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It is essential to quantify the rate of root water uptake (RWU) and characterize
the variability of RWU, which benefits understanding the water use of alpine
meadows and its response to environmental changes. In addition, model
simulation is one of the feasible methods to obtain the RWU characteristics
of alpine meadows. However, recent research on RWU models mainly focused
on crops and trees, while barely on alpine meadows. Thus, it is of great
significance to develop an RWU model applicable to alpine meadows, which
can describe local plant water consumption processes. In this paper, we
measured the distribution characteristics of root density and soil
characteristics of alpine meadows in the Qinghai-Tibet Plateau (QTP) with
prototype observation experiments. The root length density (RLD) of the wilting
stage decreased by 16.2% on average compared to the re-greening stage, and
the ability of root growth was poorer in the high altitude area. Based on the
distribution characteristics of root length density (RLD) and the three soil
resistance indexes (soil water potential, soil hydraulic diffusivity, and soil
hydraulic conductivity), which have obvious impacts on RWU. The improved
Feddes model, Selim-Iskandar model, and Molz-Remson model were selected
to simulate the RWU in alpine meadows, which fully considered the above
impact factors, but the applicability in alpine meadows was not discussed. The
results showed that the model performance of the Selim-Iskandar model was
better than the improved Feddes model and Molz-Remson model, and its
simulation performance was improved by 44.76 and 22.16% compared to the
improved Feddes model and Molz-Remson model, respectively. Based on the
quantified RWU rate, the RWU characteristics showed that the top 50% of the
rhizosphere was responsible for 72.65% of the water uptake of the entire
rhizosphere. At the same time, the obvious difference in RWU rate in
different phenological stages was obvious, showing that the RWU rate in the
re-greening stage increased by 36.52% compared to that in the wilting stage.
This study can provide technical support for a more accurate estimation of
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transpiration and water use efficiency in alpine meadows, and could provide
theoretical support for the implementation of vegetation.

KEYWORDS

alpine meadow, distribution characteristics of root length density, root water uptake
model, characteristics of root water uptake, soil physiochemical properties

1 Introduction

Root water uptake (RWU) is an important process in plant
growth and a key link in the SPAC system (Soil-Plant-
Atmosphere continuum) (Boanares et al., 2020). The plants
extract water from the soil through their roots and release it
into the atmosphere in the form of foliar transpiration. In the
context of a warming climate, to quantify the root water use
capacity on the soil profile is critical to understanding the impact
of warming on the water balance of ecosystems and sound water
management policies.

The Qinghai-Tibet Plateau (QTP) is one of the regions most
significantly affected by climate change globally (Yuke, 2019),
and because of its unique climatic characteristics, alpine
meadows with more fragile ecosystems grow extensively (Jin
etal., 2019). Studies have shown that the increase in temperature
will affect the temporal stability of plant biomass (Ma et al,
2017), and under warming conditions, alpine meadows show a
clear trend of degradation (Qian et al., 2022), and nowadays, its
restoration has become a key concern for scholars (Wang S. R.
et al., 2020).

Water is a key factor for plant growth, and the root is an
important organ for plant water use. Differences in the
morphological characteristics of root distribution will directly
affect the ability of water consumed by plants (Zheng et al., 2022),
and studies have shown that limited water availability is a major
factor in alpine meadow degradation (Cai et al., 2015). Therefore,
investigating the efficiency of water use by roots and the key
factors affecting water use can help alpine meadow ecosystem
restoration projects to be carried out reasonably and efficiently.
However, there is a paucity of studies on RWU in alpine
meadows, and it is of great significance to develop a more
applicable simulation method to quantify the water uptake
capacity of roots. At the same time, few studies have paid
attention to the impact mechanism of RWU, and a
quantitative study of the RWU rate will help to investigate the
impact factors and mechanisms of RWU.

The study of RWU rate has been commonly conducted by
using RWU model simulations. Although a large number of
RWU models have been proposed by a wide range of scholars,
most of these models have not been widely used due to the lack of
parametric experimental data (Cai et al., 2022b), therefore, it is a
great significance to evaluate the applicability of the models
The
existing RWU models can be classified into macroscopic and

under different soil and environmental conditions.

