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Background: To improve the scientificity of the evaluation results of the planting
performance of the Yellow River sediment based on planting substrate.

Methods: This study replaced the natural soil with Yellow River sediment, used
cement as the cementing material, added different proportions of organic matter
and amendment of habitat material to prepare planting substrate based on the
Yellow River sediment, and carried out experiments by using oats and proposed a
combined SQI-CRITIC combined weighting calculation method based on the
least square method for its evaluation.

Results: The results showed that (1) different proportions of cement and
amendment of habitat material led to significant variations in the planting
performance of the planting substrate based on Yellow River sediment:
among the 5# mix ratio, the plant height (12.5 cm) and biomass (3.06 g) of
oats reached extreme values. Photosynthetic rate (1.97 pmolem=2es™) and
transpiration rate (0.25 mmolem=2es!) were significantly higher than the other
fitness ratio components (P < 0.05), while the stomatal width (87.03 pm) was the
largest and stomatal density (19.6%) was the lowest (P < 0.05). (2) The results
calculated by the SQI-CRITIC combination model based on the least square
method are scientific and effective, more accurate and in line with the actual
situation. (3) The comprehensive analysis recommended the use of a quality mix
ratio (mixture of sediment, amendment of habitat material, organic matter,
cement = 100:3:12:4) in ecological restoration to achieve the best plant
growth and ecological restoration effect.

Conclusion: The experimental results can be extended to more areas that need
to use sandy soil for ecological restoration, with a view to providing a theoretical
basis for soil quality evaluation, soil and water conservation control, and
ecological construction in the Yellow River Basin.

planting substrate, Yellow River sediment, planting performance, comprehensive
evaluation, ecological restoration
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1 Introduction

As the second largest river in China and the largest sand-
producing river in the world, the Yellow River produced an
average of 661 million metric tons of sand per year from 1952 to
2015 (Zhang et al., 2020a; Xu et al., 2023). The massive deposition of
sediments in the Yellow River causes the riverbed to rise, obstructing
the flow of water and reducing the effective storage capacity of
reservoirs, affecting their normal operation and consequently
triggering the problem of water shortage in downstream areas.
The Yellow River Basin occupies an important position in the
national ecological security strategy, but the region is mainly
located in arid and semi-arid zones with limited water resources,
sandy chalky soils, and poor plant growth conditions, which are
highly lead to ecological degradation (Weber et al., 2007).Therefore,
it is important to utilise the Yellow River sediment to improve soil
properties and plant growth performance.

Currently, the most dominant sand control technologies are
mainly engineering sand fixation, chemical sand fixation, and
biological sand fixation. Fixing sandy soils can significantly
improve the physical and chemical properties of the sediment,
facilitate the soil formation process, and improve the regional
microclimate (Wan et al, 2022). Silicate cements, especially
common silicate cement (PC), are widely used as soil binders,due
to their easy availability and high setting strength (Wang et al,
2024a). However, the widespread use of cement is associated with
large amounts of CO, emissions, which have a negative impact on
the environment (Zhang et al., 2021). It is clear that there is an
urgent need to reduce the use of cement and to explore more
environmentally friendly methods of soil improvement, such as
using plant fibers to replace part of the cement. Therefore, adopting
green ecological methods to improve the Yellow River sediment can
improve soil properties, promote plant growth, and reduce
thus
development. Research has demonstrated that the amalgamation

environmental impacts, contributing to  sustainable
of planting soil with cement, organic matter, and amendment of
habitat material to form a planting substrate for artificial ecological
slope protection possesses the characteristics of rich soil fertility,
rapid vegetation succession, low economic cost, and high benefit
(Gao et al,, 2020; Xu et al., 2024). However, it is important to note
that the addition of diverse substances can significantly influence the
evaluation indexes, thereby impacting the evaluation outcomes.
Currently, there is no uniform soil quality evaluation standard or
fixed evaluation method in the international arena. The evaluation
will be considered in terms of the type of ecosystem, the function of
the soil, and the land use mode, as well as the purpose of the
evaluation and the scale of the evaluation (Chen et al., 2013; Damiba
et al,, 2024). A comprehensive overview of the available methods
reveals two predominant approaches: qualitative evaluation, which
includes techniques such as the soil quality card, and quantitative
evaluation, encompassing methods like the soil quality index
method, soil quality model, fuzzy mathematical method, multiple
linear regression, and relative soil quality method, among others. It
is noteworthy that soil quality method has garnered significant
popularity for soil evaluation purposes (Biinemann et al,
2018).This paper summarized various methods of soil quality
evaluation and found that the selection of evaluation indicators
and their weights in soil quality evaluation model was very
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important. However, the selection of weights is predominantly
determined by a single method, which introduces a certain
degree of bias. Consequently, a comprehensive approach is
recommended, integrating the weights to perform soil quality
evaluation. This approach not only circumvents the influence of
subjective human factors and objective data factors, such as extreme
values, on the weights but also enhances the evaluation accuracy of
the model (Raiesi, 2017; Xu et al., 2023; Nasir et al., 2024). Research
has demonstrated that the amalgamation of planting soil with
cement, organic matter, and amendment of habitat material to
form a planting substrate for artificial ecological slope. However,
the combination assignment is challenging to apply due to its
complexity and computational intricacy. Mao et al. (2024)
utilized the assignment method to predict
greenhouse environmental changes, and Wang et al. (2024b)
employed the MULTIMOORA-Borda method to determine the
weights

