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Abstract: To address the problems of inadequate water and fertilizer retention performance of
the substrate, which results in the waste of water and fertilizer resources and then contributes to
existing agricultural non-point source pollution, this study selected raw materials with different water
retention performances for substrate compounding and explored their water retention performance
and impact on the growth, yield and quality of strawberries. The experimental setup utilized
the strawberry cultivar “Hongyan” as the test subject and incorporated different proportions of
vermicompost, coconut bran, biochar and humic acid into the organic fertilizer. A total of 12 treatment
groups were formed across three gradients, involving different proportions of vermicompost with
0.05, 0.10 and 0.15 proportions of coconut bran/biochar and 0.05, 0.15 and 0.20 proportions of humic
acid. To evaluate the water retention performance, uniform water and fertilizer regulations were
applied. The results revealed that the treatment groups T4 (vermicompost:coconut bran = 0.5:0.1)
and T5 (vermicompost:biochar = 0.5:0.1) exhibited higher water absorption multiplicity, lower water
infiltration rates, and better water retention performances, but there was no significant difference
between the two treatment groups. Among them, T4 could effectively improve the nutrient content of
the substrate, and the substrate nitrogen-use efficiency (NUE) increased by 5.80% compared with CK2.
Also, plant total nitrogen (TN) and total phosphorus (TP) uptake increased by 81.18% and 4.74%,
respectively, compared with CK2, which in turn promoted the growth and development of the plant
and improved the fruit yield and quality to a certain extent. Meanwhile, T4 had the highest urease
and catalase activities, with sucrase activity ranking second only to T1. In contrast, T5 demonstrated
greater effectiveness in improving the average fruit weight and maximum fruit weight, registering
increases of 22.98% and 36.22% compared to CK2, respectively, but the effect on the total yield was
less pronounced. A comprehensive evaluation of strawberry growth found that the T4 treatment
was superior. In conclusion, the ratio of vermicompost and coconut bran at 0.5:0.1 improved and
promoted the substrate water retention performance and strawberry growth.

Keywords: water retention; coconut bran; biochar; humic acid; strawberry

1. Introduction

Strawberries (Fragaria x ananassa Duch.) are rich in minerals and trace elements
such as calcium, iron, phosphorus, zinc and others, which boast pro-digestive and anti-
aging effects [1]. Together with their delectable flavor profile, strawberries have endeared
themselves to a wide public audience. In the United States, strawberries are the fourth-
highest-selling crop in California, with approximately 90% of strawberries growing in
the state and bringing over $2 billion in revenue to the United States in 2020 [2]. As the
world’s largest exporter of strawberries, Spain exported 304,300 tons of strawberries in
2017, accounting for 84.43% of its total strawberry production that year [3]. At present,
strawberries in China are mainly cultivated in greenhouses with excessive irrigation and
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fertilization, which will cause a series of problems, such as substantial water wastage,
reduced efficiency of fertilizer use, soil compaction and agricultural non-point source
pollution. Perennial strawberry cultivation is susceptible to the accumulation of diseases
and pests, resulting in continuous cropping obstacles that adversely affect crop develop-
ment, crop yield and fruit quality [4,5]. Therefore, improving water retention capabilities
through substrate enhancement and the selection of water retention materials becomes
imperative. Vermicompost is the organic matter excreted after digestion and decomposition
by earthworms. It boasts high fertility and porosity and an abundance of organic matter,
nitrogen, phosphorus, potassium and other nutrients. It can improve soil fertility, enhance
soil aeration and increase water retention owing to its granular structure [6,7]. The test
results of Zhang et al. [8] showed that the content of soil aggregates and water-stable
aggregates was positively proportional to the content of applied vermicompost under the
same fertilization amount. Baghbani-Arani A. [9] also discovered that the application of
vermicompost enhanced the soil organic carbon content, improved soil physicochemical
conditions, and increased the biological yield of chili under water-deficient conditions.
Biochar, characterized by an expansive surface area and porosity, enhances soil’s pore
structure and water retention capacity, in addition to adsorbing and stabilizing organic
and inorganic substances in the soil. It facilitates the acceleration of strawberries entering
the fruiting stage and prolongs the strawberry supply cycle. Santos J.A. [10] investigated
the effect of biochar addition on water retention in tropical soils of different textures and
observed a 62% enhancement in typical tetrads, a 38% increase in old mature soils, and
an 18% improvement in leached soils. It has been reported that the addition of biochar
can improve soil aggregates, increase the average soil water content, and alleviate issues
associated with poor soil water retention [11]. Coconut bran is rich in cellulose and phe-
nolic substances, which offer effective water and fertilizer conservation properties. It
provides better aeration and water retention than ordinary substrate, all while remaining
cost-effective and readily accessible, with a loose texture [12]. However, studies have found
that [13] the nutrient elements contained in coconut bran substrate may not suffice to meet
the nutritional needs of plants in terms of concentration and proportion, so it needs to be
supplemented. Therefore, the formulation of a composite substrate in specific proportions
proves to be more suitable for cultivation. Yang Yi et al. [14] showed that with the increase
in coconut bran application, the soil bulk density decreased, along with improvements in
porosity and water content to a certain extent. Humic acid possesses the ability to augment
the soil’s cation exchange capacity, improve the soil’s aggregate structure, raise fertilizer
utilization, and maintain a soil acid-base balance [15,16]. Research indicates that biological
humic acid could improve the soil’s capacity for water conservation and drought resistance,
boosting soil water retention and root water absorption [17]. The experimental findings of
Hou et al. [18] showed that the application of humic acid immensely bolstered the water
and fertilizer retention capacity of mixed sandy soils. Moreover, Bigelow C. et al. [19] also
showed that humic acid had the ability to mitigate the hydrophobicity of soil.