microscopic types depending on the scale of study (Peddinti
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et al, 2020). Microscopic RWU models were proposed by
Gardner (Gardner, 1960), and after intensive research and
innovative development by scholars, they still exhibit the
defects of difficulty in determining various parameters such as
water transfer resistance terms, making it more difficult to reflect
the water movement patterns of the soil in the whole root zone.
Macroscopic RWU models consider the roots as a whole
(Hillel et al., 1975; Hainsworth and Aylmore, 1986), and its
prominent feature is to allocate the transpiration rate of the plant
according to certain rules. The allocation can be divided into
linear and nonlinear, with nonlinear being more widely used and
various (Kumar et al., 2015). Macroscopic models have many
advantages over microscopic models. Because macroscopic
models do not require excessive research on the whole process
of RWU and define complex soil parameters, and are more
consistent with the real situation, they are more widely used.
Macroscopic nonlinear models have been developed for
decades and various model equations such as the Molz-
Remson model (Molz and Remson, 1970), Selim-Iskandar
model (Selim and Iskandar, 1978), Jervis model (Jarvis, 1989),
Hillel model (Hillel and Talpaz, 1976), and Feddes model (Feddes
etal., 1974) have been proposed, which can be generally classified
into two categories. The first category is similar to the Jervis
model, Hillel model, and Feddes model, which consider
resistance parameters of soil water movement, although the
construction of these models is simpler, the simulation may
be less effective in practical application due to the incomplete
parameters. The second category considers the root distribution
characteristics when considering resistance parameters of soil
water movement, and adequate consideration of the parameters
will make the physical equations more scientific and accurate.
There exists the Feddes model as an example, which is improved
by adding root distribution characteristics (Luo et al., 2000),
making a significant improvement in simulation performance.
The criteria for the selection and study of the model in this
paper are based on whether the resistance parameters of soil
water movement selected by the model affect the ability of the
RWU. It is shown that soil water potential (Cai et al., 2022a), soil
hydraulic conductivity (Lebron et al., 2007; Lima et al., 2008), and
soil water diffusivity (Deery et al., 2013) are the key resistance
factors that affect RWU capacity. Among the proposed models,
the improved Feddes model, Selim-Iskandar model, and Molz-
Remson model take these three factors into full consideration
and use them as important parameters of the model. Relatively
speaking, the rest of the models may have certain shortcomings.
Meanwhile, the improved Feddes model is mostly applied to
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Research flow chart.
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FIGURE 2

Map of the study area. Contains elevation characteristics of the Qinghai-Tibet Plateau (A), elevation characteristics of the study area and
location of the prototype experimental site (B), NDVI distribution (C), and soil type distribution (D).

crops and trees and shows good simulation performance (Feng
etal,, 2008; Nguyen et al., 2022), but some studies show that the
lag of water stress and salinity stress may affect the sensitivity of
the model parameters, so the model may not apply to the QTP
with a variable climate. The Selim-Iskandar model and Molz-
Remson model have been less studied (Luo et al., 2000), the
acquisition of the studied model parameters is complicated and
difficult, and the mode of action on RWU is more difficult to be
impacted by natural conditions and more stable, but there is a
lack of studies in alpine meadows. Therefore, the above three
macroscopic RWU models still need to be evaluated for
applicability in the study of alpine meadows.

Frontiers in Earth Science

The flow of the study is shown in Figure 1. In this paper, the
root length density (RLD) distribution is characterized by a
prototype observation experiment in the field. The RWU rate
was simulated by parametric index measurements in
combination with the improved Feddes model, Selim-Iskandar
model, and Molz-Remson model. The accuracy of the model was
tested using the soil water movement equation that included the
RWU term. At the same time, the simulated values of soil water
content (SWC) were compared with the real values to determine
the applicability of the RWU models in the study of alpine
meadows. Based on the simulation results, we analyzed the RWU
pattern in alpine meadows, and investigate the reasons for the
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TABLE 1 The longitude, latitude, and altitude of the experimental locations; the mean crop coefficients (k.;) during the re-greening stage and the
mean crop coefficients ((k.2) during the wilting stage; the mean leaf area index (LAI) of the alpine meadows at different phenological stages, was
obtained from the “National Tibetan Plateau Scientific Data Center” (http://data.tpdc.lyac.cn) (Zhao and Zhang., 2021); mean plant transpiration rate

(T,) for Exp. 1, Exp. 2, Exp. 3 and Exp. 4.

Experimental sites  Longitude ()  Latitude ()

a 91.98 31.42 4,460
b 91.69 31.06 4,730
[ 91.59 32.28 4,760
d 91.82 32.55 5,050

formation of RWU variation characteristics and the impact
of RWU. This the
methodological vacancy of quantitative calculation of RWU

mechanism study will address
rate in alpine meadows, and provide a useful reference and
support for plant RWU

worldwide. The results of the study can also provide

theoretical simulation practice
theoretical references for the sustainable development of the
QTB and suggest feasible suggestions for local ecological
restoration.

2 Overview of the study area

The study area is located in the Nagqu watershed
(30°54’-32°43'N,  91°12'-92°54'E)  in  northern  Tibet
2A), with an average altitude above 4,500m
(Figure 2B), and the geographical coordinates and altitude of

(Figure

the experimental sites are shown in Table 1. The climate type
belongs to the semi-arid monsoon climate of the plateau
subfrigid zone, with an average sunshine duration of 2723 h
per year, a large temperature difference between day and night,
an average temperature of -0.6°C, and the existence of obvious
extremely climate characteristics, with an extremely low
temperature of —41.2°C and an extremely high temperature of
23.6°C. The study area exhibited distinctly indistinguishable
seasons, with plant growth periods concentrated in the
relatively warm period from May to September, and the
vegetation was extremely sensitive to the environment and
very susceptible to global climate change. The average annual
rainfall is 477.8 mm, and the precipitation period is also
concentrated from May to September, with the maximum
precipitation from June to September, accounting for 81.9% of
the annual precipitation.

The main geological characteristics of the study area are
fragmented bedrock, hills and plains, and a variety of soil types.
The felt soils are the most widely distributed, with an area of
11018.3 km®, accounting for 75.29% of the entire watershed,
followed by meadow soils, accounting for 7.70% of the entire
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Altitude (m)

05

ka ko LAI  T.(mm.day’)

Exp.1 Exp.2 Exp.3 Exp.4
068 042 144 1.92 1.60 2.16 1.89
065 04 232 2.04 1.73 229 1.97
055 033 129 1.87 1.54 2.14 1.87
051 028  1.02 1.81 1.49 2.03 171

watershed, and finally other soil types, mainly bog soils
(Figure 2D). The alpine meadow is the most dominant
vegetation type in the study area, and the most typical one is
Kobresia pygmaea, which covers more than 80% of the entire
watershed (Figure 2C). The above multiple soil types and alpine
meadows together constitute a complex soil vegetation condition
in the study area.

