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Abstract: In soilless culture, a suitable mixed substrate that provides a balanced and stable rhizosphere environment is vital for
promoting plant growth. The present study was undertaken to establish seven prediction models of physical and chemical
properties, including bulk density (DB), total porosity (TP), water-holding porosity (WHP), air porosity (AP), WHP/AP,
electrical conductivity (EC) and cation exchange capacity (CEC) of mixed substrate based on regression equations of measured
values from 76 substrate combinations. These seven models were verified using the measured values of 12 mixed substrates,
and the average relative prediction errors (REs) were all less than 10%. A comprehensive property prediction model was
established by weighted summation of the seven models of physical and chemical properties. According to the set values of
DB, TP, WHP, AP, WHP/AP, EC and CEC, the comprehensive property model predicted the six mixture proportions of
mixed-substrate, as verified using the measured values. This study is the first to establish prediction models for the physical
and chemical properties of mixed substrates. The comprehensive property model could be used to evaluate the physical and
chemical properties of commercial mixed substrates, and to provide the optimal mixture substrate formulations according to the

setting property value of production requirement.
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1 Introduction

Soilless plant culture is a cultivation method that does not use
soil to support the plant growth, among which mainly involves
containerization of plant roots within porous rooting medium
known as ‘substrate’ or ‘growing media’l. Compared with
soil-based cultivation, the suitable substrate can provide a balanced
and stable rhizosphere environment containing water, gas and
fertilizer as well as in the absence of weeds, insects, and pathogens,
which is the most important to promote plant growth and improve
yield or quality””. As a result, commercial soilless substrate
productions have become increasingly important for plug-seedlings
as well as the production of agronomic and horticultural crop
species over the last 50 years!],

Nowadays, with continuous expansion of the substrate

Received date: 2020-04-01 Accepted date: 2020-07-13

Biographies: Binbin Gong, MS, research interests: greenhouse environment
engineering and soilless culture, Email: yygbb@hebau.edu.cn; Ning Wang, MS,
research interests: soilless culture, Email: 524590452@qq.com; Tiejun Zhang,
Researcher, research interests: automatic control of protected horticulture, Email:
zhangtj@hebau.edu.cn; Shao Li, PhD, research interests: soilless facilities,
Email: lishao@aape.org.cn; Xiaolei Wu, PhD, research interests: protected
vegetable and soilless culture, Email: yywxl@hebau.edu.cn; Jing Tian, PhD,
research interests: soilless facilities, Email: tianjing@ aape.org.cn; Jingrui Li,
PhD, research interests: protected vegetable and soilless culture, Email:
yyljr@hebau.edu.cn; Guiyun Lyu, PhD, research interests: protected vegetable
and soilless culture, Email: yylgy@hebau.edu.cn.

TThe authors contributed equally to this work.

*Corresponding author: Hongbo Gao, PhD, Professor, research interests:
protected vegetable and soilless culture. College of Horticulture, Hebei

Agricultural University, Lekai South Street 2596, Baoding 071001, Hebei, China.

Tel: +86-312-7528314, Email: hongbogao@hebau.edu.cn.

Establishment and verification of prediction models for
Int J Agric & Biol Eng, 2021; 14(2): 9-18.

cultivation area, an increasing number of substrate types are being
used in crop production, including organic materials such as peat
moss, coconut coir, tree bark, biochar and mushroom residue and
inorganic materials such as vermiculite, perlite and sand*”.
According to a recent investigation on substrate utilization in China,
the demand for solid substrate annually is approximately 50 million n’,
including 15 million m® for vegetables, 10 million m® for
landscaping, 8 million m® for rice seedlings, 8 million m® for
soilless cultivation and 9 million m® for soil restoration!®.
Generally, the physical and chemical properties of any substrate
employed on its own are limited, leading to difficulties in meeting
the needs of crop growth®™'®l  Therefore, substrates mixed
together at various proportions are widely used in agronomic and
horticultural production. During the substrate mixed process, the
formulation of different substrate proportion should be adjusted
according to the characteristics of used single substrate and
different crops to meet the needs of plant growth for the root
environment'’.  However, there is currently no standardized
method to evaluate whether the properties of the mixed substrate
can meet the needs of plants, and the design of the substrate mixed
formulation is also mainly based on limited data from proportional
experiments or farmer’s experiencel®'!!,

Many studies have shown that new substrates offer more
option to replace the conventional substrate in physical and
chemical properties mainly manifested in suitable water-holding
and air-holding capacities as well as ion content and ion adsorption
capacity. Vaughn et al.”) demonstrated that the result of mixed
substrate with potato digestate: wood biochar improving growth of
tomato plants was better than control substrate of peat: vermiculite;
Kuisma et al.'?! evaluated that ground reed canary grass may be
used to replace peat or coir in soilless culture of strawberry; Lei et
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al.l"l demonstrated that the substrate of hydroponically grown
long-mat seedlings could replace the traditional substrate or
nutritive soil in rice seedling production. However, the physical
and chemical properties such as bulk density, ion content and ion
adsorption capacity of substrates, especially organic substrates,
exhibit significant differences among regions!'*'”,  which
sometimes leads to the growth and yield attained with mixed
substrates vary obviously under different cultivation practices!'®'”.
At present, most of commercial mixed substrates sometimes have
difficulty to meet the needs of crop varieties, which may lead to
slowed growth, reduced yields and other serious consequencest’'®,
The main reason is that these mixed formulations were selected
based on small-scale experiment or experience may not be optimal,
and the experimental results closely relied on the environment of
the facility!"**"! and management technology!?'%, which made it
difficult to replicate results and apply them in production.
Therefore, the investigation of a simple method for predicting the
physical and chemical properties of mixed substrates and the
mixture proportions of different substrates is necessary to improve
the production quality of agronomic and horticultural crops.
Multivariate regression analysis can provide scientific and
quantitative information on the relationships among variable, which
is widely used in fields involving agricultural production, such as
greenhouse irrigation management'”?), plant nutrient element
detection and analysis™>*?*, and crop yield analysis™®’. Similarly,
this technique is also the best method for investigating soilless
substrates to date, such as analyses of physical and chemical
properties and the proportions prediction of different substrates in
mixtures. Therefore, this paper try to establish the prediction
model between the mixture proportions and the target properties of
the substrate by the parameters analysis of the multiple regression
equations, which based on designed the substrate mixed
formulation and determination of the physical and chemical
properties of the mixed substrate. Furthermore, a comprehensive
performance model will be established by weighted summation of
the individual property prediction models. The comprehensive
performance model will determine the best mixed formulation by
genetic algorithm under the condition of setting the target
characteristic value. The result will provide a simple and scientific
method for property evaluation and formulations design of mixed
soilless substrate for agronomic and horticultural production.