This study aims to improve the physical and chemical properties and water retention
performance and explore its performance in actual planting by using agricultural waste for
composting. This involves incorporating different ratios of water-retaining raw materials
into the substrate after proper decomposition. After that, the formulated substrate is
applied to strawberry planting, carrying out unified water and fertilizer management,
observing and recording the strawberry growth process, and realizing the alleviation of
surface source pollution and saving water resources.

2. Materials and Methods
2.1. Test Materials

Sheep manure, rapeseed cake, coconut bran and vermicompost were purchased from
Hefei Chenghui Ecological Agriculture Co., Ltd. (Hefei, China). Humic acid was obtained
from the CPS Green Farming Group of the Plant Protection Institute of the Chinese Academy
of Agricultural Sciences (CASA, Hefei, China). Biochar was supplied by Hefei Debo
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Bioenergy Technology Co., Ltd. (Hefei, China). Strawberry seedlings were provided by
Anhui Academy of Agricultural Sciences (AAAS, Hefei, China). The integrated water
and fertilizer equipment was acquired from Hebei LvZhiXin Agricultural Equipment
Technology Co., Ltd. (Hefei, China).

2.2. Experimental Methods

The experiment was conducted at Zhongke Wisdom Agricultural Collaborative In-
novation Research Institute, Changfeng County, Hefei City, Anhui Province (117°27" E,
31°96’ N). During the preliminary testing period, waste substrate and organic fertilizer
were piled up for aerobic composting at a mass ratio of 2:1.1. The moisture content of
the heap was maintained at 60%, with a pH between 7 and 8. Also, daily temperature
measurements of the heap were taken at 4:00 p.m. throughout the stacking period to
assess the extent of decomposition. According to the comprehensive consideration of the
water retention performance, air permeability and nutrient content of the substrate, the
decomposed organic fertilizer was mixed with different proportions of vermicompost,
coconut bran, biochar and humic acid to prepare the raspberry planting substrate (ratios
refer to Tang et al. [20], Su et al. [21] and Si et al. [22]). Specifically, 12 treatment groups
were set in the experiment (as detailed in Table 1).

Table 1. Treatments with different substrate (mass ratio) ratios.

Treatments = Waste Substrate ~ Organic Fertilizer = Vermicompost Coconut Bran Biochar Humic Acid
T1 2 1.1 1 0.05 - -
T2 2 1.1 1 - 0.05 -
T3 2 1.1 1 - - 0.01

CK1 2 1.1 1 - - -
T4 2 1.1 0.5 0.1 - -
T5 2 1.1 0.5 - 0.1 -
T6 2 1.1 0.5 - - 0.02

CK2 2 1.1 0.5 - - -
T7 2 1.1 1.5 0.15 - -
T8 2 1.1 1.5 - 0.15 -
T9 2 1.1 1.5 - - 0.05

CK3 2 1.1 1.5 - - -

Notes: The organic fertilizer was composted from sheep manure and rapeseed cake. -: means not added.

The strawberry variety for the test was ‘Hongyan’, and it was planted in Septem-
ber 2022. Prior to planting, the strawberry plants were thoroughly watered, and during
the first week after planting, they received ample irrigation. After that, the amount of
watering was adjusted to promote the growth of the root system while observing the
growth of new roots. By reducing a certain amount of irrigation to test the water reten-
tion of the substrate, the irrigation amount of the strawberry growth process was set at
80% ETo = 2680 m®/hm? (ET represents the reference crop evapotranspiration [23,24]), and
the fertilization amount was 2112.5 kg/hm?. Drip irrigation belts were paved on elevated
cultivation, and the integrated water and fertilizer equipment was employed for water
and fertilizer application. Strawberry planting was completed in the greenhouse. During
the planting process, artificial regulation could be carried out according to the air and soil
sensors, which reflected the state of the temperature and humidity. When the temperature
was too high, we took measures such as ventilation, shading, or sprinkling cooling to cool
it down. When the temperature was too low, we used heaters or covered the mulch film to
increase the temperature. The temperature was controlled between 5 °C and 28 °C, and the
humidity was between 60% and 80% throughout the planting period. The lighting time
should be as long as possible to meet 8 h. When the lighting is extremely inadequate during
the winter, additional lighting can be used.
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2.3. Measurement Indicators and Methods
2.3.1. Physical and Chemical Properties of Substrate

The pH value was measured using a pH meter (STARTER 3C), which was manu-
factured by OHAUS Instruments Co., Ltd. (Shanghai, China). The bulk density, total
porosity and aerated porosity were determined following the conventional agrochemi-
cal analysis method. Total nitrogen was determined using Kjeldahl automatic nitrogen
determination. Moreover, the organic matter was assessed through the potassium dichro-
mate oxidation-external heating method. Fast-acting potassium was quantified using the
ammonium acetate leaching method. The effective phosphorus content was determined
by the molybdenum-antimony colorimetric method. And the exchangeable calcium and
magnesium were determined by an atomic absorption spectrophotometer.

2.3.2. Water Retention Analysis of Different Substrates

For each treatment, a consistent volume of air-dried matrix was weighed and placed
into a non-woven bag (M), followed by subsequent weighing (M;). These bags were,
respectively, placed in water and soaked for a full 24 h period, ensuring complete saturation.
On the second day, the bags were removed from the water and hung until there was no
water dripping, and the time from the beginning of the dripping (t1) to the time of no water
dripping (t») was recorded. The weight of the bags was measured again (M), and the
water quality (M3) was determined in the water cup below where the water had dripped.
The bag weight after no water dripping was set to the mass of the first day (E;), and the
second weighing (E;) was carried out after 24 h. Continuous measurement was carried out
until the mass did not change (Ej,s;). After 5 days, the water content of the matrix was Ws.