3 Materials and methods

3.1 Selection of experimental sites and
deployment of experimental equipment

The criteria for selecting the experimental sites in this study
were based on the fact that they could fully reflect the overall
vegetation root change characteristics of alpine meadows on the
QTP, were less impacted by anthropogenic factors, and were
conducive to the safe conduct of field experiments. After a long
field study, four typical field experiment sites a, b, ¢, and d
(Table 1 and Figure 2B) were established in the Nagqu watershed
in August 2018. Four experimental samples with more consistent
vegetation habitat conditions were laid out at each
experimental site.

In this study, root characteristics were observed using the
minirhizotron technique (a non-destructive, fixed-point method
for direct observation and study of plant roots. The minirhizotron
system consists of a minirhizotron tube, an optical camera, a
calibration handle, a controller, and a computer). In each
experimental sample, a circular hole with a depth of about 1 m
and a vertical direction of 30"was dug by the soil coring method, and a
PVC transparent minirhizotron tube (I m long, 6.4cm inner
diameter, 7cm outer diameter) was inserted into the hole
(Johnson et al, 2001). At the same time, without affecting the
minirhizotron tubes, a deep pit of nearly 50 cm was dug in the
sample, and soil moisture and water potential sensors (instrument
model 5TM, with a measurement accuracy of 0.001 m* m™ for SWC

and 0.1 kPa for soil water potential) were placed at 5, 10, 20, and
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35 cm out of each, and the pit was buried with the original soil to
ensure that the soil can be restored to its native state as soon as
possible.

As the deployment of minirhizotron tubes will cause some
damage to the original habitat of plants (Joslin and Wolfe, 1999),
the burial of soil sensors will also destroy the original state of the
soil. At the same time, alpine meadows on the QTP are more
sensitive and take a longer time to recover to the original habitat
state after being damaged by external factors (Li and Song, 2021;
Xia et al., 2021). Therefore, the vegetation in the study area was
given nearly 2 years to recover the vegetation ecology, and the
instruments were regularly maintained without destroying the
vegetation in the experimental site. The experiment was started
in June 2020, and prototype field observations were conducted
for two consecutive years.

3.2 Experimental design

In this study, the two key phenological stages of alpine meadows,
the re-greening stage, and the wilting stage were studied. Based on
the climatic characteristics of the study area and the research of
scholars, it was determined that the re-greening stage of alpine
meadows is in June and the wilting stage is in September. Thus,
Exp. 1 and Exp. 2 were conducted in 2020, and Exp. 3 and
Exp. 4 were conducted in 2021, respectively, with Exp. 1 and
Exp. 3 being the re-greening experimental group and Exp. 2 and
Exp. 4 being the wilting experimental group. Before the start of the
experiments, the 5TM soil moisture and water potential sensors in
the sample plots were read numerically by ECH,O Utility software,
and the data were recorded at a frequency of 1 h. In this study, data
for four experimental periods of whole months were extracted from
continuous observation data throughout the year. And it was used as
the base data for the subsequent study.

The root index of alpine meadows was obtained by the
minirhizotron technique (Taylor et al., 2014) in this paper. The
collection method was to move the minirhizotron camera deep into
the minirhizotron tube and move down 5.8 cm at a time (the vertical
depth was about 5 cm). Since the camera’s shooting range was only
2 cmx2 cm and after each photo was taken, the camera was rotated
45" in the clockwise direction and a total of 8 photos were taken in
each layer to ensure the integrity of the photographed roots. After
the shooting was completed, the camera was moved down until no
roots could be found in the observation window. In Exp. 1~Exp. 4, it
was found that there were almost no roots in the soil layer below
35 cm in the alpine meadow of the study area, so we considered the
thickness of the root layer as 35 cm. After that, the pictures were
processed by WinRHIZO Tron MF 2018b picture analysis software.
The calculation formula for RLD was:

L

RLD = 2= hoF

1)
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where L is the total root length of each layer observed by the
minirhizotron (cm); A is the area of the picture taken by the
minirhizotron camera (cm?); DOF is the distance from the
minirhizotron tube to the surrounding soil, generally taken as
0.3 cm (Wu et al, 2014).

In Exp. 3 and Exp. 4, soil water infiltration experiments
were conducted in four samples at four experimental sites (a,
b, ¢, and d) by double-ring infiltration (Rénnqvist, 2018)
experiments. The soil saturated hydraulic conductivity was
obtained for each experimental site at the re-greening and
wilting stages (Table 2). The DJ-IN12-W double-ring
infiltrator with an inner and outer diameter of 60 and
30 cm, respectively, was chosen to minimize the impact of
soil spatial heterogeneity on the experimental errors. The
device was equipped with 3 and 10L Mariotte tubes to
supply water to the inner and outer rings, respectively. At
the beginning of the experiment, 10 cm of water was injected
simultaneously into the inner and outer rings, and the water
level in the outer ring was ensured to be the same as that in the
inner ring during the experiment periods. The water level in
the inner ring was raised to a height of 10 cm every 5 min for
the first half hour through a Mariott tube, and data readings
were taken. After that, data readings were taken every 10 min
by the same method. Until the infiltration rate is the same for
30 min in a row, it is the saturated hydraulic conductivity of
the soil.