2 Materials and methods

2.1 Single-substrate materials and design of mixed-substrate
formulations

This study was conducted in the College of Horticulture as
well as Collaborative Innovation Center of Vegetable Industry in
Hebei Agricultural University from 2017 to 2019. In this
experiment, five kinds of single-substrate materials were collected
from commercial substrate company, including vermiculite
(Lingshou Lvjin Seedlings Substrate Processing Co., China), peat”
(Liaoning Chuangu Agricultural Technology Co., Ltd., China),
coconut coir (Pelemix Ltd., Israel), mushroom residue (Lingshou
Lvjin Seedlings Substrate Processing Co., China), and perlite
(Lingshou County Haoqian Mineral Powder Processing Factory,
China).  All the individual substrates were dried in an 80°C oven
to constant dry mass and prepared to mix. The mixture ratios of
the substrates were designed according to the simplex lattice
method®®*!) in Minitab 17. In this method, the five kinds of
substrate (vermiculite, peatm, coconut coir, mushroom residue and
perlite) were evaluated as the five main factors by changing their

proportions simultaneously and keeping their total proportion
across all formulations constant. The ratio of single-substrate
factor X; was restricted in accordance with the constraint conditions
of Equation (1).

XitXo+XGHX+X=1, 0<X:<I (=1,2,3,4,5) €))
where, X, X, X3, Xy and X5 represent the volume ratios of the
individual substrates.

A total of 76 substrate mixtures were formulated employing
eight different volume ratios of individual substrates, i.e., 0, 0.1,
0.2, 0.25, 0.5, 0.6, 0.75 and 1 (Table 1). The mixed substrate of
every formulation was mixed uniformly according to the volume
ratio of individual substrate in the laboratory and kept the amount
of each mixed substrate was 1.2 L. Then 76 mixed substrate were
divided into 6 equal parts respectively to determine the every value
of physical and chemical properties.

Table1 Formulation numbers and volume ratios
(vermiculite: peat®: coconut coir: mushroom residue: perlite)
of the mixed substrates

Number Substrate ratio Number Substrate ratio
1 0.5:0:0:0.5:0 39 0.1:0.1:0.1:0.1:0.6
2 0:0:0.25:0.25:0.5 40 0:1:0:0:0
3 0.75:0:0:0.25:0 41 0:0.5:0.25:0.25:0
4 0.75:0:0:0:0.25 42 0.25:0.25:0:0.5:0
5 0:0.5:0:0.5:0 43 0.25:0:0.25:0.5:0
6 0:0.25:0:0:0.75 44 0.25:0.5:0:0.25:0
7 0:0:0.75:0.25:0 45 0:0:0:0.25:0.75
8 0.25:0.25:0:0:0.5 46 0:0:0.5:0:0.5
9 0.25:0.5:0.25:0:0 47 0:0:0:1:0
10 0.1:0.1:0.1:0.6:0.1 48 0:0:0.25:0:0.75
11 0.5:0.25:0:0.25:0 49 0.1:0.6:0.1:0.1:0.1
12 0:0:0.75:0:0.25 50 0.25:0:0:0:0.75
13 0:0.5:0.25:0:0.25 51 0.25:0.25:0.25:0:0.25
14 0:0:0.5:0.5:0 52 0:0:0.25:0.75:0
15 0.25:0.25:0:0.25:0.25 53 0.5:0:0:0.25:0.25
16 0.25:0:0:0.5:0.25 54 0:0.5:0.5:0:0
17 0:0.25:0.25:0.25:0.25 55 0.5:0:0:0:0.5
18 0.25:0.5:0:0:0.25 56 0.2:0.2:0.2:0.2:0.2
19 0:0.25:0.75:0:0 57 0:0:0:0.5:0.5
20 0:0.25:0.25:0.5:0 58 0.6:0.1:0.1:0.1:0.1
21 0:0.25:0:0.75:0 59 0:0:0.25:0.5:0.25
22 1:0:0:0:0 60 0.5:0:0.5:0:0
23 0:0.25:0:0.25:0.5 61 0.25:0:0:0.75:0
24 0.25:0:0.5:0.25:0 62 0:0:0:0:1
25 0:0:1:0:0 63 0:0.75:0.25:0:0
26 0.25:0.25:0.25:0.25:0 64 0.5:0.25:0.25:0:0
27 0:0.25:0.25:0:0.5 65 0:0.5:0:0:0.5
28 0.5:0:0.25:0.25:0 66 0:0.25:0:0.5:0.25
29 0.25:0.25:0.5:0:0 67 0:0.5:0:0.25:0.25
30 0.25:0:0:0.25:0.5 68 0.1:0.1:0.6:0.1:0.1
31 0.25:0:0.25:0.25:0.25 69 0.25:0:0.25:0:0.5
32 0.25:0:0.75:0:0 70 0.25:0.75:0:0:0
33 0.5:0.25:0:0:0.25 71 0.75:0.25:0:0:0
34 0.5:0.5:0:0:0 72 0:0:0:0.75:0.25
35 0.25:0:0.5:0:0.25 73 0.5:0:0.25:0:0.25
36 0.75:0:0.25:0:0 74 0:0.75:0:0.25:0
37 0:0.25:0.5:0:0.25 75 0:0.75:0:0:0.25
38 0:0.25:0.5:0.25:0 76 0:0:0.5:0.25:0.25

2.2 Determination of the physical and chemical properties of
the mixed substrates

The investigated physical properties of the substrates were the
bulk density (DB), total porosity (TP), water-holding porosity
(WHP), air porosity (AP), WHP/AP, which were determined using
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loosely packed cores in accordance with the methods of Vaughn et
al.l' and Webber et al.®® The examined chemical properties
included electrical conductivity (EC) and cation exchange capacity
(CEC). The value of DB was calculated by dividing the mass (g)
of mixed substrate by the volume (cm®). The value of AP and
WHP, which represent the space occupied by air and water,
respectively, in the mixed substrate, were each expressed as
percentage (%) after dividing the volume of pore diameters greater
than 0.1 mm or the volume of pore diameters between 0.001-
0.1 mm by the mixed substrate volume. The value of TP was
calculated as the sum of AP and WHP for each mixed substrate
formulation.  The value of EC was used to quantify the
concentration of soluble salts, which was measured by the filtrate
of mixed substrate and water mixed at ratio of 1:5 (v: v) for 1 h in
accordance with the method of Belda et al.™ using an HI9813
portable EC meter (Hanna Instruments, Woonsocket, RI, USA).
The CEC value was determined by the ammonium acetate
extraction method at pH 7.0 according to Sparks’s method™.
The measurement of each physical and chemical property was
replicated six times. Each property listed in the table was the
average value of six replicates, which was also used to establish
regression equations.
2.3 Establishment and verification of prediction models for
each physical and chemical property
2.3.1 Establishment of regression equations

Regression equations of Equation (2) were established using
the ratios of the individual substrates (vermiculite, peat(D, coconut
coir, mushroom residue and perlite) as independent variables to
evaluate the responses of DB, TP, WHP, AP, WHP/AP, EC and
CEC.