Aw =My — My — My)/M; (1)

Sy (g/min) = M3/ (M + M3)(t, — t1) ()
E: (g/h) = (En — En41)/24 3)

Ws =E5 — My — M; (4)

Notes: Ay means matrix water absorption ratio; S, means matrix seepage rate; E,
means matrix evaporation rate.

2.3.3. Utilization and Uptake of Nitrogen and Phosphorus of Substrates and Plants in
Different Treatments

The utilization rates of nitrogen and phosphorus in the substrate were ascertained
through the collection of runoff tail water and water-soluble fertilizer stock solutions. Total
nitrogen (TN) was determined using potassium persulfate digestion and UV spectropho-
tometry, while total phosphorus (TP) was determined by employing ammonium molybdate
spectrophotometry. Plant samples were nitrated with Hy5O4-H,O,, distilled under alkaline
conditions, absorbed by boric acid absorption solution, and titrated with the sulfuric acid
standard solution in order to determine the content of TN in plants, and the content of TP
was determined by ICP-MS after digestion. The matrix nitrogen and phosphorus utilization
rate formulas are as follows:

_RENZIN . G009 pup = RER—TP

NUE RF RF

x 100% (5)

Notes: NUE—matrix nitrogen utilization efficiency; PUE—matrix phosphorus utilization
efficiency; RFy—total nitrogen content in the original solution of water-soluble fertilizer;
RFp—total phosphorus content in the original solution of water-soluble fertilizer.

2.3.4. Plant Growth Index

The plant height, leaf length and leaf width of new leaves of strawberry plants
were measured, respectively, during both the growth and harvesting phases, utilizing
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a straightedge. The leaf area (LA) was calculated according to the modified formula
LA =0.7366 x L x W — 0.1971 [25]. The thickness of plant stems was measured using
vernier calipers, while chlorophyll was determined by means of a portable chlorophyll
meter, the SPAD-502 Plus.

2.3.5. Fruit Yield and Quality

Upon the ripening of strawberries with the same maturity, a harvesting interval
of 2~3 days was maintained. The yield and weight of maximum fruits were measured.
The quality of fruit at the full fruit stage was determined. What is more, the soluble
solids were determined by the Atago PAL-2 portable refractometer. Titratable acid was
titrated with sodium hydroxide, while soluble sugar and reducing sugar were determined
following the GB 6194-86 method. Moreover, the vitamin C content was determined by
2,6-dichloroindophenol titration.

2.4. Data Processing and Analysis

The test data were processed utilizing Microsoft Office Excel 2016. The Statistical
Package for the Social Sciences (SPSS) 26.0 was used for the one-way analysis of variance
(ANOVA) procedure. When p < 0.05, the differences were considered statistically significant
according to Fisher’s LSD test. The data were standardized by SPSS and then subjected
to principal component extraction to establish a comprehensive evaluation formula and
finally, to calculate its comprehensive score. Graphic plots were generated using Origin
2023.

3. Results and Analysis
3.1. Analysis of Water Storage Performance of Different Substrates
3.1.1. Analysis of Physical Properties of Different Substrates

Except for T1, the bulk density in all groups was lower than that of the CK group,
although the differences were not statistically significant. The air-water ratio of T4 and T5
was the lowest, while CK3 and T7 were the highest. There was no significant difference
between T4 and T5, as well as between CK3 and T7 (Table 2). In Figure 1, T6 had the highest
total porosity, with no significant difference when compared to CK2. The porosity of T1,
T2 and T4 was lower than that of CK1 and CK2 by 2.59%, 3.46% and 9.72%, respectively,
with a significant difference (p < 0.05). What is more, CK2, CK3 and T7 have the highest
ventilation porosity, while T4 and T5 have the lowest porosity, of which T4 and T5 were
reduced by 42.11% and 37.04%, respectively, compared with CK2. Additionally, T5 and
T9 in water-holding porosity were significantly higher than those in the other groups, but
there was no significant difference between them.

Table 2. Bulk density and air-water ratio of different substrates.

Treatments Bulk Def,,‘S‘ty Air-Water Ratio
(g/cm?)
T1 050+ 0.01a 021+0.01e
T2 0.45 £ 0.01 bed 0224+0.00g
T3 0.48 £ 0.01 abc 0.24 £0.00d
CK1 0.49 £0.01 ab 0.23 £0.00d
T4 041+0.02d 0.18 +0.01f
T5 0.41£0.01d 0.19 £0.01 f
T6 0.43 £0.01d 0.27 £0.01c
CK2 0.45 + 0.01 abcd 0.324+0.01b
T7 0.42 £0.05d 0.34£0.01a
T8 0.44 £0.01cd 0.28 £ 0.00 ¢
T9 0.48 £ 0.01 abc 0.234+0.00d
CK3 0.50 £ 0.02 a 035+ 001a

Notes: All the measured data are shown as mean + standard deviation (SD). N = 3. Different small letters after

data in the same column indicate significant difference between treatments (p < 0.05).



Agronomy 2024, 14, 205

6 of 22

2.25

2 2.00f
S 1.75¢
§ 150}
=

8125}
2 100}
< 0.75F
=

Los0f
lav]

= 0251

0.00

]ZZ | AR Water holding porosity g¥%X§ Ventilation porosity
So—efed a\%%hga{
70—§§‘§\§§§Y\
22 AMAMMNANN
- NAANANANN
i N INARRNNNNANN
DANNNNNNNN

0 I I I | ! I I I I |

T1T T2 T3 CK1 T4 T5 Té6 CK2 T7 T8 T9

Treatments

Figure 1. Total porosity, aeration porosity and water—holding porosity of different substrates. All
the measured data are shown as mean + standard deviation (SD). Different small letters indicate
significant differences between different treatments (p < 0.05).

