lating water uptake and root-length density. Changes in daily temper-
ature and rainfall over this period are shown in Fig. 1.

2.2. The models

The model consists of two parts. The first one is to numerically
simulate soil water flow along the soil profile, with root water uptake in
each soil layer taken as an unknown random number whose distribution
function is solved by the Bayesian inference method. The second one is
to estimate the root-length density based on the calculated root water
uptake rate.

2.2.1. Water flow

Water flow and root water uptake are volumetric average over each a
horizontal layer; they are described by the following Richards’ equation
(Richards, 1931):

0 0 {Ka(h 71)} . W
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Fig. 1. Changes in daily temperature and rainfall during the studied period.

where 0 is volumetric water content, t is time (day), K is hydraulic
conductivity (cm/day), h is matric potential (cm), z is depth (cm), and s
is root water uptake rate (1/day). Eq.(1) was solved using the method we
proposed previously (Zhang et al., 2002), with the time-derivative term
approximated by the method of Celia (Celia et al., 1990). Details of the
numerical solution are given in the appendix. Water release curve of the
soil was taken from data published previously (Gregory et al., 2010),
and the hydraulic conductivity was estimated from the water release
curve based on the van Genuchten formula (1980), with the saturated
hydraulic conductivity estimated based on soil moisture profile
measured from the experimental site.

Hydraulically, root water uptake depends on the potential difference
between water in root xylems and at the root-soil interface, as well as
root hydraulic conductance in both radial and longitudinal directions. In
the macroscopic model, these microscopic processes were volumetri-
cally averaged, with the root uptake rate in each horizontal layer treated
as an unknown random variable.

2.2.2. Root water uptake

Soil moisture change from typ = 15/5/2018 and t; = 11/6/2018 was
simulated using Eq. (1). For each soil layer we used an average to
represent the root water uptake rate from ty to t;. Soil moistures
measured at ty served as the initial condition, and those measured at t;
were the target to match the simulated moistures for calculating root
water uptake. Considering the errors in the measurement and model
approximation, we postulated root water uptake rate in each soil layer as
a likelihood, approximating its priori distribution function by a uniform
distribution and calculating its posterior distribution by the MCMC using
the algorithm proposed by Lu et. al (2014). Details of the method are
given in the appendix.

2.2.3. Root-length density

Experimental data measured from stable isotopes and other methods
have shown that root water uptake rate increases with root-length
density (Gao et al., 2022; Zhang et al., 2020), but asymptotically due
to the competition of roots for water in regions where roots proliferate
while bioavailable water cannot sustain root adsorption. We use the
following equation to describe their asymptotic relationship:

RLD(z)

B+ RLD(z)' @

s(z)=A

where RLD(z) is root-length density at depth z, and A and B are pa-
rameters. When roots are spatially sparse in that RLD(z)< <B, there is

no competition between roots and root water uptake rate increases
linearly with RLD. In contrast, in regions where roots are dense in that
RLD(z)> >B, because of competition, with the increase in root-length
density, the increase in root water uptake flattens. The parameter B
hence represents the level of root competition.

The roots measured from the coring-counting and by others both
shows that root-length density decreases with soil depth exponentially
as follows (Gregory et al., 1978b; Zuo et al., 2004):

RLD(z) = aexp( — fz), 3

where a and f are parameters. Substituting Eq. (3) into Eq. (2) gives the
relationship between root-length density and the associated water
uptake:

5(2) = an—2PCH)

B+ aexp(—fz) @

Fitting Eq. (4) to the root uptake rates calculated from the Bayesian
framework enables us to estimate the root-length density distribution.