combination

of each index for the evaluation of ecological
in the Yellow River. It is evident that the
combination assignment method has been adaptively employed
in diverse fields of research (Liang et al., 2023; Tang et al., 2023),

though its utilization in the evaluation of enhanced soil remains

management

limited. Nonetheless, it is imperative for endeavors aimed at
ecological restoration and environmental protection. Protection
possesses the characteristics of rich soil fertility, rapid vegetation.

To address the above problems, this study uses the Yellow River
sediment to replace the natural soil, uses cement as the cementing
material, adds different ratios of organic matter and amendment of
habitat materials to prepare the planting substrate based on Yellow
River sediment; the oat was used in the planting experiment, and
combined with the evaluation theory of Soil Quality Index (SQI)
method and CRITIC method, a combined weight calculation
method of SQI-CRITIC based on the least square method was
proposed to evaluate the oat. The purpose of this system is to
provide reference for quantitative evaluation of the planting
performance of the planting substrate based on Yellow River
sediment, to improve the quality of planting substrate after
ecological restoration in cold and arid areas, and to provide
theoretical basis for the evaluation of the soil quality in Yellow
River Basin.

2 Materials and methods
2.1 Experimental material

The main materials of Yellow River sediment based planting
substrate include sediment, amendment of habitat material, organic
matter and cement (Luo et al., 2023; Guo et al., 2024). The sediment
was sourced from the Yellow River sediment of Lake Wuhai in the
Inner Mongolia Autonomous Region, which is classified as chalky
sandy soil with an approximate clay content of 5.3%, a base pH of
8.54, and a weakly alkaline nature, with a total of 1.42 g/kg of soil
organic matter (SOM), 0.21 g/kg of total nitrogen (TN), 0.33 g/kg of
total phosphorus (TP), and 1.95 g/kg of total potassium (TN) (Liu
etal., 2024). The amendment of habitat material and organic matter
was sourced from Hubei Yichang, where the amendment of habitat
material was supplied by Three Gorges University (Patent No.
01138343.7). This amendment of habitat material contains a
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TABLE 1 Mass percentage of each component of planting substrate (%).

10.3389/fenvs.2025.1462404

Group Sediment Amendment of habitat material Organic materials Cement
1# 100 0 8 4
2 100 3 8 4
34 100 6 8 4
4% 100 0 12 4
5# 100 3 12 4
6% 100 6 12 4

variety of functional microorganisms that can activate the substrate,
provide nutrients, and regulate the alkaline environment of cement
hydration and promote the growth of plants and microorganisms
without affecting the strength of the substrate (Xia et al., 2022). For
the organic matter fraction, wood chips were selected as the source
for this experiment, with the aim of increasing the nutrient content
and improving the internal pore structure of the concrete, thus
optimizing the overall performance (Li et al., 2019; Guo et al., 2023).
The wood chips used were factory-processed fir wood chips, the
majority of which showed small granularity. The density was low,
between 0.2 and 0.5 g/cm’. The aeration pores are large, while the
water-holding pores are small, resulting in poor water retention
(Smith et al., 2023). The pH is usually between neutral and weakly
alkaline, and the main components are cellulose (about 40%-50%),
hemicellulose (about 20%-30%), and lignin (about 20%-30%), with
a small amount of ash, extractives, etc. The wood chips employed in
this study are factory-processed for wood chips, with the majority
exhibiting a small particle size.