3.1.2. Analysis of Water Absorption Parameters of Different Substrates
Water Absorption Multiplicity, Percolation Rate and Water Content

The water absorption ratios for different matrix treatment groups are illustrated in
Figure 2a. There were significant differences in the water absorption of multiple different
substrates. The water absorption ratio for T4~T6 treatment groups was higher, with
increments of 10.81%, 15.32% and 18.32% in comparison to CK2, respectively. Within
this group, T5 and T6 were significantly higher than the other groups, and there was no
significant difference between T5 and T6. The water absorption ratios for T1~T3 were
relatively low, and T1 was the smallest, showing no significant difference when compared
to CK1.
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Figure 2. Water absorption ratio, seepage rate and water content of different treatments. (a) water
absorption ratio of treatments. (b) water seepage rate of treatments. (c) water content of treatments.
All the measured data are shown as mean = standard deviation (SD). Different small letters indicate
significant differences among different treatments (p < 0.05).
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As depicted in Figure 2b, after adding different water retention materials, the water
infiltration rate of the substrate was reduced to different degrees. Notably, T4~T6 treatments
were more effective compared with CK2, and the water infiltration rate was reduced by
38.08%, 43.93% and 39.72%, respectively. The differences among these three treatment
groups were not statistically significant. The seepage rates of T1~T3 decreased by 9.54%,
3.18% and 10.98%, respectively, compared with CK1. Also, there were no significant
differences between T2 and CK1. Compared with CK3, the T7~T9 treatments decreased by
20.54%, 22.52% and 34.65%, respectively.

In all the treatment groups, except for the T3 and T6 groups, the water content of all
the other groups witnessed varying degrees of increase when compared with the CK, in
which the water content of the T4 and T5 treatments was significantly higher than that
of the other groups, but there was no significant difference between T4 and T5, as shown
in Figure 2c. The average water content within the matrix incorporating three different
water-retaining materials followed the following order: coconut bran-mixed (T1, T4 and
T7), biochar-mixed (T2, T5 and T8), and humic acid-mixed (T3, T6 and T9) substrates.

Evaporation Rate

As can be seen from Figure 3, the evaporation rate of different substrates showed a
gradual decline with an increasing testing time. This decline was more pronounced in
the first 10 days, after which it slowed down, bringing about a decreased rate of change.
Moreover, the evaporation rate of the treatments tended to be the same after a plateaued
state. What shall be noticed is that the evaporation rates of the three groups, T1, T4 and T7,
were significantly lower than those of the other groups (p < 0.05), while CK2 exhibited a
relatively high rate of evaporation. Around the fifth day of the experiment, the evaporation
rates of all groups except T3 and T9 showed a flat trend and then continued to decline.

—s—T1 §§<:,- —=s—T4 —=—T7
—o—T2 —o—T5 —o—T8
‘ —a—T3 : —a—T6 —a—T9
AR
X\ E
Beh-n-n-a-a “Hen-s-g-8-8 “B=p-g-a-0-8

6 8 10121416180 2 4 6 8 10121416180 2 4 6 8 10 12 14 16 18
Time (days) Time (days) Time (days)

Figure 3. Evaporation rate of different water—retaining substrates.

3.2. Analysis of Fertilizer Retention Effect of Different Substrates
3.2.1. Analysis of Chemical Properties of Different Substrates

The EC and pH values of the matrix can reflect the salt ion concentration and acid or
alkali value in the matrix. Electrical conductivity (EC) refers to the electrical conductivity of
the solution, serving as a measure of the soil’s water-soluble salt content. An EC value that
is either too high or too low can impede crop growth. If the EC is too high, it may create a
high concentration of soluble salts that generate reverse osmotic pressure, displacing water
from the plant’s root system and causing browning or drying of the root tips [26]. This
phenomenon is the reason why overfertilization can cause seedling burning. Conversely,
if the EC is too low, the nutrients available to the plant for uptake are inadequate. If this
situation persists, it may lead to delayed plant growth and development [27]. The pH
levels of all substrates in the study fell within the range of 6.2~6.8, which was weakly acidic.
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The EC values ranged from 0.92 to 1.48 mS/cm, which was consistent with the growth
environment of strawberries. The pH and EC of the matrix treatment group added with
water-retaining materials were increased to varying degrees compared with those of the
CK. In addition, the EC of the matrix added with humic acid was higher than that of other
groups, but there was no significant difference (Table 3).

Table 3. Chemical properties of different treatments.

Treatments pH EC (mS/cm) Total Nutrients (%)
T1 6.41 + 0.22 bed 1.05 + 0.06 cd 1.65
T2 6.60 £ 0.02 ab 1.19 £ 0.09 abcd 1.90
T3 6.71£0.22a 1.10 £ 0.05 cd 1.88

CK1 6.25 £ 0.09 cd 1.03+0.13 cd 1.66
T4 6.52 + 0.02 abc 1.05 £ 0.09 cd 2.66
T5 6.60 £ 0.24 ab 148 +0.12a 2.48
T6 6.35 £ 0.03 bed 1.30 £ 0.11 abc 241

CK2 6.27 £+ 0.04 cd 1.14 £ 0.06 bed 2.34
T7 6.73£0.17 a 1.13 £ 0.12 bed 2.24
T8 6.67 +0.04 a 092 £0.12d 1.81
T9 6.57 £0.11 ab 1.44 £ 0.07 ab 1.86

CK3 6.25 £ 0.06 d 1.25 + 0.05 abed 1.80

Notes: All the measured data are shown as mean =+ standard deviation (SD). N = 3. Different small letters indicate
significant differences among different treatments (p < 0.05).