The method
properties of soil. It was done by taking a set of samples in

of measurement of physiochemical
each group of each experimental site without destroying the
minirhizotron tubes. A set of 5, 10, 20, and 35 c¢m soil samples
were collected in each group by the cutting ring method. And
measuring soil pH, the content of total organic matter, total
carbon, total nitrogen, total phosphorus, total salt, and
bulk weight,
agglomerate composition in the laboratory according to

available potassium, the porosity, and

international standards.

3.3 RLD distribution function

In this study, the RLD distribution formula in exponential
form was used to functionalize the RLD on soil profiles of alpine
meadows (Eq 2), which is more commonly used for tree roots
(Luo et al., 2000; Feng et al., 2008; Su et al., 2017), but in this
study, similar characteristics of meadow RLD distribution were

found.
R(2) = A X RLD o x 752 )

where R(z) is the equation of root length density distribution;
RLD 4y is the maximum RLD; z is the soil depth (cm); A, and B
are the coefficients related to RLD.
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TABLE 2 Soil water indicators, including soil saturated hydraulic conductivity (K;;) in the re-greening stage, soil saturated hydraulic conductivity (K,)
in the wilting stage, saturated soil moisture content (6s) and residual moisture content (6,), and the model parameters  and n obtained from the

Van Genuchten soil effective saturation equation.

Experimental sites K, (cm.min™)

a 0.012 0.013
b 0.099 0.170
[ 0.095 0.076
d 0.068 0.057

3.4 Plant transpiration rate

Plant transpiration is the main mode of water exchange
between plants and the atmosphere, and this paper uses an
indirect method to obtain plant transpiration characteristics at
the study location (Zhu et al, 2009; Cai et al, 2018b). The
reference evapotranspiration rate is impacted by meteorological
factors and is generally calculated using the FAO Penman-
Montieth equation (Allen et al, 1998; Ojha et al, 2009;
Chattaraj et al., 2013):

o _ 0408A(Ry ~G) + Y Faariba (€5 — €q)

0 A+ y(1+0.34u,) 3

where ET) is the reference evapotranspiration rate (mm.day');
Ry is the net radiation amount of vegetation (MJ.m™. d™") G is
the heat flux of the soil (MJ.m™. d'); T is the average air
temperature at a height of 2m (°C); u, is the wind speed at a
height of 2m (m.s™'); e; —e, is the saturated vapor pressure
difference (kPa); A is the water pressure gradient (kPa."C™); y is
the (kPa.’C™). this the
meteorological data were collected from three meteorological
stations in and around the study area measured by the National
Meteorological Data Center of China (Figure 2A), and a total of

humidity constant In study,

360 daily-scale meteorological data sets were selected for four
experimental periods, Exp. 1, Exp. 2, Exp. 3 and Exp. 4. The
spatial distribution of meteorological data in the study area was
carried out by the ArcGIS platform to obtain the specific
meteorological conditions of each experimental site. The daily
reference evapotranspiration rate was obtained by Eq. 3 and the
average value was taken as the average evapotranspiration rate
for each experimental period.

The evapotranspiration rate of a plant is determined by the
crop coefficient of the plant and the reference evapotranspiration
rate impacted by meteorological conditions, and the relationship
between them is:

ET, = k. x ET, (4)

where ET. is the plant evapotranspiration rate (mm.day'); k. is
the crop coefficient. In the study of crop coefficients in alpine
meadows on the QTP, scholars found that there is a certain
regression relationship between crop coefficients, vegetation
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K., (cm.min™")

07

0, (%) 0, (%) 7 (cm™) n
38.62 12.17 0.094 13.76
32.64 7.43 0.102 4.77
40.41 15.87 0.098 5.80
28.27 7.41 0.083 7.16

cover, and meteorological factors (Fan, 2011). Therefore, field
observations were combined to determine the vegetation cover of
the experiment sites and the meteorological factors of the time.
We obtained crop coefficients for the experiment sites of alpine
meadows at the regreening and wilting stages (Table 1).

In addition, plant evapotranspiration can generally be
divided into three aspects: soil evaporation, interception
evaporation, and plant transpiration (Ojha et al., 2009).

E; =0.0025 x F, x R x T (5)
E, = f x e x ET, (6)
T,=ET.-E,-E (7)

where E; is interception evaporation rate (mm.day '), Genxu
et al. (2012) fitted the equation for canopy interception in alpine
meadows on QTP by the LM and UGO algorithms; F. is
vegetation coverage; R; is average precipitation rate (mm.h™');
T is average precipitation duration (h); E; is the soil evaporation
rate (mm.day '), with f=1.0 and ¢ = 0.6, and this relation gives an
acceptable estimation of soil evaporation (Belmans et al., 1983);
LAI is the leaf area index (Table 1); T, is the plant transpiration
rate (mm.day '), and the plant transpiration rate at each
experimental stage was calculated by Eqs. 3-7 as also shown
in Table 1.