2.2 Experiment design

To maximize the resource use of the Yellow River sediment
and reduce the cost of planting substrate, this study used
sediment as a complete replacement for planting soil. In each
set of ratios, a mass percentage of 100% of the sediment was used
as the reference base, and the mass percentages of all the other
component materials were calculated relative to this benchmark.
According to the results of historical literature (Liu et al., 2012),
the gradient of amendment of habitat material was set to 0%, 3%,
and 6%, and the gradient of the organic matter was set to 8%,
12%. The detailed mixes are shown in Table 1. The components
were prepared according to Table 1 below and then mixed.
According to the results of the preliminary experiment, oat
has adaptability in the planting substrate based on Yellow
River, so oat was chosen as the test grass species. The planting
experiment was carried out in Wuhai test base, and we sprayed
the planting substrate use technology of vegetative concrete
(Song et al., 2024), the process is as follows: (1) clean up the
slope surface and cover with 30 cm of Yellow River sediment, (2)
level the slope, (3) Lay the reinforced layer and hang the net, (4)
mix the material, (5) spay the 8 cm base layer of planting
substrate, (6) spread the seeds, (7) spray the 2 cm surface
layer of planting substrate, (8) covered with grass curtains for
natural curing.
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2.3 Index of experiment

Six standard sample squares (0.5 m x 0.5 m) were randomly
selected from each side slope for the experiment. Oats have a growth
cycle of 3~5 months and grow rapidly. The pre-test showed that all
oats could be achieved after 7 days and the indicators could be
measured by portable photosynthetic meter after 2 weeks.
Consequently, the germination rate of oats was recorded at
10 am. each day. When the growth reached 15 days, the
(Tr),
conductance (Gs), intercellular carbon dioxide (Ci), and water
utilization (WUE) were measured using a portable
photosynthesizer (Li-6800, LI-COR Biosciences, Lincoln, NE,
United States) (Lu et al, 2016; Wang et al., 2021; Smith et al,
2023). The study of oat stomatal morphology was conducted using a

photosynthetic rate (Pn), transpiration rate stomatal

method of blotting, followed by observation and photography using
an electron microscope (Leica DM2500). The measurement of
stomatal length (SL), stomatal width (SW), stomatal area (SA),
stomatal perimeter (SP), and stomatal density (SD) index was
then performed in oats (Behdad et al., 2021). Subsequent to the
measurement of plant height (PLH) using a scale, the plants were cut
flush and placed in an oven at 105°C for 2 h, after which they were
dried at a transverse temperature of 80°C until constant weight. The
biomass (Bi) of the plants was then weighed.

2.4 Data analysis

2.4.1 SQI assessment method

This study employs the SQI method to evaluate planting
performances of the planting substrate based on Yellow River.
The comprehensive evaluation of the vegetation performance is
divided into four steps: 1) select indicators; 2) calculate affiliation; 3)
determine the weight of the indicators 4) scores the indicator of
vegetation performance of the planting substrate based on Yellow
River. Due to the different units of growth, gas exchange and
stomatal morphology indicators, each plant growth indicator was
transformed and normalized to a value between 0 and 1, before the
assessment of the planting performance (Damiba et al., 2024).The
formula for calculating the affiliation function is shown below:

Ss=49 ——b<x<a (1)
a
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0,x<b
-x
Sg=4 ——a<x<b (2)
a-b
l,x>a

Where Sg is the linear score of oat growth indicator, x is the growth
indicator value, and a and b are the lower and upper threshold values
of the indicator, respectively.

We used Equation 1, when the indicator is positively correlated
with planting performance, however we used Equation 2, when the
indicator is negatively correlated with planting performance. In
order to determine the extent of each indicator contributes to
planting performance, we used a principal component analysis
(PCA) to get the weighting values of indicators. Subsequently, we
calculated the planting performance scores of the planting substrate
based on Yellow River under different mixing ratios considering the
weight and affiliation of each index. The calculation formula is
as follows:

SQI = Zn:(pr’ / n (3)
i=1

Where n is the number of planting performance indicators; ¢;<" is
the weight of the indicator under the SQI method; S; is the degree of
affiliation of indicator.

2.4.2 CRITIC assessment method

This study employs the CRITIC method to evaluated planting
performances of the planting substrate based on Yellow River. The
calculation formula is as follow Equations 3-7:

1) The original data are processed according to Equations 1, 2.

2) Form each indicator into a vector S;, calculate the standard
deviation of vector S;, and get the standard deviation vector a;.

3) Use MATLAB to calculate the linear correlation coefficients r;;
of indicator i and indicator j, get the correlation matrix R, and
calculate the conflict value b;.

bi:

M=

(1*7‘1']') (4)

1

-
I

4) Calculate the amount of information C; contained in
indicator i:

Ci = ab; (5)
where C; is the amount of information contained in the

indicator, o; is the standard deviation, ri; is the correlation
coefficient between indicator i and indicator j.

5) Normalisation of the indicator’s information vector C;:
CRITIC _ . [&
WMTC = ¢, / e, (6)
=

CRITIC

where 0; is the weight of the indicator under the CRITIC.