Soil textures in all experimental plots are approximately the same
and we hence assumed that their hydraulic parameters were also the
same. We acknowledge that this is an approximation, but rational as
previous analysis found that root traits of all lines did not differ from
each other significantly (Zhang et al., 2020). For all plots, the simulated
domain extended from the soil surface to the depth of 150 cm. As leaf
area index approximately peaked in June and there was no significant
difference between the lines (Zhang et al., 2020), water evaporation
from the soil surface was negligible compared to transpiration. The soil
surface was hence treated as a zero-flux boundary for water flow. The
bottom boundary was set at the depth of 150 cm where water flow was
driven by gravity in that the gradient of the matric potential was zero.
Since root water uptake is predominantly in the topsoil, to reduce the
number of root uptake to calculate and improve reliability of the
method, we used a constant to approximate the root water uptake rate in
the depth from 81 to 150 cm. For each soil layer that was 10 cm thick
above the depth of 80com, we used a constant to describe the average
root water uptake between the two sampling time points. Overall, there
were nine unknown root water uptake rates along the soil profile in each
plot.

3. Results

Eq. (4) was derived based on the fact that RLD decreases with depth
exponentially. To demonstrate this applies to our experiment, Fig. 2A
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Fig. 2. The change in root-length density (RLD) with soil depth fits well to the

exponential function for two randomly selected Nill-10 and Nil1-101 (A).

Fitting the average RLD of all 39 lines to an exponential function (error bars are
standard errors).

shows the distribution of root-length density measured for two lines
randomly selected from the 39 lines, in comparison with the fitting of
the exponential function. Overall, they agree well with R? = 0.95. We
also fitted the variation of the average RLD of all 39 lines with soil depth
to an exponential function and show the results in Fig. 2B.

3.1. Soil water distribution

The Bayesian framework calculated by the MCM method is the
posterior distribution of the root uptake rate in each soil layer, with the
associated soil moisture distribution simulated by the model given in a
likelihood manner bounded by a low limit and an upper limit at 95%
confidence interval. The mean of the two limits can be viewed as the
average soil water content. To demonstrate that the method correctly
captured soil water movement, Fig. 3 compares the simulated and
measured water content profiles for six plots randomly selected from the
plots of the 39 lines. The results for other plots and lines are comparable
to those in Fig. 3. Overall, they agree well, with most measured data
falling in the envelope bounded by the low and upper limits, indicating
that the method correctly reproduced root water uptake and water
movement along the soil profiles.
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3.2. Root water uptake distribution

The posterior distribution of root uptake rate for each layer was
calculated by gradually updating a uniform prior distribution calculated
based on the measured soil water content using the soil-drying method.
The shape of the posterior distribution function characterises the un-
certainty and mean of the water uptake rate. As an illustrative example,
Fig. 4 shows the posterior distributions of the root water uptake rates at
nine depths for a line randomly selected from the 39 lines after the
MCMC iterations converged. To ensure that the calculated root uptake
rates were physically meaningful, the low limit of the prior uniform
distribution was set zero and its upper limit was 0.006 day !, a value
estimated based on the maximum difference between soil water contents
measured from the two time points in all plots. In general, the narrower
the posterior distribution is, the less uncertain the calculated root water
uptake is. Fig. 4 thus indicates that the uncertainty of the calculated root
water uptake varies with soil depth; it is higher in the topsoil than in the
subsoil.

Fig. 5 shows the mean root water uptake rates at different depths for
the six lines in Fig. 3. Generally, the water uptake rate decreases with
soil depth, consistent with the RLD distribution shown in Fig. 2. How-
ever, there are intriguing differences between the lines. For example, the
lines in Fig. 5B and E took more water from the subsoil than others to
sustain their transpiration.

3.3. Root-length density

RLD distribution in all plots were estimated by fitting Eq. (4) to the
calculated root water uptake at different depths. As an illustrative
example, Fig. 6 compares the fitting for the six lines in Fig. 5. The values
of the parameters giving the best fitting in Fig. 6 are summarised in
Table 1. They agree well on average, albeit the values of the parameters,
especially o/B that controls the nonlinearity of the relationship between
RLD and the associated root water uptake, vary between the lines.