3.5 Introduction of three macroscopic
RWU models

3.5.1 Improved feddes model

The Feddes model (Feddes et al., 1974) is a weighting
factor type of RWU model, in which the selection of covariates
depends on the change of soil water potential, while the
change of root density index and SWC has a weak effect on
RWU. In the process of applying and studying Feddes, it was
found that when the measured root density index was added to
the model, the resulting RWU model could more accurately
reflect the RWU in the soil profile. Therefore, the improved
Feddes model is more widely accepted than the original
Feddes and is more widely used in RWU simulation studies
(Luo et al., 2000; Feng et al., 2008; Su et al,, 2017). The
generalized form of the model is:
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a(hR(z)
[ a(h)R(2)dz

0

S S Tr (8)

where S is the RWU rate (mm.day-1); L, is the thickness of the
rhizosphere (cm); z is the soil depth (cm); R (z) is the distribution
function of the roots on the soil profile; a (h) is the function of the
soil water potential in the root zone on RWU (Vrugt et al., 2001),
defined as:

1

1 hy<h<h
h—hs
hy = h;

0 h<hs

hi<h<0

a(h) = %)

hy<h<h,

where £ is the soil water potential (m); h, h, are the upper and
lower thresholds of soil water potential (m) that are suitable for
plant growth, and taken as the soil water potential corresponding
to 80 and 60% of field water holding capacity, respectively; h; is
the soil water potential corresponding to the SWC of plant
withering (m). We used soil water potential and soil moisture
sensors to obtain the SWC at 80 and 60% of the field water
holding capacity at the experimental site, and SWC in dry soil
with withered vegetation, and read the soil water potential values
in these states. Thus, the mean values of experimental samples at
each experimental location were taken as h;, h, and h; for alpine
meadows, which were -1.84m, -8.98m, and -17.68m, respectively.

3.5.2 Selim-Iskandar model

The Selim-Iskandar model (Selim and Iskandar, 1978; Molz,
1981) is a weighting factor type model with soil hydraulic
conductivity as a covariate. The model considers that the
main factors affecting plant RWU are the water conductivity
of the soil and the root density on the soil profile, while the effect
on soil water potential is not considered. The root density index
considered is usually the RLD distribution characteristics of the
soil profile (Molz and Remson, 1970; Molz and Remson, 1971).
The generalized form of the model is:

K (h)R(z)

- _—~WRE) o 10
[7K(WR(2)dz (10)

where K (h) is the soil hydraulic conductivity (cm.min™"). The
actual measurement of soil hydraulic conductivity has certain
difficulties and there is a large error between the measured value
and the actual. Thus, scholars have proposed an efficient and
simple method to derive it through the Malen (Mualem, 1976)
and Van Genuchten (van Genuchten, 1980) equation Eqs 11, 12
in the course of research (de Melo and de Jong van Lier, 2021;
Kuang et al., 2021):

6_6;'_ nﬁfl
Gs_er_ [1+(’7h)]

Se = (1m
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K=KS[1-(1-8%)"T (12)
where S, is the effective soil saturation; 6 is the volumetric SWC
(cm?®. cm™ or %); 6; is the saturated SWC (cm®. cm™ or %); 6, is
the residual SWC (cm?®. cm™ or %); [ is taken as 0.5 (van
1980); K, is the
conductivity (cm.min'); m=1-1/n, n>1; #, n is the fitting
coefficient (Table 2).

Genuchten, saturated soil hydraulic

3.5.3 Molz-Remson model

Molz-Remson proposed a total of three weighting factor
classes of RWU models in 1970 and 1981, and the model
cited in this paper, which focuses on soil hydraulic diffusivity
as the study parameter (Molz and Remson, 1970), has the
following model structure:

D(0)R(z)

-7 13
J?D(O)R(z)dz =

where D(0) is the soil hydraulic diffusivity (cm.min™'); The

measurement of soil hydraulic diffusivity is also more difficult,

and in the research of scholars, it is found that the soil hydraulic
diffusivity can be defined as:

dh

D(0) = K(6)|— 14

© =K O3 (14

Thus, after the derivation of the equation, The formula of

soil hydraulic diffusivity about soil saturated hydraulic

conductivity and soil effective saturation is obtained (van
Genuchten, 1980):

= BB st [(1-5.4) "+ (1-5.4)" 2] 15)

D(G) - ﬂm(es - 9,) ¢

It is verified that the formula can reflect the trend of soil
hydraulic diffusivity more accurately.

3.6 Validation of the model

Due to the lack of direct measurement of the RWU rate,
the usual method to verify the accuracy of the calculated RWU
rate is to simulate the water movement in the soil with the
Richards equation that incorporates RWU (Liao et al., 2018).
The performance of the model to simulate RWU is determined
by comparing the distribution characteristics of the measured
SWC with the simulated SWC. The general form of the
equation is:

0 9 0] 0K ()
E—&[D(G)&] ——aZ —S(Z,t)

where S(z,t) is the RWU term; t is time. A central difference
treatment was applied to the equation:

(16)
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Distribution characteristics of root length density on the soil profile and the fitted curve based on Eq. 2
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17)

where i is the spatial step number and j is the time step number.
Set the spatial step Az=5cm and the time step At=1 day, the
initial and boundary conditions of soil water movement are
expressed as:

0(z,0) =0y (z) 0<z<L,t=0
00
D)5 +K(6)=-E, z=0,>0

0(L,.t) = 0, (t) z=L,t>0
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Then, the equations are linearized to obtain a system of linear
[H], where [A] is the tri-
diagonal matrix of known quantities, [6] is the n-dimensional vector

equations in the shape of [A] (6171 =

of unknown quantities, and [H] is the n-dimensional vector of
known quantities. By using the known initial values of SWC, the
equation is recursively combined with numerical iterations to obtain
the SWC of different soil layers for each time series.