CRITIC = )" ofMC xS, )
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2.4.3The SQI-CRITIC combination model based on
the least squares method

We combined the weights ¢; of the SQI method and
the weights0; of the CRITIC method using the SQI-CRITIC
combination assignment based on the least squares method. The
calculation formula is as follow Equations 8-16. The above
conditions need be met:

n

Yw;=1w;>0 (8)
=1
where w; (j = 1,2,3.,n) is the combination weight. y; is the
evaluation value:
1t ’
yi= ijsij 9)
=

The evaluation value of combination and the weight evaluation
value of SQI and CRITIC method:

(10)

(11)

to ensure the final combined weight is most effective, it is essential to
minimize the Euclidean distance f of the combination of two
methods above. Therefore, the objective function and constraints
are as follows:

minf (w) = iiu[(wl - (pj)x;]]z + ii(l - u)[(wj - aj)slfj]z

i=1j=1 i=1 j=1
(12)

sty w;=1,w;>0 (13)
=

where u is the degree of preference for SQI method (0 <u<1). A

Lagrangian function is established and the Partial derivatives

are taken:
m n

F=3Sul(ws g + Y - (w; - )sf

i=1j=1 i=1j=1

=1

According to the existence condition of extreme values, it can be

(14)

obtained from the Partial derivative formula:

Take the Partial derivative of the independent variables
wj, A in Equation 14, and calculated the combination weights
w;j(j=1,2,.,n):

w, u(p1+(1—u)0'1

@$QI-CRITIC _ “.’2 _ ue, + ('1 - u)o, 5
Wn ug, + (i - u)a,

SQI - CRITIC = Zn:wiSQIfCRITIc «S; (16)

i=1

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1462404

Wang et al. 10.3389/fenvs.2025.1462404
A B
1001 i Y 1 | 33
< 9o 12f b 2 3.0
X b
g 8or b a2 Lt B e
& ol 10k a pryes 25
- | £ )
g 6 e 8 20 2
= 50f = s
2 40 L0 6 1.5 £
£ - B 25%~75% ke 2
g 30r & | Median =
= ¥y + 4 1.0
o 201 [ +  Mean =
O wobhier + Abnormal = -
MEe% &
Group#) [123]4]s] 6 | 1 [213]als] 6 | 1 [2]3]4fs] 6 | 1 [2|3]4|s] 6 | 1 |2|3]4|s| 6 0 0.0
: p(#) |1 [2l3fals[6 | 1 2[sfa]s[6 [ 1 [2[sfals[ s [ 1 2[sfals[ s [ 1 2[sfals] & 3¢ 3¢ 4f 5 &
Time(d) 2d 3d 5d 6d 7d
Group
FIGURE 1

(A) Germination rate. (B) Plant height and biomass. Statistical chart of growth index of Avena sativa.

where 0} js the weight of SQI-CRITIC model based on the
least square method.

2.5 Data processing

One-way analyses of variance (ANOVA) and Duncan’s multiple
comparison test were used to assess statistically significant difference
(P < 0.05) among Plant growth, gas exchange, and stomatal
characteristics. All data statistical analyses were performed using
Matlab and SPSS, and using Origin 2023 for correlation plotting.

3 Results
3.1 Determination of the index system

3.1.1 Growth indicator

Figure 1 illustrates the statistics of germination rate, plant
height, and biomass of oats in the planting substrate based on
the Yellow River sediment, using different organic materials and
amendment of habitat materials. The germination rate of oats
exceeded 90% under all six groups, indicating suitability for
growth in this planting substrate (Figure 1A). Organic matter
and amendment of habitat materials showed a non-linear
relationship with oat growth indices (Figure 1B). When the
proportion of organic matter was fixed, oat plant height and
biomass initially increased with increasing habitat amendments,
reaching a peak at the 5# mix ratio (plant height: 12.5 cm, biomass:
3.06 g). Conversely, with a fixed proportion of amendment of habitat
materials, increasing organic matter led to an increase in plant
height and biomass. These findings highlight the optimal mix ratio
of the planting substrate based on the Yellow River for maximizing
oat growth parameters.

3.1.2 Gas exchange parameter
In our investigation of the stomatal exchange parameters of oats,
a fixed proportion of organic matter, we increased the amount of

amendment of habitat materials, which led to improved
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photosynthetic and transpiration rates. These rates peaked and
then diminished as the proportion of amendment of habitat
materials continued to increase, with mixture 5# displaying
notably higher net photosynthetic and transpiration rates (P <
0.05). This suggests an optimal threshold for mix proportions
that maximizes photosynthetic efficiency. Statistical analysis
one-way ANOVA revealed significant
differences across the groups, indicated by the letters in Table 2,

conducted  using
underscoring the influence of mixture composition on oat
physiology. These findings have considerable implications for the
development of vegetation concrete mixtures optimized for
restoration, enhancing  the

ecological particularly ~ for

photosynthetic capacity of plants.