{Y=(fl(X),fz(X),fz(X),ﬁ(X),fs(X),fe(X),fv(X),)T @)
Ji(X) =0uf (%) + 0ia f (X2) + 013 [ (%3) + Bia f (x4) + Oy f (x5)
where, Y is the model of each physical or chemical property of
mixed substrate (with fj(X) representing the DB model, £(X)
representing the TP model, f;(X) representing the WHP model,
f4(X) representing the AP model, f5(X) representing the WHP/AP
model, f5(X) representing the EC model and f;7(X) representing the
CEC model). fi(X) is a function of mixed substrate, f{x;), f(x,),
fx3), fixy) and f{xs) are the functions of the vermiculite, peat,
coconut coir, mushroom residue and perlite composition
respectively, and 0; is the coefficient of function (j=1, 2, 3, 4, 5).

2.3.2 Establishment of prediction models of the individual
physical and chemical properties of mixed substrates

Based on the established regression equation for each physical
or chemical property, linear equations of all the physical and
chemical properties were derived, and it was determined that the
values of individual parameters were similar to the coefficients of
the linear equations. Seven prediction models of the physical and
chemical properties of mixed substrate were constructed according
to the association degree, as shown in Equation (3), in which the
equation coefficients were replaced with measured property values.

Z=(Z\(X), Z2(X), Z5(X), Zu(X), Z5(X), Z6(X), Z7 (X))

Zi(X) = anx; + Xy F Gi3Xs F 0aXy T GysXs )
where, Z is the new model of the physical or chemical properties of
the mixed substrates; Z;(X) is the structure of the model, which is a
linear equation (with Z,(X) representing the new DB model, Z,(X)
representing the new TP model, Z;(X) representing the new WHP
model, Z4(X) representing the new AP model, Z5(X) representing
the new WHP/AP model, Z4(X) representing the new EC model and
Z3(X) representing the new CEC model); and ¢ is the value of a

single parameter (j=1, 2, 3, 4, 5).
2.3.3 Verification of the accuracies of the prediction models of
physical and chemical properties

Seven substrates, which were vermiculite (Lingshou Lvjin
Seedlings Substrate Processing Co., China), peat” (Liaoning
Chuangu Agricultural Technology Co., Ltd., China), coconut coir
(Pelemix Ltd., Israel), mushroom residue (Lingshou Lyvjin
Seedlings Substrate Processing Co., China), peat” (Pindstrup,
Denmark), cassava residue (Huai'an Chaimihe Agriculture Science
and Technology Co., Ltd., China) and vinegar residue (Jiangsu
Peilei Substrate Technology Development Co., Ltd., China) were
combined into 12 different mixed substrates (Table 2) to detect the
physical and chemical properties. The mixed substrate of every
formulation was mixed uniformly according to the volume ratio of
individual substrate and kept the amount of each mixed substrate
was 1.2 L. Then it was divided into 6 equal parts respectively to
determine the every value of physical and chemical properties.
Relative error was used to analyse the degree of conformity
between the measured physical and chemical properties of the
mixed substrates and the predicted values from the regression
equations. The REs of the predicted and measured values of the
physical and chemical properties of the newly produced mixed
substrates were analysed to verify the stability and accuracy of each
physical or chemical property prediction model.
_ Russe )

Sample average

Table 2 Mixed-substrate formulations and associated volume
ratios used to verify the property prediction models

Formulation Composition of mixed substrate
S1 Peat” : mushroom residue: vermiculite=2:6:2
S2 Peat”: mushroom residue: vermiculite=5:3:2
S3 Peat”: mushroom residue: vermiculite=7:1:2
S4 Vinegar residue: peat”: vermiculite=2:6:2
S5 Vinegar residue: peat”: vermiculite=5:3:2
S6 Vinegar residue: peat”: vermiculite=7:1:2
S7 Cassava: coconut coir: vermiculite=2:6:2
S8 Cassava: coconut coir: vermiculite=5:3:2
S9 Cassava: coconut coir: vermiculite=7:1:2
S10 Peat”: cassava: vinegar residue =1:2:7
S11 Peat”: cassava: vinegar residue =2:3:5
S12 Peat”: cassava: vinegar residue=4:4:2

2.4 Determination of weight coefficients and construction of
the comprehensive property model
2.4.1 Construction of the comprehensive property model

The seven independent DB, TP, WHP, AP, WHP/AP, EC and
CEC models were combined into a comprehensive property model
(Equation (5)) by weighted summation. In this comprehensive
property model, the optimal value of each parameter of the
substrate had to be set separately, such as DB, TP,, WHP,, AP,
WHPy/AP,, ECy and CEC,. In the future use of the model, the
optimal values can be set according to the needs of the researcher.
Refer to the literature™™'” to determine the suitable physical and
chemical properties of the substrates: 0.19-0.7 g/cm® for DB,
50%-85% for TP, 45%-64% for WHP porosity, 10%-30% for AP,
1:2-4 for WHP/AP, 0.5-1.6 mS/cm for EC, and 10-100 cmol/kg for
CEC. Accordingly, in this study, DB, was set to 0.29, TP, was
set to 0.79, WHP,, was set to 0.59, AP, was set to 0.20, WHP/AP,
was set to 0.34, EC, was set to 0.84, and CEC, was set to 28.35.
The comprehensive property model was then established, which
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can be used to obtain the optimal substrate formulation.
minZ=y\minZ,+y,minZy~+...+y;minZ, %)

where, Z is the model equation for the physical or chemical
property of the mixed substrate; Z; represents the new DB model;
Z, represents the new TP model; Z; represents the new WHP model;
Z4 represents the new AP model; Zs represents the new WHP/AP
model; Zg represents the new EC model; and Z; represents the new
CEC model; y, is the weighted coefficient (i=1, 2, 3, 4, 5, 6, 7).
242 Setting the weight coefficients of the comprehensive
property model

The target parameters, such as DB, TP, WHP, AP, WHP/AP,
EC and CEC, were standardized and then subjected to principal
component analysis. The principal component with a feature root
greater than 1 and a cumulative contribution rate that reached 80%
were selected to establish a weight coefficient (Equation (6)).