4. Discussion

One challenge facing root water uptake measurement and root
phenotyping in the field is the inherent errors associated with mea-
surements and mathematical models (Vrugt et al., 2003). Such errors
could be amplified in inverse modelling, making models that work well
for error-free synthesised data fail to calculate root water uptake in the
field (Guderle and Hildebrandt, 2015). The Bayesian framework treats
root uptake rate from each layer as an unknown random number and
calculates its distribution by the MCMC; it hence naturally captures such
errors. We combined it with numerical solutions of the Richards’
equation to calculate root water uptake and deduce root-length density
based on soil moisture profiles measured at two time points. Application
to 39 winter wheat lines cultivated in a silt-clay loam field reveals that it
reproduces the root-length density reasonably well, and that the calcu-
lated root water uptake shows a subtle difference between the lines. It
needs to point out that, unlike well-controlled column experiments or
synthesised data used by others (Li and Yue, 2018; Zuo and Zhang,
2002), data measured from the field are prone to errors. The consistency
in results for all 39 lines thus indicates that the proposed model is robust
and reliable.

4.1. Root water uptake

Macroscopic models for simulating water flow treat root water up-
take from each soil layer as a sink term determined by RLD and matric
potential (Feddes et al., 1976; Jarvis, 1989; Molz, 1981). Some also
consider compensative water uptake by roots in moist and dry regions
(Thomas et al., 2020; Vandoorne et al., 2012). Unlike these models, the
proposed method is to calculate root water uptake rather than simu-
lating it. Each soil profile was divided into nine layers. This is not only to
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reduce the number of root water uptake rates to calculate, but also due
to physical consideration that soil water content measured by the
neutron probe is not a point-value but an average around the location
where the neutron probe is located in making the measurement.
Previous studies have shown that the location of maximum root
uptake rate shifted in soil profile as soil water content in the profile
changed (Li et al., 2002), while our results indicate that the average root
uptake of all lines peaked in the topsoil (Fig. 5). Hydraulically, root
water uptake is controlled by water potential difference between root
xylems and the root-water interface, but how much water the roots can
take up depends on the bioavailable water in each soil layer.
Coarse-textured soils such as the sand used in the experiment of Li et al.
(2002) normally are associated with low porosity (0.378) and high hy-
draulic conductivity, in which root uptake and gravity-driven flow can
quickly dry the topsoil, making shallow roots under water stress. As a
result, roots increase their water uptake from the subsoil to sustain
transpiration. In contrast, fine-textured soils like that in our experiment
are characterised by high porosity (0.56) and low hydraulic conduc-
tivity, where water in the topsoil could be sufficient for roots to adsorb
even when the topsoil is relatively dry (Gregory et al., 2010), as man-
ifested in the soil moisture distribution measured in the field (Fig. 3).

Previous analysis did not show significant differences in root-length
density and leaf index between the lines (Zhang et al., 2020), but this
does not transfer to root water uptake. For example, root water uptake of
the lines in Figs. 5B and 4E differ considerably from other lines, indi-
cating that apart from root traits, other factors also play an important
role in water uptake, albeit we cannot identify what these factors are.
One possible mechanism is soil structure and mucilage exudated by
roots into the rhizosphere which modulate root water uptake but differ
between the lines (Schwartz et al., 2016; Zhang et al., 2020). Another
one is the variation in radial root hydraulic conductance between
different lines in their response to environmental change. In fact, a
recent study found significant genetic variations in radial hydraulic
conductivity of 224 maize inbred lines (Rishmawi et al., 2023). The
importance of root traits in water uptake has been intensively studied
over the past decades (Javaux et al., 2013; Lynch, 2013; Lynch, 2019;
Postma et al., 2014), but Fig. 5 shows that other factors are equally
important in mediating root water uptake and should be considered in
screening drought-tolerant varieties (Gao et al., 2020; Sun et al., 2021;
Wang et al., 2020).