3.1.3 Stomatal morphological characteristics

As shown in Figure 2, we obtained the morphological indices of
oat stomata by using the imprinting method under different mix
proportions, in which we observed the distribution of stomata in the
leaves of the oat plant. At a fixed proportion of organic matter, the
number of stomata per unit area of oat on the vegetation concrete
was less, with a more significant proportion of organic matter added.
Figure 2; Table 3 show that stomatal density increased with an
increase in the amendment of habitat materials in the 8% organic
matter group. However, when the organic matter content was 12%,
stomatal density first increased and then decreased with an increase
in habitat material amendment. This suggests that excess nutrients
can inhibit stomatal density.

As shown in Table 3, different mixing ratios affected the
stomatal density and width of the oats (P < 0.05). The stomatal
width was the largest at 5#, and the stomatal length, area, and density
were the smallest (P < 0.05). When the organic matter addition ratio
was certain, the amendment of habitat material increased within the
range of 4~6#, the stomatal width increased and then decreased, and
the stomatal density was significantly reduced (P < 0.05). This
indicates that oats adapt to the damage caused by excess
nutrients by regulating their stomatal density. With the addition
of a certain proportion of habitat materials, organic matter
decreased, and stomatal area increased. Additionally, there was a
nonlinear negative correlation between organic matter and stomata.
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TABLE 2 Statistical table of stomatal exchange parameters in oats.

10.3389/fenvs.2025.1462404

Group Pn (umolem=—2es™t)  Tr (mmolem=—2es!) Gs (mmolem=2es!) Ci (mmolem=—2est) WUE (mmolemol™))
1# 0.78 + 0.12d 0.14 + 0.04c 0.01 + 0.0010¢ 259.32 + 23.4d 557 + 1.62f
2% 120 + 0.06¢ 0.11 + 0.02d 0.02 + 0.0013b 308.25 + 36.1c 1091 + 3.74a
34 111 £ 0.04cd 0.18 + 0.03b 0.01 + 0.0007¢ 29134 + 25.9cd 617 + 1.88¢
42 155 + 021b 0.24 + 0.07ab 0.02 + 0.004b 352.80 + 37.1b 7.46 + 2.21d
54 1.97 +0.27a 0.25 + 0.06a 0.03 + 0.0012a 359.17 + 25.7b 9.60 + 3.15b
6% 1.59 + 0.30ba 0.21 + 0.04ab 0.03 + 0.0024a 387.04 + 44.0a 8.71 + 2.78¢

Note: All data are presented as means + standard deviation. The means of all data were compared at a 0.05 level using one-way ANOV A, Different letters indicate significant differences at the

0.05 level, as below.

FIGURE 2
Stomatal morphology of Avena sativa under different mix ratio.

TABLE 3 Statistical table of morphological indicators of oat stomata.

Group Length (um) Width (um) Area (um?) Perimeter (um) Density (%)
1# 164.46 + 23.2a 73.03 + 12.3d 11,391.51 + 347.1a 321.08 + 44.3a 26.0 + 3.55b
2# 151.83 + 31.5¢ 80.63 + 15.8¢ 10,828.89 + 268.6b 299.04 + 52.4c 26.3 + 437b
3# 153.83 + 16.2¢ 79.32 + 16.9¢ 11,193.69 * 382.0a 293.20 £ 36.9¢ 27.5 £ 537a
4 157.18 + 20.4ba 8336 + 27.3b 11,016.56 + 226.1a 301.99 + 23.7ba 212 + 6.78d
5# 145.84 + 34.9d 87.03 + 37.6a 8877.27 + 168.7b 272.82 + 42.1d 19.6 + 3.33e
6# 156.29 + 22.5b 79.64 + 19.3c 10,494.40 + 276.2b 299.21 + 23.7b 249 + 5.12¢

The results show that oats resist soil nutrient deficiency by adjusting
stomatal width.

3.2 Comprehensive evaluation of soil quality
based on SQI analysis

Based on Formulas 1, 2, we calculate the membership degree of
each indicator, and Figure 3 presents the radar chart illustrating the

Frontiers in Environmental Science

membership degrees for each oat indicator. The membership
function, also known as a scoring function, characterizes the
advantages and disadvantages of these indicators. The closer the
affiliation degree is to 1, it is considered that the indicators are
“excellent”, and the affiliation degree is close to 0, it is considered
that the indicators are “poor”. According to the principle of
maximum affiliation, we can judge the optimal indexes of the
different planting substrate based on the Yellow River sediment.
It can be seen that the axial intersection curves significantly under
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FIGURE 3
Radar graph for the membership degree of indicators.

different mixing ratios. Within the 5# group, six optimal indicators
emerged, including plant height, biomass, photosynthetic rate,
stomatal conductance, stomatal width, and stomatal density.
Groups 1#, 2#, and 6# each exhibited two sets of optimal
indicators, while only one set appeared in group 4#, which was
stomatal area.