As shown in Figure 4, T4 had the highest total nitrogen and organic matter con-
tent, followed by T5 and T6, all of which were significantly higher than the other groups.
(p < 0.05). Compared with CK2, the total nitrogen content of T4~T6 increased by 26.95%,
8.90% and 7.27%, respectively. Likewise, the organic matter content of T4~T6 was signifi-
cantly higher than that of the other groups, witnessing an increase of 39.57%, 27.17% and
23.43%, respectively, when compared to CK2. The rest of the groups exhibited varying
degrees of improvement compared to their respective controls. What is more, T5 witnessed
the highest effective potassium content, which was significantly different from other groups
(p < 0.05), followed by T7 and T4, with no significant difference between them. T7 exhibited
the maximum effective phosphorus content, with T9 and CK3 following closely behind,
both of which differed significantly (p < 0.05). Among the exchangeable calcium content,
the T1 group had the highest levels, followed by CK1 and T2, with a significant difference
between the three (p < 0.05). Moreover, the content of exchangeable magnesium in T4 was
higher than that in other groups and had a significant difference (p < 0.05). Specifically,
the contents of T4 and T6 increased by 13.87% and 3.60%, respectively, compared with
CK2. However, T5 displayed slightly lower levels than CK2, and there was no significant
difference between them.

The contents of total nutrients (N+P,O5+K;,0) are shown in Table 3. What shall be
noticed is that the national standard for biogas residue agricultural and forestry substrates
(NY 525-2012) stipulates the technical indicators for organic fertilizer, specifying that a total
nutrient (N+P05+K;0) content (on a dry basis) of >1.5% meets the agricultural standards.
According to the nutrient content analysis, it can be concluded that the T4 group has a
higher nutrient value and can provide more adequate nutrients for the optimal growth of
strawberries.

3.2.2. Substrate Nitrogen and Phosphorus Utilization and Plant Nitrogen and Phosphorus
Uptake in Different Treatments

Nitrogen and Phosphorus Utilization of Different Substrates

The nitrogen and phosphorus utilization of different treatment substrates are shown
in Table 4. The utilization rate of matrix TN was the highest in T4, followed by T5 and T1,
with no significant difference among the three. T4 and T5 demonstrated 5.80% and 5.37%,
respectively, compared with CK2. T1 and T2 were all increased to a small extent compared
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to CK1, and T3 was slightly lower than CK1, with no significant difference. When it comes
to T7~T9, they displayed varying degrees of reduction in TN utilization compared to CK3,
T8 and T9 were significantly different from CK3 (p < 0.05). The utilization rates of TP in
T6 were the highest, followed by T2. There was a significant difference between the two
groups. In addition, T7 demonstrated the lowest TP utilization, being significantly lower
than other groups (p < 0.05).
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Figure 4. Effects of different water—retaining materials on matrix nutrients. All the measured data
are shown as mean =+ standard deviation (SD). Different small letters indicate significant differences
among different treatments (p < 0.05).

Table 4. Nitrogen and phosphorus utilization of substrates.

Treatments NUE (%) PUE (%)

T1 49.47 + 0.62 ab 5479 £025¢g
T2 46.80 = 0.59 cd 58.15+ 0.15b
T3 48.14 + 1.45 abed 56.16 + 0.16 f

CK1 48.40 + 2.57 abed 57.80 £ 0.79 bc
T4 50.20 = 0.23 a 57.71 & 0.15 bc
T5 4999 £0.18 a 5532+ 0.14 g
T6 46.20 £ 0.39 de 59.06 £0.12 a

CK2 47.45 4+ 0.99 bed 57.43 +0.31 cd
T7 48.62 + 1.29 abc 50.33 +0.31h
T8 4422 +185e 56.85 £+ 0.13 de
T9 46.63 £+ 0.57 cd 55.33£030¢g

CK3 49.39 +£0.14 ab 56.23 + 0.23 ef

Notes: NUE means nitrogen-use efficiency, and PUE means phosphorus-use efficiency. All the measured data are
shown as mean = standard deviation (SD). N = 3. Different small letters indicate significant differences among
different treatments (p < 0.05).
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Nitrogen and Phosphorus Uptake by Plants under Different Treatments

Nitrogen and phosphorus uptake in the plants were shown in Table 5, demonstrating
varied increases in TN uptake among the different treatment groups when compared to
each control group. To be more specific, T1, T2 and T3 were significantly higher than CK1 by
48.16%, 39.71% and 56.62%, respectively. T4, T5 and T6 were significantly higher than CK2
by 81.18%, 71.78% and 56.79%, respectively. In addition, T7, T8 and T9 were significantly
higher than CK3, with increments of 113.01%, 133.56% and 147.95%, respectively. The
highest TN uptake was found in T4, and this value was significantly higher than the other
treatment groups. As for the TP uptake, all treatment groups displayed a higher uptake
than their respective control groups, except for T6 and T7. T1, T2 and T3 were, respectively,
increased by 98.84%, 60.70% and 83.02%, in comparison to CK1. Also, T4 and T5 increased
by 4.74% and 24.05%, when compared with CK2. T8 and T9 increased by 9.05% and
14.03%, respectively, compared with CK3. Among them, CK2 and CK3 were, respectively,
increased by 101.16% and 105.58%, compared with CK1. TP uptake was highest in T5. It
was significantly different (p < 0.05) from each of the others.

Table 5. Nitrogen and phosphorus uptake by plants.