One advantage of the Bayesian framework method is that it considers
measurement errors and their consequence for root water uptake



Z. Huang et al.

Cadenza

20

Depth(cm)
B
o

=2
o

80

100

0 0.001

0.002
Uptake rate (day'1)

0.003

Nil1-10

Depth(cm)

100

0 0.001

0.002
Uptake rate (day'1)

0.003

Nil1-80

20

40

Depth(cm)

60

80

100 +

——

0 0.001

0.002
Uptake rate (day'1 )

0.003

Agricultural Water Management 290 (2023) 108607

Nil1-1

20

40

60

Depth(cm)

80

100 .

0 0.001

0.002 0.003

Uptake rate (day'1)

Rht Dle

20

40

Depth(cm)

80

100

0 0.001

0.002 0.003

Uptake rate (day'1)

20

40

Depth(cm)

60

80

100 -

0 0.001

0.002 0.003

Uptake rate (day'1 )

Fig. 5. Comparison between root water uptake calculated from the MCMC method (symbols) with the best fitting (solid lines) of Eq. (4) using the parameters in
Table 1 for the six lines shown in Fig. 3. The error bars represent the average of the replicas for each line.

calculated for each soil layer (Fig. 4). The distributions of root water
uptake rates calculated for all lines are bell-shaped, and its shape
changes gradually from approximately normal distributions for the
topsoil to skewed distributions for the subsoil. Their associated un-
certainties decrease with soil depth because water content measured
from the topsoil was more erroneous than that from the subsoil (Fig. 5).

4.2. Root-length density

Apart from soil water content, root water uptake is also regulated by
root architecture and their radial and axial hydraulic conductance
(Javaux et al., 2013). For subsoil where roots are sparse and soil is moist,
roots do not compete for water and the total root water uptake from the
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Fig. 6. Comparison between the measured root-length density (symbols) and estimated from Eq. (4) based on the average root uptake rates calculated (solid lines)
for the six lines shown in Fig. 5.
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Table 1
The best-fitting parameters of Eq. (4) for matching root water uptake rates of the
six lines shown in Fig. 5.

Cadenza Nill-1 Nil1-10 Rht Dle Nil1-80 Nil1-66
A (day™ 0.0092 0.0021 0.0085 0.0107 0.0039 0.0021
f (em™) 0.031 0.051 0.025 0.032 0.031 0.040
o/B 0.71 42.99 0.61 0.55 2.89 16.51

subsoil layers hence increases linearly with root length (Ma and Song,
2016; Xu et al., 2021). In the topsoil, roots are densely distributed and
compete for water. The depletion of water by each root creates a local
matric potential gradient which expands radially from the root as time
elapses. If the depleted water cannot be replenished by irrigation or
rainfall timely, the depletion zones created by adjacent roots overlap,
leading to root competition for water. Therefore, root water uptake from
the topsoil tends to flatten as the root-length density increases. Water
potential difference between the topsoil and subsoil can drive subsoil
water moving upwards, especially in evening when root uptake ceases,
to partly replenish the lost water in the topsoil to avoid severe water
stress (Zuo et al., 2006). The close relationship (R2 >0.9) between the
measured and calculated root-length density for all lines as illustrated in
Fig. 6 indicates that Eq. (4) is rational and consistent with above analysis
and other studies (Corneo et al., 2018; Lv et al., 2010).

Process-based models such as HUDURUS and SWAP simulate the
reduced root water uptake due to root competition by a compensatory
function (Hartmann et al., 2018; Li et al., 2001; Simunek and Hopmans,
2009). This paper is not to simulate soil water flow; rather it is to
calculate root water uptake and deduce root traits using soil water
profiles measured at two time points, as change in soil water content
between the two time points is the footprint of root water uptake. The
reduced root water uptake due to root competition is described by the
pre-defined Michaelis-Menten type function (Eq. 4). Fig. 5 indicates that
it captures the change in root water uptake with soil depth reasonably
well. Root uptake in Fig. 5 is averages over the two sampling points
rather than values at any specific time. While water uptake by roots in
different soil layers is dynamic and varies instantly following a change in
environment (Maurel et al., 2010; Rishmawi et al., 2023), for pheno-
typing roots and identifying the difference in root water uptake between
different varieties in the field, the proposed method for calculating
average root water uptake over two sampling time points is sufficient.