Using the SQI method, we determined the weights of the
12 indicators. According to the results of the SQI analysis
(Table 4), the first principal component accounts for 67.294% of
the variance, the second principal component explains 16.264%, and

10.3389/fenvs.2025.1462404

the third principal component explains 9.948%, resulting in a
for the first three
components. It can reflect the information of the original

cumulative contribution rate of 93.506%

variables well. With cumulative contribution rates exceeding 90%
and eigenvalues greater than 1, the first three principal components
are selected for calculating the weights of vegetation performance
evaluation indices of the planting substrate based on Yellow River
sediment in this study.

3.3 Comprehensive evaluation of soil quality
based on CRITIC analysis

Figure 4 shows the correlation for planting performance
indicators of oat. Oat biomass and plant height were found to be
positively correlated (P < 0.05). Generally, oat plant height and
biomass exhibited strong correlations with net photosynthetic rate,
transpiration rate, stomatal conductance, and intercellular carbon
dioxide levels (P < 0.05). Additionally, both oat plant height and
biomass were positively correlated with stomatal width and density
(P < 0.05). Photosynthetic rate and transpiration rate were positively
correlated (P < 0.05). Furthermore, photosynthetic rate showed a
significant correlation (P < 0.05) with stomatal width and stomatal
density. Stomatal width exhibited a negative correlation with
stomatal perimeter, whereas stomatal perimeter was positively
correlated with stomatal area (P < 0.05). The experiment
demonstrated that the planting substrate based on Yellow River
sediment, with varying mixing ratios, influenced oat photosynthesis
by affecting stomatal width, thus impacting oat growth.

Table 5 shows the weight of planting performance indice of the
planting substrate based on Yellow River sediment with different
organic materials and amendment of habitat material content,

TABLE 4 Results of principal component analysis of planting performance indicators.

Index Principal component 1 Principal component 2 Principal component 3
PLH 0.939 0.248 0.055
Bi 0.811 0.485 -0.033
Pn 0.971 0.192 0.078
Gs 0.908 —-0.083 0.292
Ci 0.894 0.184 0.272
WUE 0.383 —-0.484 0.769
Tr —-0.789 —0.462 0.381
SL —-0.632 0.740 0.179
SW 0.901 —-0.132 —-0.098
SA —-0.780 0.446 0.265
SP —-0.649 0.660 0.356
SD 0.896 0.314 0.040
Eigenvalue 8.075 1.952 1.194
Rate of contribution (%) 67.294 16.264 9.948
Accumulating contribution rate (%) 67.294 83.558 93.506
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* p<=0.05 ** p<=0.01 *** p<=0.001
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FIGURE 4
Correlation among indicators. Note: PLH, Plant height; Bi, Biomass; Pn, Photosynthetic rate; Tr, Transpiration rate; Gs, Stomatal conductance; Ci,

Intercellular carbon dioxide; WUE, Efficiency of water application; SL, Stomata Length; SW, Stomata Width; SA, Stomata Area; SP, Stomata Perimeter; SD,
Stomata Density.

TABLE 5 Comprehensive evaluation calculation process table based on

CRITIC.
_— 08} [ criTICM PCA[ ] PCA-CRITIC
Group aj b; Ci (@i X by) w;
w 0.7} Thbb 4, 2pab
PLH 0.3528 7.960 2.808 0.008468 8
i -E 0.6 -
Bi 0.3423 8.327 2.850 0.008215 =
P = 0.5
n 0.3230 7.818 2.526 0.007754 >,
e a
= 041
Gs 0.4082 8.679 3.543 0.009797 =
=
Ci 0.3428 7.935 2.720 0.008228 =03
=]
WUE 0.3522 10.40 3.663 0.008452 S 0.2
N
Tr 0.3628 8.531 3.095 0.008708 0.1
SL 0.3031 12.69 3.848 0.007275 0.0 i
1# 24 3# 4# 5# 6#
SwW 0.3041 8.656 2.632 0.007298
Group
SA 0.3454 13.25 4579 0.008290
FIGURE 5
SP 0.2939 12.55 3.690 0.007053 The comparative evaluation results using three methods.
SD 0.3628 1573 5.710 0.008707

evaluated using the CRITIC method. First, we calculated affiliation 3.4 Comparison of the assessment scores
of the data. Second, the weights were calculated, then the conflict ~ for the planting performance under different
and variability were calculated, and finally the weights were ~Weightings