Treatments TN (mg/g) TP (mg/g)
T1 402+0.04e 854+0.04g
T2 3.79 £0.02 f 6.90 £0.04 i
T3 425+ 0.06d 7.87 £0.01h

CK1 2.72 +0.06 k 429 +0.02k
T4 519 £0.02a 9.06 £0.03d
T5 493 £0.03b 10.72 +0.09 a
T6 450+ 0.02¢ 6.74 +0.04j

CK2 2.87 £0.07 8.64 £0.04 f
T7 3.10 £0.03 1 6.97 +£0.041
T8 3.40 £0.05h 9.63 £0.02¢
T9 3.62+002g 10.08 £ 0.02b

CK3 1.46 +0.061 8.84 £ 0.05e

Notes: All the measured data are shown as mean + standard deviation (SD). N = 3. Different small letters indicate
significant differences among different treatments (p < 0.05).

3.2.3. Matrix Enzyme Activity under Different Treatments

The matrix enzyme activities under different treatments are shown in Figure 5. Com-
pared with CK1, the urease activity in the T1, T2 and T3 treatments were significantly
increased by 47.84%, 65.64% and 52.64%, respectively. The urease activity of T2 was the
highest, surpassing T1 and T3 by 17.80% and 13.00%, respectively, with a significant dif-
ference (p < 0.05). Compared with CK2, the urease activities of T4, T5 and T6 witnessed
significant increases by 47.39%, 12.64% and 2.09%, respectively. Notably, T4’s enzyme
activity was the highest among the treatment groups, significantly differing from all other
treatments (p < 0.05). T9 exhibited a moderate increase in urease activity, while T7 and
T8 exhibited lower levels than CK3, and there was a significant difference (p < 0.05). The
hydrogen peroxidase activity in the treated groups increased to vary in all treated groups
compared to the control group, except for T6. Catalase activity significantly increased by
91.87%, 102.18% and 101.74% in the T1, T2 and T3 treatments compared to CK1, and there
was no significant difference between T2 and T3. Compared with CK2, the catalase activity
of T4 and T5 treatments increased by 15.43% and 1.19%, while there was no significant
difference between T5 and CK2. The catalase activity of T7 was slightly lower than that
of CK3, but there was no significant difference, while T8 and T9 displayed significant
increases of 39.55% and 28.47%. T1 was the highest among the sucrase activities, followed
by T3 and T4. T1 and T3 increased by 36.35% and 29.44%, respectively, compared to CK1,
while T4 increased by 62.64% compared to CK2. Overall, the T4 treatment had the highest
urease and catalase activities, with sucrase activity ranking second only to T1.
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Figure 5. Effect of different water—retaining materials on matrix enzyme activity. (a) urease activity
in different treatments. (b) catalase activity in different treatments. (c) invertase activity in different
treatments. Numbers followed by a different letter within a panel are significantly different at
p < 0.05, according to LSD analysis.

3.3. Comprehensive Analysis
Analysis of Plant Growth Indexes of Different Treatments

From Figure 6a, it can be observed that the differences in plant height during the
growth period are relatively small, with T4 being higher and showing significant differences
(p < 0.05) compared to T1, T2, T3 and CK1. During the harvest period, the plant height
of T4 and T5 was significantly greater than that of the other groups, showing an increase
of 30.4% and 15.2% compared to CK2. However, there were no significant differences
among the three groups (p < 0.05). In Figure 6b, the growth in stem thickness is in the
order of T4 > T8 > T1, but the difference among the three was not significant. During the
harvest period, T4 had significantly higher values compared to the other groups (p < 0.05).
T3, T8, T5 and CK1 followed closely, while T7 and CK3 had significantly lower values.
No significant differences were observed between the groups. Although the leaf area of
each treatment group did not differ significantly during the growing period, the optimal
groups of leaf area were T5 > T4 > T8 > CK3 at the time of harvest. These groups were
significantly different (p < 0.05) from the T3, T7 and CK1 groups, as shown in Figure 6c.
Compared with the growth period, the chlorophyll content during the harvesting period
has significantly increased, with varying degrees of improvement. This indicates that over
time, the chlorophyll content of different treatment groups also increases, with T4 and T5
displaying higher contents, but there is no significant difference between the treatments.