In this paper, the root mean square error (RMSE) is used to
assess the agreement between the simulation results of the model
and the measured data:

n

1 2
RMSE = |- ¥ (S - M;
1S M)

i=1

(19)

where n is the number of measured data; S; is the model
simulated SWC; M; is the measured SWC. The statistical
analyses of the model were implemented by SPSS 16.0.
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TABLE 3 Fitting coefficients and significance of root length density function.

Experimental Exp. 1 Exp. 2
sites

A B R? A B
a 1.22 0.04 0.95 1.26 0.05
b 1.23 0.04 0.78 133 0.05
c 1.27 0.03 0.87 1.37 0.06
d 1.23 0.03 0.76 13 0.05

4 Results and analysis

4.1 Characteristics and distribution
functions of RLD distribution in alpine
meadows

The RLD variation in alpine meadows showed a clear
pattern in time and space (Figure 3). At the spatial scale, the
RLD showed a gradual decrease in the shallow to deep layers
of the soil profile, the sum of RLD in the top 43% of the
rhizosphere accounted for an average of 63% of the total RLD
in alpine meadows. At different altitudes, RLD also differed
significantly. At a, b, and ¢ below 5,000 m altitude, RLD size
was more similar and all were greater than that at d above
5,000 m altitude. Compared with lower altitudes, the RLD of
alpine meadows at higher altitudes decreased by 59.9% on
average, indicating that altitude has some impact on the
growth of plant roots.

On the time scale, the RLD in alpine meadows was
significantly greater in the re-greening stage than in the
wilting stage, and the RLD in the wilting stage decreased by
16.2% on average compared to the re-greening stage. This
phenomenon is related to the plant growth process, and there
are some differences in the water consumption of plants in
different phenological stages, with higher water consumption
in the early stage of plant growth and a gradual decrease in the
later stage of growth (Yu et al,, 2015; Zheng et al., 2022). Roots are
important organs for plant water uptake, and when plants
consume more water, the corresponding root index tends to
be larger.

In this study, the RLD of the four experimental sites was fitted
based on Eq 2 (Figure 3), and the regression significance of the
coefficient values with this function in the RLD fitting process
was obtained (Table 3). The coefficient A of the RLD distribution
equation of alpine meadows ranged from 1.02 to 2.62, and B
ranged from 0.02 to 0.05, with a small variation. Therefore, it can
be considered that the RLD equation has a good simulation
performance in reflecting the RLD distribution characteristics of
alpine meadows.

Frontiers in Earth Science

Exp. 3 Exp. 4
R? A B R? A B R’
0.76 1.16 0.03 0.81 1.02 0.02 0.57
0.94 1.50 0.04 0.87 1.23 0.04 0.86
0.81 1.54 0.05 0.78 1.39 0.05 0.96
0.9 2.62 0.08 0.86 1.22 0.04 0.87

4.2 Comparison of the adaptability of
three macroscopic RWU models

In this paper, the SWC distribution characteristics of soil
profiles, plant root characteristics, and meteorological factors in
the wilting and re-greening stages of alpine meadows were used as
the initial conditions of the model. And the soil water movement
equation Eqs. 16-18, which includes RWU, was combined with the
RWU rates simulated by the three macroscopic RWU models to
obtain the simulated values of SWC changes for each model. The
real and simulated values of SWC in the rhizosphere of alpine
meadows at four different locations and four different periods were
compared (Figure 4). The 16 sets of measured data were used to
eliminate errors due to chance. At the same time, due to the variable
climate on the QTP, the model validation time range was taken as
four consecutive days with stable climate conditions to minimize the
impact of external conditions on the model accuracy.

After the RMSE calculation (Figure 5), it was found that the
results simulated by the Selim-Iskandar model and the Molz-Remson
model were more similar. The RMSE of Selim-Iskandar and Molz-
Remson models were reduced by 31.58 and 30.76%, respectively,
compared with the improved Feddes model. At the same time,
comparing the three simulated SWC with the actual SWC, it was
found that all three models underestimated the RWU capacity to
some extent, which resulted in the simulated SWC being smaller than
the actual SWC. Integrating the measured and simulated values, it
was found that the amount of SWC variation simulated by the
improved Feddes model, Selim-Iskandar model, and Molz-Remson
model was reduced by 38.34, 21.18, and 27.21% on average compared
to the measured SWC. Compared with the improved Feddes model
and Molz-Remson model, the simulation performance of the Selim-
Iskandar model was improved by 44.76 and 22.16%.