Eq. (4) has four parameters but a and B can be combined. Therefore,
there are only three independent parameters, including the root-length
distribution parameter p. To validate Eq. (4), we normalise the root-
length density measured at each depth by the total root length
measured across the soil profile, that is, RLDx*(z) =
RLD(z)/ [y° RLD(2)dz, to compare the root length density estimated
from the root water uptake via Eq. (4) with that directly measured from
4/7/18-2/8/18. The agreement varies with lines and as an illustration,
Fig. 6 compares six lines randomly selected from the 39 lines; the results
for other lines are comparable to those in Fig. 6. The values of the pa-
rameters in Eq. (4) are summarised in Table 1.

There are discrepancies between the measured and calculated root-
length density. Apart from the inherent errors induced by Eq. (4),
there are other error sources. One is the coring-counting method itself,
which could have missed some fine roots not exposed to the end faces of
the segments. The measured root-length density is comparable to those
obtained using the similar method by others (Gregory et al., 1978b; Lv
et al., 2010), but is less than that measured using soil-washing, sug-
gesting that root-counting misses roots. The second is that root distri-
bution in the field is spatially heterogeneous, and rootsina 10 cm x 5 cm
core might not be representative of the roots in soil where the
aluminium access tube was installed, especially in the deep soil where
the roots were sparse. There is a systemic difference between the
calculated and measured root-length densities, with the former under-
estimating the roots in the topsoil while overestimating the roots in the
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subsoil (Fig. 6). While this could be due to measurement and model
errors, another reason is that the roots estimated by the model are roots
that actively take up water. Such roots could penetrate as deep as 2 m
(Thorup-Kristensen et al., 2009), which were likely to have been missed
in the coring-counting but captured in the model. Also, root water up-
take varies with root age (van Dusschoten et al., 2020), and roots in the
topsoil are relatively aged and some, identified in the core counting,
might not be very active in absorbing water.

4.3. Difference between lines in their water uptake

The penetration depth and the variation of root density with depth is
collectively represented by the parameter p in Eq. (4). The competition
of roots in the same soil layer is represented by o/B. These parameters
can be used as proxies to distinguish the genetic difference between the
lines in their efficacy to take up water. For doing so, we use the
functionz = exp( —pz) as a proxy for root length at the depth of z, which
varies with lines (Table 1). The change in root water uptake with the
proxy root length can thus be written as S = M-7/[1 +a/B-7] where
M=A-a/B. When a/B = 0, S is proportional to T, meaning that roots do
not compete for water. Physically, the derivative of S to t (i.e., F =
0S/07) represents the increasing rate in root water uptake with the in-
crease in root length. In simpler terms, it represents how effectively a
crop can enhance its water uptake by growing more roots. Because of the
difference in parameters M and t between the lines (Table 1), there is a
salient difference between the lines in their efficiency of taking up water.
As a demonstrating example, we take three lines from Fig. 5 and
compare the increase of their F” with 7 in Fig. 7. The rapid increase in F’
with t for the Candenza line indicates that a slight increase in its root
length leads to a greater increase in its water uptake than a similar in-
crease in root length of the Nil-66 line, whose F’ increases more slowly
with 7. In other words, the roots of the Candenza line are more effective
than the roots of Nil-66 line in taking up water, consistent with previous
studies that lines with statistically similar root morphology could have
very different root water uptake capacity (Zhang et al., 2020). The un-
derlying mechanisms could be physiological, biophysical, or their
combination. Physiologically, it could be due to genetic difference in
root hydraulic conductivity of different lines (Rishmawi et al., 2023),
which control water flow from root-soil surface to the xylem vessels and
its subsequent ascent. Biophysically, different lines might have different
rhizosphere which mediates the ability of the rhizosphere to hold water
and water movement from distant soil into the rhizosphere (Helliwell
et al., 2019; Rabbi et al., 2018; Zhang et al., 2020). This work cannot
untangle these mechanisms, but reveals that relying on root morphology
alone is inadequate to assess root uptake, and biophysical and root hy-
draulic traits also play a significant role and should be included in
breeding and screening drought-tolerance varieties (Hallett et al., 2022;
Rishmawi et al., 2023).