3.4. Strawberry Yield and Fruit Quality
3.4.1. Strawberry Yield

The findings demonstrate an improvement in the yield of strawberries when treated
with different water-retaining substrates. The total yields of T8 and T9 were significantly
higher than other treatments (p < 0.05), with increases of 20.13% and 22.23% over the
control group CK3, respectively (Table 6). The average fruit weight of strawberries in the TS
treatment was larger and significantly higher than in the other groups (p < 0.05), showing a
23.00% increase compared to CK2. Following were T4 and T6, which were on par with CK2,
with no significant difference between the treatment groups. The maximum fruit weight
in T4, T5, and T6 increased by 15.32%, 36.29% and 22.42%, respectively, compared with
CK2. Except for the T1 and T9 treatments, the weight of the maximum fruits increased to
varying degrees in all other groups compared to their control group. The yield per plant
in T8 and T9 was significantly higher than in the control group, increasing by 20.14% and
22.24%, respectively. Following them were T7, T4, T6 and T5, with no significant difference
between these treatments.
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Figure 6. Effect of water-retaining substrate on the growth of strawberries at different stages.
(a) the plant height during growth and harvesting periods. (b) the stem thickness during growth and
harvesting periods. (c) the leaf area during growth and harvesting periods. (d) chlorophyll content
during growth and harvesting periods. Numbers followed by a different letter within a panel are
significantly different at p < 0.05, according to LSD analysis.
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Table 6. Effects of different substrates on strawberry yield.
Average Fruit Weight =~ Maximum Fruit Weight Yield per Plant
Treatments Total Yieldkg/hm?
g
T1 7.07 £ 0.03 de 1710 £0.13d 110.14 £1.15¢ 3194.28 +38.49 h
T2 6.22 £ 0.03 e 2025 £0.30c 125.85 £ 3.86 3651.14 2735 ¢
T3 6.50 £0.03 e 1990 £ 0.16 c 13321 £7.22e 3999.41 +17.22 £
CK1 7.63 £ 0.03 de 1712 £0.18d 13257 £2.79 e 3848.47 +10.14 £
T4 11.89 £ 1.59 be 23.04 £1.52b 192.82 £397b 5121.54 +49.63 ¢
T5 1551 +£1.00 a 2723 +091a 180.84 £2.57 ¢ 4885.55 +113.44d
T6 11.49 £ 0.66 bc 2446 +£1.32D 187.57 £2.79 bc 5319.21 £ 79.00 b
CK2 12.61 +£0.76 b 19.98 £ 0.52 ¢ 159.50 £2.29d 4523.16 + 64.82 ¢
T7 10.81 £ 0.55¢ 16.61 £0.68d 192,96 + 6.83 b 5472.16 +193.45b
T8 10.78 £ 0.56 ¢ 18.92 £0.18 ¢ 21592+ 243 a 6123.32 = 68.88 a
T9 8.55+1.02d 12.22 £ 0.66 e 219.71 £393 a 6230.56 &= 111.41 a
CK3 6.94 £0.58e 1299 £1.04e 179.73 £4.32 ¢ 5097.33 +122.55 ¢
Notes: All the measured data are shown as mean =+ standard deviation (SD). N = 3. Different small letters indicate
significant differences among different treatments (p < 0.05).
3.4.2. Strawberry Quality
According to Table 7, the soluble solid content of T1-T3 increased by 35.43%, 29.14%
and 2.86%, respectively, compared to CK1. Meanwhile, T4~T6 witnessed increases of
15.35%, 18.86% and 4.39%, respectively, compared to CK2. However, T7 and T8 showed
relatively modest increases of 8.71% and 7.47% compared to CK3. The content of soluble
and reducing sugars was the highest in T6, followed only by T3, CK1, and T2. In T6, both
soluble sugar and reducing sugar increased by 63.83% and 63.48%, respectively, compared
to the control group, and were significantly higher than other groups (p < 0.05). The
titratable acid was highest in T2 and lowest in T1; T2 was significantly different from the
rest of the treatment groups. The vitamin C content was highest in T2, followed by T4 and
T1, showing increases of 16.14%, 33.54% and 2.07%, respectively, compared to the control
group. In addition, T6 has the lowest vitamin C content among all treatment groups. T5 has
the highest solid—acid ratio, and T2 has the lowest, with a significant difference (p < 0.05).
T4 had a slightly lower solid—acid ratio than T5, but there was no immense difference.
Table 7. Effects of different substrates on strawberry fruit quality.
Ssogril‘;lse Soluble Sugar Titratable Acid  Reducing Sugar Vitamin C
Treatments Solid-Acid Ratio
" mg/100 g
T1 11.85+0.35a 235+021e 0.52 £0.06d 118 £0.11e 19.22 £ 0.66b 22.96 £ 3.18 ab
T2 11.30 + 0.85 ab 710 £ 0.36a 091 £0.07 a 355+£0.18a 21.87 044 a 12.50 £1.90d
T3 9.00+0.28Db 733 £0.16a 0.57 £+ 0.08 cd 3.67 £0.08 a 1241 +£147 cd 16.05 £ 1.70 bed
CK1 8.75+0.92b 729 +£0.10a 0.62 £ 0.05 cd 3.64 £ 0.05a 18.83 £ 0.26 b 14.22 £+ 0.35 cd
T4 1315+ 148a 596 + 0.08 b 0.57 £ 0.03 cd 298 +0.04b 19.97 +0.81 ab 23.17 £3.75ab
T5 1355 £2.33a 5.68 +0.37b 0.55 £ 0.04 cd 284 +£0.18Db 13.50 £ 0.57 ¢ 2488 £6.16 a
T6 11.90 £ 0.99 a 7.52+0.85a 0.59 £ 0.01 cd 376 £ 042 a 8.43 +1.56 £ 20.16 £ 1.20 abc
CK2 1140+ 127a 459 £0.16 ¢ 0.67 £ 0.08 bc 230+ 0.08c 1216 £1.36 cd 17.35 £ 4.20 bed
17 1310 £ 1.13a 6.26 +0.34Db 0.75+0.02b 313+ 0.17b 11.02 £0.14 de 17.57 £ 1.02 bed
T8 1295+ 0.35a 326 £0.12d 0.64 £ 0.01 bed 1.63 £0.06d 9.86 & 0.18 ef 20.24 +0.11 abc
T9 11.50 + 0.85 ab 583 +0.12b 0.63 = 0.03 bed 292 +£0.06 b 11.14 £ 042 de 18.31 4 2.17 abed
CK3 12.05 £ 049 a 473+0.13c¢ 0.58 £ 0.07 cd 237 £0.06 ¢ 9.27 £ 0.06 ef 20.85 + 1.65 abc

Notes: The data in the table represents mean + standard error, and different lowercase letters after the same
column of data indicate significant differences between different treatments (p < 0.05).
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3.4.3. Strawberry Principal Component Analysis
Principal Component Analysis (PCA)

To account for the possible impact caused by different dimensions, the raw data
were standardized before undergoing principal component analysis [28]. According to
the principle of eigenvalues greater than 1, four strawberry principal components were
extracted from the yield and quality indicators. These indicators include average fruit
weight, maximum fruit weight, single plant yield, total yield, soluble solids, soluble sugar,
titratable acid, vitamin C, reducing sugar, and solid—acid ratio. These four principal
components collectively explained 89.136% of the total variance. The detailed contribution
rates of the principal components are shown in Table 8.