Vi= 2o wufi |k (6)
where, u,,, is the coefficient of the decision substrate of the target
indicator in each principal component analysis and k=f,+f,+...+0,,
is the covariance contribution rate of the principal components.

2.5 Optimal substrate formulations obtained from the
comprehensive property model

Genetic algorithm®®*?®! was used to identify the non-inferior
solution set of the function as the optimization formulation. The
genetic algorithm was used for multi-objective optimization of the
comprehensive property model based on the following parameter
settings: population size, 20; crossover probability, 0.8; mutation
probability, 0.2; and maximum evolution number, 100. The
substrates used for verification includes vermiculite (Lingshou
Lvjin Seedlings Substrate Processing Co., China), coconut coir
(Pelemix Ltd., Israel), mushroom residue (Lingshou Lvjin Seedlings

®

Substrate Processing Co., China), peat™ (Pindstrup, Denmark),
perlite (Lingshou County Haoqian Mineral Powder Processing
Factory, China), cassava residue (Huai'an Chaimihe Agriculture
Science and Technology Co., Ltd., China) and vinegar residue
(Jiangsu Peilei Substrate Technology Development Co., Ltd.,
China). They were mixed according to the optimization formulation,
The mixed substrate kept the amount as 1.2 L, then it was divided
into 6 equal parts and was determined the physical and chemical
properties respectively. The degree of deviation between the
measured value and the predicted value was analysed via the RE to
test the prediction accuracy of the optimization formulation.
2.6 Statistical analysis

The data of physical and chemical properties of mixed

substrate were pre-processed by Microsoft Excel 2016. The
regression equations of the physical and chemical properties and
principal component analysis were calculated and performed,
respectively, via SPSS 22.0. The multi-objective optimization
analysis was performed using the genetic algorithm tool in the
optimization toolbox of MATLAB R2018a, and the search results
were statistically analysed using SPSS 22.0 software.

3 Results

3.1 Physical and chemical characteristics of the mixed
substrates

The values of DB, TP, WHP, AP, WHP/AP, EC and CEC
significantly differed among the 76 formulations containing 5
substrates in different proportions (vermiculite, peat(D, coconut coir,
mushroom residue, perlite) (Table 3). Across the formulations,
the values of DB ranged between 0.12 and 0.46 g/cm’, the values
of TP ranged between 56.82% and 82.05%, the values of WHP
ranged from 38.93% to 71.14%, the values of AP ranged from
4.61% to 24.51%, the values of EC ranged from 0.02 to 1.65 mS/cm
and the values of CEC ranged from 10 to 61.25 cmol/kg. The
formulation comprised only of vermiculite (No.22) had the highest
WHP and the lowest AP, EC, and the CEC values among the
substrate mixtures. As the proportion of vermiculite in the
substrate increased, the values of WHP increased, whereas the
values of AP, EC and CEC changed little. The formulation
containing only coconut coir (No.25) had the highest TP value and
the lowest DB value among the formulations and high WHP value.
As the proportion of coconut coir in the formulation increased, the
values of TP and WHP rapidly increased, whereas DB values
underwent minor changes. The formulation containing only peat”
(No0.40) had the highest DB value among the substrate mixtures
and higher values of AP, EC, and CEC.

peatﬁ; in the substrate increased, the values of DB, AP, EC, and

As the proportion of

CEC increased significantly. The formulation containing only
mushroom residue (No.47) had the highest EC value among the
substrate mixtures and high values of DB, TP, WHP, and CEC.
The values of EC, DB, TP, WHP and CEC in the mixed substrate
greatly increased as the proportion of mushroom residue increased.
The formulation containing only perlite (N0.62) had the highest AP
value among the formulations and lower values of DB, WHP, EC
and CEC. As the proportion of perlite in the substrate increased,
AP greatly increased, whereas DB, WHP, EC and CEC did not
significantly change.