Therefore, by combining the ability to simulate the amount
of SWC variation with RMSE to evaluate the applicability of the
three macroscopic RWU models in a comprehensive manner.
We concluded that the simulations of the more widely used
improved Feddes model showed less effectiveness in the
simulation of RWU in alpine meadows, and the Selim-
Iskandar model was more applicable.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.987680

Deng et al. 10.3389/feart.2022.987680

Soil water content (cm®.cm™)
02 03 02 03 03 0402 03 010 015 010 015 0.10 0.15 020  0.10 0.15 0.20

n

\

NN e e
S o o

w W
n

Exp. 3

02 03 02 03 2 0.2

n

Soil depth (cm)

Exp. 1 Exp. 2 Exp. 4 Exp. 1 Exp. 2 Exp. 3 Exp. 4

c d

—— Measured-Start - - - Measured-End —— Simulated-Selim-Iskandar —— Simulated-Feddes —— Simulated-Molz-Remson

FIGURE 4

Based on the initial soil water content (Measured-Start), combined with the improved Feddes model, Selim-Iskandar model, and Molz-Remson
model, the simulated values of soil water content were obtained. Then, itis compared with the measured soil water content (Measured-end), to verify
the accuracy and simulation performance of the model. a, b, c and d represent four experimental sites, Exp. 1, Exp. 2, Exp. 3 and exp. 4 represent
different experimental periods respectively.
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FIGURE 5
EMSE comparison chart. RMSE between the measured values of soil water content at each experimental location at different experimental
times, and the simulated values predicted by three macroscopic root water uptake models combined with the soil water equation of motion.

4.3 RWU characteristics of alpine meadow 3.2, we concluded that the Selim-Iskandar model is more

soil proﬁles based on Selim-Iskandar applicable in simulating RWU in alpine meadows. So we
model used the simulated values of this model as the actual RWU
rate in alpine meadows. Based on the calculation results of this

After comparing the applicability of the three macroscopic model, we have analyzed the RWU characteristics of alpine
models in simulating RWU in alpine meadows from Section meadows on the soil profile (Figure 6), and it can be found that
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FIGURE 6

Root water uptake rates on the soil profile with error

Based on the Selim-Iskandar model, the distribution of root water uptake rates at experimental sites a, b, ¢, and d in alpine meadows on soil

profiles in Exp. 1, Exp. 2, Exp. 3, and Exp. 4 were obtained.

the RWU rate of alpine meadows has obvious regularity in
time and space.

Spatially, the RWU capacity of alpine meadows tended to
weaken with increasing soil depth, and although some of them
showed fluctuating characteristics of first increasing and then
decreasing, all of them showed a significantly lower RWU
capacity at 25-35cm of the rhizosphere. After the integral
treatment of each soil layer, it can be found that the top 50%
of the soil rhizosphere, on average, bears 72.65% of the total
rhizosphere water uptake. Temporally, the RWU rate in alpine
meadows was greater at the re-greening stage than at the wilting
stage. In one growth cycle of the meadow, the RWU rate
increased by 36.52% on average at the re-greening stage
compared to the wilting stage.

Frontiers in Earth Science

5 Discussion

5.1 Reasons for the formation of RWU
variation characteristics and analysis of
the mechanism affecting RWU

It was found that the RWU rate in alpine meadows in the re-
greening stage was significantly greater than that in the wilting
stage, which is more consistent with the results of Wang et al.
(2022) and Li and Cao (1996). The reason for this result is that
during the pre-growth and vigorous growth periods, the plant
has a higher growth rate, and consumes water and nutrients at a
faster rate. In the late growth period, the plant tends to wilt and
the rate of water consumption tends to slow down.
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FIGURE 7

Correlation between RLD, water uptake index, soil hydraulic conductivity, and soil physiochemical properties at four experimental sites (a—d).

Soil physiochemical properties indicators include soil PH (PH), total carbon (TC), soil hydraulic conductivity [K(0)], total organic matter (TOM), total
nitrogen (TN), total salt (TS), soil available potassium (SAK), total phosphorus (TP), porosity (P), soil water content (SWC), soil bulk density (SBD), and
the ratio of the number of macroaggregates (diameter > 0.25 mm) to the total number of aggregates (Macro-aggregate). (Note: * means p <
0.05, ** means p < 0.01, *** means p < 0.001, **** means significant level of p < 0.0001. The figure was drawn on the https://www.chiplot.online/).

The top 50% of the rhizosphere in alpine meadows is The RWU rate in alpine meadows showed fluctuating

responsible for an average of 72.65% of the total RWU. Due
to the lack of basic soil profile water consumption characteristics
studies in alpine meadows. Therefore, this paper is analogous to
the variation in water requirements of crops at different soil
depths of the roots (Yu et al., 2015; Cai et al., 2018b). Soil layers
with higher root density indicators tend to bear most of the water
uptake responsibility. Therefore, that the
corresponding pattern presented by alpine meadows is correct.

we believe
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changes of increasing and then decreasing in the soil
profile of some experimental sites. This is because the
RWU rate in this study was determined by a combination
of RLD and soil hydraulic conductivity. In the soil profile, the
trend of soil hydraulic conductivity is not consistent with the
trend of RLD. Under the joint effect of both, the distribution
of RWU rate in the soil profile will show corresponding
fluctuations.
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The analysis of the mechanism influencing RWU can be
focused on the influencing factors that determine RWU capacity.
Most studies have focused on root factors when exploring the
influencing factors (Zheng et al., 2022), however, we believe that
roots and soil are inseparable. Thus, the study of two key factors,
RLD, and soil hydraulic conductivity, will improve the
understanding of the mechanism that impacts RWU. Studies
have shown that soil physicochemical properties can have a large
effect on soil hydraulic conductivity and root growth (Ren et al.,
2016). In this study, the correlation analysis (Figure 7) revealed
that the impact of soil physicochemical properties on RWU was

mainly manifested in:

1) Effect of soil porosity and macroaggregates on soil hydraulic
conductivity. The impact of soil hydraulic conductivity exists
mainly in physical properties, and the study showed that both
porosity and agglomerate composition of soil can affect the
hydraulic conductivity of alpine meadow soils (Lima et al.,
2008; Slawinski et al., 2011; Wang Y. K. et al., 2020). The size
and number of agglomerates determine the condition of the
soil pore space. When the number of large agglomerates is
large and stable, the soil porosity tends to be large, and the
connectivity of the soil will be enhanced. Thus, the resistance
of water movement is weakened, and the soil hydraulic
conductivity will be enhanced (Liu et al, 2018). This will
also reduce the resistance of the roots in absorbing water, and
increase the water absorption capacity of the roots.