calculated. The weight values for the 15 groups of planting

performance indicators ranged from 0.00705 to 0.0098, with Figure 5 illustrates the comparative evaluation results using
stomatal conductance being the only indicator exceeding the  three methods. The evaluation results of group 1~3# have a large
overall average weight of 0.0098. variation, and the average value of the evaluation results of the three
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groups increases from 34.62% to 49.67% and then decreases to
29.11%. Conversely, the evaluation results of group 4~6# have a
smaller difference, and the variation of the average value is in the
range of 59.88%-61.83%, and all the three evaluation results have
reached the maximum value in the group 5#. Specifically, the
CRITIC method resulted in an evaluation of 60.00%, the SQI
analysis yielded 62.89%, and the SQI-CRITIC combination using
the least squares method achieved 62.60%. This suggests that group
5# offers suitable soil fertility and structure conducive to oat
cultivation.

4 Discussion

4.1 Effect of different mixing ratios on the
performance of planting

Successful plant growth is the key to the success of the planting
substrate based on Yellow River sediment. Relatively few studies
have been conducted to explore the relationship between changes in
plant stomatal morphology and plant growth under varying organic
matter and amendments of habitat material contents in the planting
substrate based on Yellow River sediment. Figure 4 demonstrates
that biomass and plant height of oats were positively correlated (P <
0.05). Overall, both oat plant height and biomass showed strong
positive correlations (P < 0.05) with net photosynthetic rate,
transpiration rate, stomatal conductance, and intercellular carbon
dioxide levels, as well as positive correlations (P < 0.05) with
stomatal width and density. When stomata are closed, the intake
of carbon dioxide into the leaf decreases, thereby restricting carbon
fixation in the Calvin cycle and reducing photosynthetic efficiency
(Yuan et al,, 2019; Zhang et al,, 2020a; Zhang et al., 2020b). As
depicted in Figure 1B, oat height and biomass increased with higher
levels of organic matter when certain amendments of habitat
material contents were present. Oat height and biomass reached
peak values within the 5# ratio. This conclusion was further
validated (Wang et al, 2024c). Table 3 Statistical table of
morphological indicators of oat stomata, indicates that with a
fixed ratio of organic matter, stomatal width initially increased
and then decreased with the addition of amendments of habitat
material ranging from 4# to 6#. This is due to the fact that the
amendments of habitat material contains a large number of
decomposing bacteria carrying out the secretion of exogenous
enzymes, which are able to decompose the macromolecules such
as cellulose, hemicellulose and lignin in the wood chips. Bacteria,
fungi and other microbial communities act synergistically to
gradually break down wood fibres into soluble sugars, fatty acids
and other simple organic matter. Through cellular uptake, it
undergoes oxidative metabolism, releasing carbon dioxide, water
and mineral elements, completing the mineralisation process and
providing directly useable nutrients to the plant. When nutrients
exceed a certain threshold, oat growth is inhibited and stomata are
closed, further reducing the plant’s ability to accumulate nutrients
through photosynthesis and limiting plant growth. The whole
experiment shows that appropriate nutrients promote plant
growth, but too much or too little nutrients will inhibit plant
growth. Therefore, it is
combination of organic matter and amendments of habitat

necessary to find the optimal
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material contents content to improve the vegetative performance
of the planting substrate based on Yellow River sediment and
promote plant growth.

4.2 Comprehensive evaluation result of SQI-
CRITIC combination model based on least
square method

The comprehensive evaluation theory of the SQI method and
CRITIC method is integrated, and we have innovatively established
the least SQI-CRITIC
comprehensively evaluating  the

squares combination model for
planting performance of
substrates based on Yellow River sediment. Since the specific
functions and continuous values vary depending on the soil
properties of the planting substrate, as provided in ecological
restoration, the selection of evaluation indices the planting
performance of the planting substrate based on Yellow River
sediment should be scientifically and professionally justified. In
this study, growth indices, gas exchange parameters, and stomatal
morphology of oats were selected to establish the index system for
substrate planting performance based on Yellow River sediment.
Key indicators were analyzed as follows: biomass serves as a growth
indicator for oats, showing a positive correlation with gas exchange
rates and stomatal aperture (P < 0.05). The study observed that oat
biomass exhibited an initial increase followed by a decrease with
increasing amendments of habitat materials when the organic
matter proportion was fixed. Conversely, biomass increased with
higher organic matter proportions when amendments of habitat
materials were fixed, suggesting an optimal mixing ratio that
maximizes oat growth parameters. The photosynthetic rate of
oats was significantly higher with 12% organic matter compared
to 8%. Additionally, the photosynthetic rate of the 5# group
(1.97 pmolem 2es™') was significantly higher than the other
mixed components (P < 0.05). This increase can be attributed to
higher organic matter content in the soil, resulting in improved soil
quality, availability ~for oats,
photosynthetic rates, and enhanced oat growth (Sharifi and
Bidabadi, 2020; Fan et al., 2020; Behdad et al., 2021). Stomatal
density decreased with increasing organic matter, and at 12%