Table 3 Physical and chemical properties of the 76 mixed-substrate formulations

Formulation DB/g-cm” AP/% WHP/% TP/% WHP/AP EC/mS-cm’ CEC/cmol kg™
1 0.31 12.57 61.50 74.07 0.20 0.87 39.00
2 0.20 19.19 49.49 68.69 0.39 0.62 29.25
3 0.29 7.64 65.57 73.21 0.12 0.46 21.75
4 0.18 9.36 65.66 75.03 0.14 0.02 12.00
5 0.38 17.55 57.20 74.75 0.31 124 47.75
6 0.22 12.06 44.76 56.82 0.27 0.24 20.75
7 0.20 17.05 60.93 77.97 0.28 0.85 37.75
8 0.23 9.36 52.42 61.78 0.18 0.20 15.50
9 0.27 10.84 60.59 7143 0.18 0.52 23.50
10 0.30 18.03 62.61 80.64 0.29 121 39.25
11 0.33 11.05 61.67 72.72 0.18 0.65 24.50
12 0.14 13.97 61.01 74.98 0.23 0.44 20.75
13 0.25 13.57 53.75 67.32 0.25 0.51 23.00
14 0.23 20.24 61.12 81.35 0.33 1.16 49.00
15 0.29 10.13 57.82 67.95 0.18 0.69 33.00
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Formulation DB/g-em™ AP/% WHP/% TP/% WHP/AP EC/mS-cm’ CEC/cmol-kg™!
16 0.23 14.44 54.16 68.60 0.27 0.79 28.50
17 0.26 19.73 5435 74.08 0.36 0.81 29.75
18 0.28 13.11 54.48 67.59 0.24 0.37 20.50
19 0.24 12.76 63.32 76.08 0.20 0.60 30.50
20 0.33 19.50 58.65 78.15 0.33 1.07 39.50
21 0.36 20.34 56.02 76.35 0.36 1.48 54.75
22 0.24 6.67 71.14 77.81 0.09 0.02 10.00
23 0.27 20.56 4829 68.85 0.43 0.55 21.50
24 0.19 10.04 63.09 73.14 0.16 0.77 25.75
25 0.12 11.92 67.52 79.44 0.18 0.67 21.75
26 0.30 14.00 61.69 75.69 0.23 0.86 33.50
27 0.22 12.08 51.07 63.15 0.24 0.33 20.00
28 0.25 9.79 61.75 71.55 0.16 0.59 20.75
29 0.24 8.96 63.19 72.16 0.14 0.52 20.50
30 0.20 1271 4930 62.01 0.26 0.40 1875
31 0.23 11.24 60.22 71.46 0.19 0.62 29.00
32 0.18 6.38 69.30 75.68 0.09 0.41 21.50
33 0.26 1033 56.99 67.32 0.18 0.21 16.25
34 0.34 11.69 5836 70.05 0.20 0.46 2250
35 0.16 8.01 61.65 69.66 0.13 0.29 27.25
36 0.26 461 69.52 74.13 0.07 0.15 11.00
37 0.22 14.92 4857 63.49 0.31 0.52 19.00
38 0.28 13.67 63.14 76.81 0.22 0.87 29.00
39 0.21 10.87 54.83 65.70 0.20 0.36 1725
40 0.43 17.46 57.00 7425 0.31 0.87 27.25
41 0.32 17.59 58.56 76.15 0.30 0.85 30.50
9 0.38 19.12 62.94 82.05 0.30 1.04 25.00
43 0.33 18.07 63.91 81.97 0.28 1.00 38.50
44 0.35 12.03 59.95 71.98 0.20 0.75 32.00
45 0.20 16.67 44.80 61.47 0.37 0.47 2625
46 0.14 12.68 50.66 63.34 0.25 0.32 21.75
47 0.34 22.68 53.74 76.42 0.42 1.65 54.75
48 0.16 13.48 49.65 63.13 0.27 0.17 1475
49 0.34 16.47 57.64 74.11 0.29 0.72 27.50
50 0.17 1457 50.44 65.01 0.29 0.03 1425
51 0.25 7.24 60.95 68.19 0.12 0.36 1875
52 0.28 2451 5432 78.84 0.45 1.36 53.00
53 0.24 9.43 5731 66.73 0.16 0.40 24.00
54 0.28 15.84 59.45 75.29 0.27 0.69 34.75
55 0.19 7.49 58.78 66.27 0.13 0.02 2325
56 0.26 9.70 58.99 68.69 0.16 0.68 28.50
57 0.25 19.47 50.16 69.63 0.39 0.96 51.25
58 0.27 7.00 66.58 73.58 0.11 0.34 1825
59 0.23 20.70 51.56 7226 0.40 1.01 3425
60 0.21 8.68 69.12 77.80 0.13 0.35 26.25
61 0.32 19.61 5838 77.99 0.34 130 53.00
62 0.13 23.05 38.93 61.98 0.59 0.05 10.75
63 0.34 17.19 58.39 75.58 0.29 0.74 28.00
64 0.29 8.32 61.25 69.58 0.14 0.35 19.75
65 0.29 1228 50.50 62.78 0.24 037 18.50
66 0.32 20.92 51.88 72.80 0.40 0.93 36.00
67 0.30 11.72 52.00 63.72 0.23 0.49 28.50
68 0.21 13.43 67.10 80.53 0.20 0.60 26.00
69 0.17 8.03 51.15 59.18 0.16 0.15 12.75
70 0.34 16.56 57.05 73.62 0.29 0.61 19.75
71 0.29 7.30 68.39 75.69 0.11 0.19 1475
72 0.32 20.19 5227 72.46 0.39 1.23 61.25
73 0.18 7.59 60.92 68.51 0.12 0.15 1225
74 0.46 14.68 57.63 7231 0.25 0.89 26.50
75 0.33 20.93 52.64 73.57 0.40 0.57 24.00
76 0.18 20.50 55.13 75.62 0.37 0.73 30.50

Note: DB: bulk density; TP: total porosity; WHP: water-holding porosity; AP: air porosity; EC: electrical conductivity; CEC: cation exchange capacity. The same
abbreviation definitions apply in the tables that follow.
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3.2 Seven prediction models of the physical and chemical
properties of mixed substrates
3.2.1 Regression equations of physical and chemical properties
Since no multi-collinearity was identified among the volume
ratios of the individual substrates (as independent variables),
regression equations were constructed (Table 4) based on the ratio
of each substrate (vermiculite, peatﬁ; , coconut coir, mushroom
residue and perlite) and used to evaluate the responses of DB, TP,
WHP, AP, WHP/AP, EC and CEC. All the regression equations
were linear equations and the adjusted correlation coefficient (Rzadj)
values of the regression equations for DB, TP, WHP, AP, WHP/AP,
EC and CEC were 0.92, 0.80, 0.85, 0.80, 0.79, 0.97 and 0.82,
respectively. Analysis of variance applied to the regression
equations revealed that all equations were significant at p<0.0001.
The regression coefficients indicated that these equations could be
used to evaluate the contributions of individual substrates to the

DB, TP, WHP, AP, WHP/AP, EC and CEC of a mixed substrate.
The factors X, (the volume ratio of peat®) and X; (the volume ratio
of mushroom residue) had more significant effects on the DB of the
substrate mixture than did the other factors; factors JX; (the volume
ratio of coconut coir) and Xj (the volume ratio of mushroom residue)
had more significant effects on TP than did the other factors; factor
X, (the volume ratio of vermiculite) had a more significant effect on
WHP than did the other factors; the factors X, (the volume ratio of
mushroom residue) and X, (the volume ratio of peat®) had more
significant effects on AP than did the other factors; and factor X,
(the volume ratio of mushroom residue) had more significant
effects on EC and CEC than did the other factors. The results of
this analysis were consistent with those of the single-substrate
analysis.  The coefficients of the correlations between the
regression equation factors and the measured values corresponding
to individual substrates were greater than 0.999, indicating high fit.

Table 4 Analysis of variance results for the regression equations for DB, TP, WHP, AP, WHP/AP, EC, and CEC

Property Regression equation SS MS F p-value Rzadj,
DB Y1=0.251X;+0.417X>+0.146X5+0.354X4+0.137 X5 0.339 0.085 219.07 0.0001 0.92
TP Y,=73.0X,+71.79X,+77.56X5+79.29X4+56.29X5 0.182 0.046 75.99 0.0001 0.80

WHP ¥3=70.19X,+55.84X,+65.5X5+55.6 X41+41.47 X5 0.268 0.067 110.90 0.0001 0.85
AP Y,=2.81X,+15.98X,+12.06X5+23.69X,+14.82X5 0.125 0.031 75.35 0.0001 0.80

WHP/AP ¥5=0.011X;+0.279X>+0.18 1.X3+0.421.X4+0.349.X5 0.562 0.140 72.99 0.0001 0.79

EC Y6=0.044.X,+0.739.X>,+0.609.X5+1.660X4+0.025 X5 9.800 2.450 727.61 0.0001 0.97
CEC Y7=11.01.X,+25.41.X,+26.13X3+59.48X4+14.46. X5 8088.62 2022.16 85.90 0.0001 0.82

Note: X, X2, X3, X4 and X5 represent the volume ratios of the individual substrates.