2) Effect of soil physicochemical properties on root growth. Soil
nutrients are the key elements for plant growth, and their
condition has a significant effect on root growth (Marschner
et al., 1996). Plants will make adaptive changes in root
morphology and distribution with changes in soil nutrient
content (Bonser et al., 1996; Bonifas and Lindquist, 2009), and
plant root density indicators tend to be larger in soils with
more suitable nutrient content to improve water and nutrient
uptake (Ericsson, 1995). When the density index of roots
increases, the interpenetration in the soil will also be
enhanced (Liu et al, 2020), thus improving the water
infiltration capacity in the soil, and the hydraulic

conductivity is closely related to the water infiltration rate

(van Genuchten, 1980). Therefore, plant roots directly affect

water uptake while also indirectly affecting RWU rate by

changing soil water conductivity.

5.2 Error analysis of the model and
research outlook

This paper discusses the applicability of three macroscopic
RWU models that fully consider resistance factors of soil
water movement and root factors for alpine meadow
studies. The results show that although the models with
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soil water potential as a parameter have shown excellent
performance in a large number of RWU studies (Cai et al.,
2018a; Wu et al., 2020), the models developed with soil
hydraulic conductivity as a key parameter affecting RWU
are more applicable in alpine meadow studies. However,
the model still has some errors in the simulation process,
and it can be found that more model validation results exhibit
significant differences between the model simulated and real
values at 5 cm of soil substratum when the model simulates
the SWC.

The analysis of the reasons for this may focus on three
aspects. First, the plant transpiration rate is calculated by
the local meteorological data, the empirical formula of
vegetation leaf area index, and crop coefficient (Zhu
et al.,, 2009; Chattaraj et al., 2013; Cai et al., 2018b). The
simulated values of plant transpiration rate may be different
from the real values. Second, in the simulation of RWU, the
model parameters studied only include root indicators, soil
water potential, soil hydraulic conductivity, and soil
hydraulic diffusivity, while the actual indicators affecting
RWU may not be limited to these parameters, and some
studies have shown that the root tip density of plants may be
the most effective indicator of water uptake (Segal et al.,
2008; Huang et al., 2020). Third, the definition of
parameters may be less accurate in the process of model
validation by the soil water movement equation, and the
error between the simulated SWC and the actual SWC was
expanded during the infiltration of soil moisture and the
recharge of the lower soil moisture to the upper soil
moisture. All these aspects are issues that need to be
focused on in further studies.

The RWU models have undergone only a few decades of
development since they were proposed. Due to the
limitations of technical means and the lack of theoretical
knowledge, the existing models show obvious deficiencies to
some extent. For the accurate construction of the model, it is
necessary to fully consider the relevant parameters that
contribute most to the simulation. There are some
limitations in the definition of resistance parameters such
as soil water potential, soil hydraulic conductivity, and soil
hydraulic diffusivity that affect the water transfer from the
soil to the roots, as well as the measurement of key root
indicators that most directly affect the RWU capacity.
Meanwhile, all existing models consider RWU statically,
however, the RWU capacity changes accordingly during
the growth of roots. To achieve a simulation situation that
matches the actual situation, it is also necessary to combine
the microscopic model with the macroscopic model to
the RWU model. And the
development of direct observation techniques for RWU,

investigate dynamic

thus providing direct validation of model accuracy, is also
needed to be focused on.
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6 Conclusion

The RLD in alpine meadows on the soil profile is one of the key
factors affecting RWU, an obvious spatial and temporal distribution
pattern was found as well. The RLD distribution showed that in the
re-greening stage was significantly larger than that in the wilting
stage, the RLD of the wilting stage decreased by 16.2% on average,
and the ability of root growth was poorer in the high altitude area.

In the comparison of the models, the model considering soil
hydraulic conductivity is better. The results simulated by the
Selim-Iskandar model were more accurate than the improved
Feddes model and Molz-Remson model. Compared with the
improved Feddes model and Molz-Remson model, the
simulation performance of the Selim-Iskandar model was
improved by 44.76 and 22.16%. Thus, the Selim-Iskandar
model is more suitable for alpine meadows.

Based on the distribution characteristics of the RWU rate
obtained from the model, it clearly showed that the roots in the
shallow layer were responsible for most of the water uptake in the
whole rhizosphere. At the same time, the RWU capacity was stronger
in the re-greening stage than that in the wilting stage, and the RWU
rate in the re-greening stage increased by 36.08% on average.

Both root growth and soil hydraulic conductivity showed
significant correlations with soil physicochemical properties. This
study was mainly conducted on felty soils, and further refinement
studies are needed for other types of soils to expand the evaluation of
the applicability of the model in different environments.
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