0.6 T T T T

0.5

Candenza

0.4

Nil1-80

Nil1-66

0 . I . I
0 0.2 0.4 0.6 0.8 1

T

Fig. 7. Illustrative examples showing the difference between lines in the effi-
ciency of their roots in taking up water. Higher F° corresponds to faster increase
in root water take as root length increases, meaning greater efficiency of roots
in taking up water.
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5. Conclusions

Measuring root water uptake and phenotyping roots in the field are
challenging. The existing indirect methods using easy-to-measure soil
moisture to estimate root uptake take could fail due to the inherent
measurement errors. We combine the Richards’ equation and the
Bayesian inference to quantify these uncertainties by treating root water
uptake from each soil layer as an unknown random number. Its distri-
bution is solved by the Markov Chain Monte Carlo method, from which
we deduce the root length density. Application of the method to 39
winter wheat lines grown in a field indicates that the root-length density
calculated for all lines agree reasonably well with ground-truth data,
albeit the degree of the agreement varies with lines. We found that there
are significant differences between these lines in their ability and effi-
ciency to take up water from different soil layers, with some lines more
effective in using subsoil water while some lines more efficient in taking
up soil water. This suggests that root-length density alone is insufficient
to assess root water uptake and other biophysical and physiological
traits also play an important role and should be considered in screening
drought-tolerant varieties. Although we only calculated one growing
stage, the consistent results for all 39 lines indicate that the method is
robust and reliable. It can also be applied to other crops cultivated in
different conditions.

Appendix

Al. Numerical solutions
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We solve Eq. (1) numerically based on the method we proposed previously (Zhang et al., 2002) with the time derivative solved by the method of

Celia et al. (1990).
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where 2; 1, 2; and 2;, 1 are the coordinates of numerical nodes, 6t is a time step, the superscripts t and t + &t represent the value at the two time points
respectively, and subscriptsi-1,iand i + 1 represent the values at location z; j, z; and z; ; respectively. The above nonlinear equation was solved using

following iterative methods:
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We calculated the root water uptake from each soil layer using the Bayesian inference method to obtain the most likelihood water uptake rate
rather than the exact water uptake rate due to the errors and uncertainties induced by field measurements and model approximation. Given a set of
measured soil water contents Y, the Bayesian formalism for estimating the root uptake rate in all layers f is postulated as follows:

p(H)p(Y|f)

piiry) =P

op(f)L(f[Y),

(A3)

wherep(f|Y)andp(f)represent the posterior and prior distributions of f,p(Y|f)andp(Y)are the posterior and priori distribution of the measured soil
water contents, andL(f|Y) is the likelihood function which can be estimated using the measured data as follows assuming that the measured soil water
contents were normally distributed
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wherey,andy (f)are the measured and simulated soil water content respectively, ando? is the variance. The posterior distribution of the root water
uptake in all layers as defined in Eq. (A3) was calculated numerically using the Monte Carlo Markov method. For MCMC sampling, we used the code of
Lu et al. (2014), which was developed based on the differential evolution adaptive Metropolis (DREAM) algorithm. It was coupled with the code for
numerical solution of the Richards’ equation to generate the posterior distribution for each root water uptake. For each plot, five parallel chains were
used to search the parameter space to approximate the posterior distribution. Convergence of the MCMC was the Gelman-Rubin (GR) criterion,
deemed to have reached once GR was below 1.2. After convergence, we continue to obtain a further 7500 samples for each chain which were used to
calculate the posterior distribution.
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