3.2.2 Seven prediction models of the physical and chemical
properties of mixed substrates

Based on the regression equations, seven prediction models of
the physical and chemical properties of substrate mixtures were
established using the measured values of the physical and chemical
properties of the component substrates as coefficients (Table 5).
The sensitivities of the seven models were analysed to assess their
reliability. The results showed that the REs of the DB, TP, WHP,
AP, WHP/AP, EC and CEC model values and the predicted values
from the regression equations were 3.85%, 3.61%, 1.63%, 12.99%,
12.38%, 7.38% and 10.12%, respectively. These low RE values
demonstrated that the deviations between the models and
regression equations were small and that the seven models can be
used to predict the physical and chemical properties of the substrate
mixtures.

Table 5 Relative prediction errors between the simulation

value and the predicted value from the regression equation for
each physical and chemical property of the substrate mixtures

Model of the physical and chemical properties

Property of the substrate mixture REs
DB Zi=A1 X+ A X0t AKX, 3.85%
TP Z,=BiX\+BoXot...+ BuXy 3.61%

WHP 2=CIXi+CXot.. .+ CoXy 1.63%
AP Z=D\X+D2Xot. ..+ DpXy 12.99%

WHP/AP Zs=E\XitEXot.. 4+ EnXy 12.38%

EC Z=FIXitFoXot. .+ FolXy 7.38%
CEC Z=G\ Xt G Xot. . .+ GouXa 10.12%

Note: 4;, B;, C;, D, E;, F;, and G; represent weight ratios for DB, TP, WHP, AP,
WHP/AP, EC, and CEC of the component substrate, respectively. X; represent
volume ratio of individual component substrate, respectively. REs: relative
prediction errors.
3.2.3 Verification of the seven prediction models of the physical
and chemical properties of mixed-substrate formulations

The seven prediction models of physical and chemical

properties were verified using 12 substrate mixtures made from 7
substrates: peat”, cassava residue, vinegar residue, peat®, coconut
coir, mushroom residue and vermiculite. Based on the
determinations of the physical and chemical properties of the 7
component substrates, the values of the physical and chemical
properties of the 12 mixtures were predicted using the DB, TP,
WHP, AP, WHP/AP, EC and CEC prediction models (Table 6).
The REs of DB, TP, WHP, AP, WHP/AP, EC and CEC obtained
by comparing the predicted and measured values of the 12 mixtures
were 7.12%, 2.81%, 2.20%, 6.36%, 7.51%, 9.35% and 7.52%,
respectively. These REs indicated small deviations between the
simulated and measured values, confirming that the seven models
were reliable and effective.
3.3 Weight coefficients and establishment of the comprehensive
property model
3.3.1 Weight coefficients of the comprehensive property model
Compared with the seven prediction models of DB, TP, WHP,
AP, WHP/AP, EC and CEC, the comprehensive property model
was more useful for finding the optimal mixed substrate
formulation.  The weight coefficient of each physical and
chemical property in the substrate mixtures were obtained by
principal component analysis for DB, WHP, AP, WHP/AP, EC and
CEC in the substrate mixtures. The characteristic roots of
principal components 1 and 2 were greater than 1, and their
cumulative variance contribution rate reached 82.76%, as shown in
Table 7. Therefore, the seven physical and chemical properties of
DB, TP, WHP, AP, WHP/AP, EC and CEC could be divided into
two principal components which could explain the differences
between substrates. Table 8 presents the linear combination
coefficients of the physical and chemical properties and their
combination coefficients for principal components 1 and 2. The
weight coefficients of DB, TP, WHP, AP, WHP/AP, EC and CEC
were calculated as 0.1501, 0.1936, 0.0854, 0.1197, 0.0657, 0.2035,
and 0.1821, respectively (Table 8).
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Table 6 Verification of the seven models by comparing the predicted and measured values of individual substrates and
mixed-substrate formulations

Substrate/formulation DB/g-cm” TP/% WHP/% AP/% WHP/AP EC/mS-cm’ CEC/cmol-kg!
peat” 0.47 68.87 58.56 1031 0.18 0.28 17.75
Cassava 0.65 65.93 54.50 11.43 0.21 1.30 4250
peat © 0.14 86.28 65.56 20.72 0.32 0.26 35.50
Sfé‘gtgrie Vinegar residue 0.33 81.69 55.79 25.90 0.46 1.61 34.50
Coconut coir 0.21 79.78 58.52 21.26 0.36 0.13 16.25
Mushroom residue 0.26 80.42 52.79 27.63 0.52 1.08 36.75
Vermiculite 0.24 80.06 70.16 9.90 0.14 0.01 9.50
S1 0.23 81.52 58.82 22.70 0.41 0.70 31.05
S2 0.19 83.28 62.65 20.63 0.34 0.45 30.68
S3 0.17 84.45 65.21 19.24 0.30 0.29 30.43
S4 0.40 73.67 60.33 13.35 0.23 0.49 19.45
S5 0.35 77.52 59.50 18.02 0.31 0.89 24.48
Predicted S6 0.32 80.08 58.94 21.14 0.37 1.15 27.83
value S7 0.31 77.07 60.05 17.02 0.29 0.34 20.15
S8 0.44 7291 58.84 14.07 0.24 0.69 28.03
S9 0.52 70.14 58.04 12.11 0.21 0.93 33.28
S10 0.37 79.00 56.51 22.49 0.40 1.41 36.20
Si1 0.39 77.88 57.36 20.52 0.36 125 37.10
S12 0.38 77.22 59.18 18.04 0.30 0.95 38.10
S1 0.27 87.11 63.59 23.52 0.37 0.80 28.75
S2 0.24 81.88 60.80 21.08 0.35 0.51 3525
S3 0.19 86.63 66.18 20.45 0.31 0.36 30.25
S4 0.39 75.68 62.29 13.39 0.22 0.56 21.25
S5 0.32 7791 59.79 18.12 0.30 0.84 2225
Measured S6 0.33 76.29 57.54 18.75 0.33 1.15 26.75
value S7 0.28 75.64 60.29 15.34 0.25 0.35 24.00
S8 0.44 71.77 58.67 13.11 0.22 0.80 31.75
S9 0.50 71.37 60.14 1123 0.19 0.96 36.00
S10 0.39 80.33 57.37 22.96 0.40 1.52 38.00
Si1 0.36 81.38 57.67 23.71 0.41 1.10 37.50
S12 0.40 74.43 57.96 16.47 0.28 0.85 36.25
S1 15.30% 6.42% 7.49% 3.50% 9.55% 12.00% 8.00%
S2 17.73% 1.71% 3.05% 2.15% 1.05% 10.40% 12.98%
S3 8.37% 2.51% 1.47% 5.88% 231% 19.00% 0.58%
S4 2.72% 2.65% 3.14% 0.33% 5.43% 12.16% 8.47%
S5 10.41% 0.50% 0.49% 0.52% 3.33% 5.72% 10.00%
Relative S6 0.91% 4.98% 2.44% 12.77% 13.80% 0.29% 4.02%
prediction error S7 8.10% 1.89% 0.41% 10.94% 13.17% 4.56% 16.04%
S8 0.42% 1.59% 0.29% 7.37% 8.35% 13.25% 11.73%
S9 4.46% 1.72% 3.49% 7.81% 13.09% 3.17% 7.57%
S10 4.98% 1.66% 1.51% 2.04% 0.48% 7.28% 4.74%
Si1 6.28% 430% 0.54% 13.44% 12.91% 13.65% 1.07%
S12 5.72% 3.76% 2.12% 9.52% 6.60% 10.67% 5.10%
RE 7.12% 2.81% 2.20% 6.36% 7.51% 9.35% 7.52%