increased  nutrient higher

content of organic matter, stomatal density of oats decreased and
then increased with increasing amendments of habitat materials. As
appropriate nutrients can promote the increase of stomatal density,
but too much nutrients will inhibit the stomatal number of oats,
which will lead to the photosynthetic rate of oats to decrease (Ma
et al, 2021). Therefore, the above results indicate that different
amendments of habitat materials and organic matter content
significantly affect the planting performance of the planting
substrate based on Yellow River sediment.

In this study, the SQI-CRITIC combined model, based on the
least squares method, was utilized to conduct a comprehensive
evaluation of soil quality. The results indicated significant
variation in the evaluation scores of groups 1~3#, whereas the
scores for groups 4~6# exhibited less fluctuation. Notably, the
evaluation results peaked at a maximum value of 62.60% within
group 5. The study further uncovered that organic matter can
notably enhance soil planting performance. Specifically, when the
organic matter addition rate was set at 12% and the amendments of

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1462404

Wang et al.

habitat materials addition rate at 3%, oat growth status was optimal.
Taking these factors into account, the study suggests adopting a 5#
mass ratio, with a composition of sediment: amendment of habitat
100:3:12:4, for ecological
restoration projects aiming to achieve optimal oat growth and

material: organic matter: cement

effective ecological renewal.

4.3 Comparative analysis of different
evaluation results

The weight values differed among the three methods used for
calculation, but the evaluated results showed a consistent trend of
change: the lowest value was observed in group 3#, while the highest
was in group 5#. Specifically, the analysis yielded results of 60.00%
using the CRITIC method, 62.89% for the SQI method, and 62.60%
for the SQI-CRITIC combined model based on the least squares
method. Studies indicate that organic matter promotes plant growth,
and amendment of habitat materials aid in organic matter
decomposition (Jiang et al., 2021; Guo et al, 2023). However,
excessive amounts of organic matter and amendment of habitat
materials can inhibit plant growth. In this study, the least squares
method was utilized to combine the weights derived from the SQI
and CRITIC methods, enabling quantification of assessment results
and model establishment. The calculated results showed differences
within 15% compared to the other two methods, validating the
scientific rigor of our research. Results obtained from the combined
model were slightly lower than those from the SQI method,
suggesting greater accuracy and alignment with actual conditions
using the SQI-CRITIC combined model based on the least squares
method. The evaluation system covers growth indices, gas exchange
parameters, and stomatal characteristics, providing a
comprehensive and professional assessment framework that is
scientifically sound and practical. These findings can serve as a
valuable reference for

quantitatively evaluating vegetative

performance in planting substrates based on Yellow River sediment.

5 Conclusion

In order to improve the scientificity of the evaluation results of
the planting performance of Yellow River sediment-based planting
substrate, this study used Yellow River sediment to prepare the
planting substrate, used oats to conduct the planting experiments,
and proposed a combined SQI-CRITIC assignment calculation
method based on the least square method. After comparing the
calculation results of both SQI and CRITIC methods, the
conclusions are as follows:

(1) Different cement and ecological agent contents produced
significant changes in the planting performance of the planting
substrate based on Yellow River sediment. Within the 5# mix
ratio, the plant height (12.5 cm) and biomass (3.06 g) of oats
reached extreme values. Photosynthetic rate (1.97 ymolen2es™!)
and transpiration rate (0.25 mmolem 2es™!) were significantly
higher than the other fitness ratio components (P < 0.05), while
the stomatal width (87.03 pum) was the largest and stomatal density
(19.6%) was the lowest (P < 0.05).
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(2) The findings obtained by the SQI-CRITIC combined model
employing the least squares (LS) method are scientifically
valid, more accurate, and realistic.

(3) The study demonstrates that organic matter can significantly
enhance the planting performance of soil, particularly when
the proportion of organic matter added is 12%, which results
in the optimum plant growth performance. Consequently, it
is recommended to utilize the mass ratio of sediment,
amendment of habitat material, organic matter, and
cement mixture = 100:3:12:4 in ecological restoration.

Due to the limitations of time and test site conditions, the test
results were not verified by a large number of tests, which will be the
focus of future research. The results of the study can provide a reference
for the quantitative evaluation of the planting performance of planting
substrate based on Yellow River sediments and a theoretical basis for the
evaluation of soil quality, soil and water conservation control, and
ecological construction in the Yellow River Basin.
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