Table 7 Principal component analysis of the physical and chemical properties of substrate mixtures

Principal component number Eigen value Variance contribution rate/% Accumulation/%
1 3.614 51.630 51.630
2 2.180 31.136 82.766
3 0.698 9.972 92.738
4 0.426 6.084 98.821
5 0.069 0.982 99.803
6 0.011 0.154 99.958
7 0.003 0.042 100.000
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Table 8 Linear combination coefficients of principal
components and property weights

Linear combination coefficient

Property Weight
PC1 PC2

DB 0.2877 0.2483 0.1501
TP 0.2388 0.5397 0.1936
WHP -0.1390 0.6433 0.0854
AP 0.4768 -0.2123 0.1197
WHP/AP 0.4164 -0.3727 0.0657
EC 0.4824 0.1837 0.2035
CEC 0.4554 0.1249 0.1821

3.3.2 Establishment of the comprehensive property model

By weighted summation, the seven prediction models of DB,
TP, WHP, AP, WHP/AP, EC and CEC were combined into a
comprehensive property model.  According to the set values of the
physical and chemical properties, namely, DB,, TP,, WHP,, AP,
WHP/AP,, EC, and CEC,, the comprehensive property prediction
model was obtained based on the weight coefficients using
Equation (7).

minZ =yyminZ, +y,mnZz, + L+ y; minZ,

=11 x\[(Dby — Z,) + 12 x\[(TR, — Z,)* + ys x| OVHP, — Z:)? +
/ 'HP, (7
74><\/(APO—ZA)2 +75X% VZPO _Zs)2 + 76 X J(ECy — Zs P+
0
102 % 7, x\[(CEC, — Z,)?

where, Z is the model equation for the physical or chemical
property of the substrate mixture; Z; represents the new DB model;
Z, represents the new TP model; Z; represents the new WHP model;

Z, represents the new AP model; Zs represents the new WHP/AP
model; Zs represents the new EC model; and Z; represents the new
CEC model.
3.4 Determination of the optimal mixed-substrate formulation
by the comprehensive property model
3.4.1 Setting the optimal initial values of physical and chemical
properties for mixed substrate

To predict the optimal mixed-substrate formulation, the

optimal values of the physical and chemical properties must be set
in advance. In the present study, the initial values of DB, TP,
WHP, AP, WHP/AP, EC and CEC were set to 0.29, 0.79, 0.59,
0.20, 0.34, 0.84, and 28.35, respectively; these values are
commonly used for vegetable seedlings. The comprehensive
property model was thus established as Equation (8).

minZ = 0.1501x+/(0.29 - Z,)* +0.1936 x/(0.79 — Z,)* +

0.0854x/(0.59 — Z;)* +0.1197 x/(0.20 — Z,)* +
0.0657 x+/(0.34 — Zs)* +0.2035x /(0.84 — Z)* +
102 % 0.1821x+/(28.35— Z,)

3.4.2 Genetic algorithm-based multi-objective optimization
Using the initial values of DB, TP, WHP, AP, WHP/AP, EC
and CEC in Equation (9), six kinds of optimization results were
obtained, which are shown in Table 9. The compounding
agreeability values of the six optimization results were all greater
than 0.9, which indicated that the optimization results are
acceptable. Formulations 3, 4, 5 and 6 represent new

®)

formulations containing peat® cassava residue and vinegar residue,
demonstrating that the multi-objective optimization process can
select substrates according to requirements and local conditions.
Formulation 2, containing peat®, mushroom residue and perlite at a
ratio of 2:7:1 and formulation 5, containing vermiculite, mushroom
residue, and cassava at a ratio of 3:5:2, achieved results highly
matching the set objective, with compounding agreeability values
of 0.98 and 0.95. These values indicated that the predicted
parameters well matched the expected values.
3.4.3 Verification of the multi-objective optimization results

The physical and chemical properties of the mixed-substrate
formulations were determined according to the six optimization
formulations (Table 10). Regarding the seven properties (DB, TP,
WHP, AP, WHP/AP, EC and CEC) of the substrate mixtures,
formulation 5 yielded the lowest RE value of 5.94%, and
formulation 1 yielded the highest value of 11.38%.  The
deviations between the predicted and measured values for the
optimization formulations of the substrate mixtures were small,
which indicated that the optimization results were reliable.

Table 9 Multi-objective optimization for target parameter prediction

Predicted parameters

Formulation Compour}@ing
DB/g-cm’ TP/% WHP/% AP/% WHP/AP EC/mS-cm”  CEC/cmol-kg” agreeability
PI 0.27 76.99 55.43 2156 0.40 0.84 2839 0.94
P2 0.29 76.29 52.65 23.62 0.46 0.81 3035 0.98
P3 0.28 80.86 59.95 2091 0.35 0.84 2373 0.93
P4 0.23 83.27 6033 2294 0.38 0.84 2725 0.92
P5 0.33 76.43 57.84 19.07 0.37 0.84 3073 0.95
P6 031 79.26 6137 17.8 031 0.84 23.04 0.93

Note: P1: Vermiculite: peata)

coir: peat‘@: vinegar residue =1:2:2; P5: Vermiculite: mushroom residue: cassava residue =3:5:2; P6: Vermiculite: peat‘@: vinegar residue =4:1:5

: mushroom residue=2:1:7; P2: peat"z: mushroom residue: perlite=2:7:1; P3: Vermiculite: coconut coir: vinegar residue =2:3:5; P4: Coconut

Table 10 Measured values of the physical and chemical properties of substrate mixtures and relative prediction errors

Formulation DB/g-cm™ TP/% WHP/% AP/% WHP/AP EC/mS: cm’ CEC/cmol-kg™! RE/%
P1 0.31 88.43 6431 24.13 0.38 1.015 29.75 1138
P2 0.34 78.43 56.6 21.83 0.39 0.974 35.25 10.68
P3 0.26 76.72 56.93 19.79 0.35 0.903 28.75 727
P4 0.19 84.22 58.58 25.64 0.44 0.801 3025 8.91
P5 037 77.19 57.99 19.21 0.33 0.914 33.5 5.94
P6 0.35 74.38 57.94 16.45 0.28 0.848 2325 6.21
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4 Discussion

In a previous study, approximately 50-60 different types of
substrates produced in different regions were blended together in
different proportions to create mixed substrates close to optimal in
terms of meeting plant growth requirements''”’.
have attempted to identify suitable substrate formulations for
different crops by conducting small-scale experiments with single

substrates at different ratios in the greenhouse or field. Ren et

Many researchers

al.B’7) reported that a suitable substrate for the growth of tomato
seedlings was a formulation of coconut coir and perlite at a ratio of
2:3 (viv). Yang et al.B® reported that the growth of Capsicum
frutescens L. var. shuanlaense seedlings was the best when the
seedlings were grown in mixed substrate containing vegetable
garden soil, perlite, vermiculite, and nutrient soil at a volume ratio
of 1:2:2:5. Palencia et al.l" found that strawberry plants grown
on agro-textile-type substrate produced significantly more fruit
than those grown in other substrates. The above results indicate
that different crops have different requirements in terms of the
physical and chemical properties of a substrate, and the same crop
may benefit from different substrate formulations at different
growth stages. Therefore, it is impossible to identify the most
suitable substrate for a crop through experimental screening of
large numbers of mixed substrates. According to the research, it
was expected to build a model that can predict the physical and
chemical properties of the mixed substrate based on the physical
and chemical properties of a single material to replace the
cumbersome formulation test. Firstly, the regression equations
between the physical and chemical properties of the mixed
substrate (DB, TP, WHP, AP, WHP/AP, EC and CEC) and the
ratio of its constituent substrates were constructed by the method of
mixture design (Table 1), which has a wide range of applications in
food ingredient optimization™*', All the regression equations
were linear equations, and the high correlation coefficient values
for ¥, (R%,5=0.92), Y (R%,4;=0.80), Y3 (R*,=0.85), Y, (R*,=0.80),
Y5 (R*4i=0.79), Y5 (R%,4;=0.97) and Y¥; (R*,;;=0.82) indicated good
fit. The regression equations were all significant (p<0.0001)
(Table 4).

The regression model could explain the relationship between
the variable and the response well. Juarez-Maldonado et al.[**]
multiple regression models to calculate greenhouse tomato daily
evapotranspiration and transpiration rates.
built a regression model to determine the variables that had the
greatest influence on blueberry yield. Ulissi et al.”®! compared
the spectral reflectance values of leaf and N-NO; concentration
chemical value by partial least squares chemometric multivariate
methods to evaluate the possibility and the accuracy of the
estimation of tomato leaf nitrogen concentration performed.

used

Retamales et al.”*

However, the variables of the regression model were usually fixed
in these studies, and the equation could not be used when the
variable changed. According to analysis on the values between
coefficients of the regression model and the physical and chemical
properties single substrate,
single-property prediction models were

of a seven mixed substrate
constructed ~ with
coefficients that can change with the addition of substrate. The
prediction models for the individual properties were as follows:
DB, Z, =A\X| + X+ ...+ 4,X,; TP, Z, =B\ X| + BoX, + ... +
B.X,; WHP, Z; = C\X] + CoXp + ... + CX,; AP, Zy= DX + D)X,
+ ...+ D,X,; WHP/AP, Z5 = E\X, + E2X,+ ... + E X,; EC, Z; =

Fle + F2X2 +..+ F,,Xn; CEC, Z7 = G7X1 + G2X2+ o Gan

Twelve substrate formulations (Table 2) composed of seven
individual substrates were used to validate the models. The REs
for DB, TP, WHP, AP, WHP/AP, EC and CEC were 7.12%, 2.81%,
2.20%, 6.36%, 7.51%, 9.35% and 7.52%, respectively, validating
the models (Table 6).

To create a single, more broadly applicable model of physical
and chemical properties, the seven physical and chemical property
models were constructed as a comprehensive property model
through linear programming in genetic algorithm, which was an
effective  method to solve multi-objective optimization.
Thangadurai et al.l* used genetic algorithm to find out the optimal
solution for Citrus canker disease identification and solution.

Mansini et al.*

reviewed various portfolio optimization models
that can be solved by linear programming. Kanagaraj et al.[*¥
a hybrid

reliability-redundancy

developed cuckoo search algorithm to solve

optimization problems and global
optimization problems, respectively. This model can be used to
calculate optimal mixed substrate formulations based on the
set-optimal values of the properties of mixed substrate. In this
study, the weight coefficient of each physical and chemical
property in the mixed substrate was obtained by the principal
component analysis (Table 7, Table 8). DB, was set to 0.29, TP,
was set to 0.79, WHP, was set to 0.59, AP, was set to 0.20,
WHPy/AP,was set to 0.34, EC,was set to 0.84, and CEC, was set
to 28.35.The comprehensive performance model was constructed
by genetic algorithm, and six highly matched substrate
formulations and their predicted values of physical and chemical
properties were obtained (Table 9). RE analysis of the predicted
and measured values of the six substrate formulations (Table 10)
was conducted. The REs between predicted and measured values
for the six substrate formulations were 11.38%, 10.68%, 7.27%,
8.91%, 5.94% and 6.21%, respectively.

the expected values of the physical and chemical properties of

In practical applications,

substrate mixture should be selected according to the cultivation
season and crop. The results of this study provide a simple and
scientific method for predicting the properties of substrate and for
formulating soilless substrates. This study provides important
insights that can aid the production and utilization of optimal
mixed substrate by researchers and farmers for agronomic and

horticultural crop cultivation.
5 Conclusions

Seven prediction models of physical and chemical properties
(DB, TP, WHP, AP, WHP/AP, EC and CEC) of mixed substrate
were constructed based on the regression equations of the
determination values of 76 substrate combinations. The models
were verified using the measured values from 12 mixed-substrate
formulations. A comprehensive property model was established
by weighted summing of the seven models of physical and
chemical properties and was verified using the measured values of
6 mixed-substrate formulations. Constructed with a large amount
of data, the obtained prediction model could effectively predict the
physical and chemical properties of mixed substrate and the
mixture proportions.
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