Table 8. Eigenvalues, cumulative variance contribution and cumulative contribution of principal
components.

Principal Component Eigenvalue Contribution Rate (%) Accumulated Contribution Rate (%)
1 3.745 37.452 37.452
2 2.285 22.855 60.307
3 1.827 18.274 78.581
4 1.056 10.555 89.136
The loadings matrix of the principal components are shown in Table 9. The principal
component load matrix reflects the relative magnitude and direction of action of each trait
indicator on the principal component load. This matrix reveals the extent to which each
indicator affects the principal component and is determined based on the 0.5 principle [29,30].
By the factor rotation matrix, principal component 1 was interpreted as the total yield, yield
per plant and vitamin C; principal component 2 was interpreted as reducing sugar and
soluble sugar; principal component 3 was interpreted as the maximum fruit weight, average
fruit weight, soluble solids and solids—acid ratio; principal component 4 was interpreted
as the solids-acid ratio and titratable acid. In particular, vitamin C displayed a negative
correlation with principal component 1, while the solid-acid ratio was positively correlated
with principal component 3 and negatively correlated with principal component 4. The
PCA of strawberry yield and quality is shown in Figure 7.
Table 9. Loadings matrix for principal component analysis.
Indicators Principal Component 1 Principal Component 2 Principal Component 3 Principal Component 4
Total Yield 0.965 —0.05 0.157 0.057
Yield per plant 0.934 —0.07 0.251 0.036
Vitamin C —0.821 —0.046 0.099 0.276
Reducing Sugars 0.001 0.963 0.022 0.143
Soluble Sugar 0.001 0.963 0.022 0.144
Maximum Fruit Weight —0.241 0.325 0.835 —0.13
Average fruit weight 0.317 —0.011 0.825 —0.118
Soluble solids 0.359 —0.464 0.687 0.129
Solid—Acid Ratio 0.17 —0.459 0.572 —0.553
Titratable acid —0.056 0.173 —0.094 0.965

Comprehensive Evaluation of Strawberries Based on Principal Component Analysis

To depict the relationship between each principal component and its related quality
indicators more intuitively, a linear relationship equation for comprehensive evaluation is
formulated using indicators with a higher correlation. In this equation, y, y», y3 and yu
represent the score values of the four principal components. A higher Y value corresponds
to a better growth status of the strawberry.

y, = 0.402X; + 0.398X; + 0.398X3 + 0.376Xy + 0.349X5 — 0.284X, — 0.243X; — 0.234Xg + 0.083Xg — 0.229X1  (6)
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y, = —0.218X; + 0.329 — 0.017X3 + 0.345X4 + 0.172X5 — 0.255X4 + 0.526X7 + 0.526Xg + 0.146Xg + 0.239X;9  (7)
y; = 0.260X; — 0.230X; + 0.149X3 — 0.297Xy + 0.374Xs5 -+ 0.320X¢ + 0.183X7 + 0.183Xs + 0.662Xg — 0.148X;y  (8)
v, = —0.178X; + 0.059X; + 0.435X3 4 0.042X4 + 0.119X5 + 0.343Xg — 0.176Xy — 0.176Xg -+ 0.046Xg + 0.760X;9  (9)

The inner product was calculated by taking the weighted average of the
score value and variance contribution rate, delivering the function expression
Y =0.420y7 + 0.256y; + 0.205y3 + 0.118y4. Based on various calculation results, compre-
hensive score values and rankings were determined, as shown in Table 10. The results
showed that the T4 treatment ranked first in terms of comprehensive scores, and the growth
status of strawberries was better.
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Figure 7. PCA of strawberry yield and quality. Samples are shown by colorful solid circles.

Table 10. Principal component comprehensive score.

Treatments Y1 y2 y3 Va Y Order
T1 —0.56 —0.885 —1.605 —0.175 —0.815 9
T2 —1.93 1.505 1.345 —1.865 —0.37 7
T3 —1.915 —0.655 —0.015 —0.685 —1.055 11

CK1 —2.01 —0.69 1.26 —1.175 -0.9 10
T4 1.28 0.65 0.67 1.225 0.99 1
T5 1.95 0.5 —0.56 1.15 0.965 2
T6 0.505 0.39 —0.2 0.665 0.35 4

CK2 0.52 —0.405 —0.345 —0.815 —0.055 6
T7 0.335 0.585 0.36 —0.105 0.35 4
T8 2.03 —0.05 —0.745 0.62 0.76 3
T9 0.2 —0.355 0.75 0.625 0.22 5

CK3 —0.395 —0.59 —0.915 0.53 —0.445 8

4. Discussion
4.1. Sicochemical Properties and Water Retention of Different Substrates

The physicochemical properties of the substrate not only influence water and nutrient
transport but also impact plant growth and development. The size of the bulk density
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and porosity play a crucial role in determining the aeration and water absorption prop-
erties of the substrate. An optimal range is observed with the bulk density ranging from
0.1~0.8 g/cm? and a total porosity between 70% and 90% [31]. An increase in total porosity
within a certain range is favorable for plant root growth, even though it may decrease
the water retention capacity [32]. The results of the study showed a reduction in T4’s
and T5’s bulk weight and an increase in water-holding porosity for the coconut bran and
biochar treatments. Compared with other groups, the T4-T6 treatment boasted a higher
water absorption ratio and a lower water infiltration rate. In particular, T4 had a signifi-
cantly lower evaporation rate than the other groups, resulting in a higher water content
and improved water retention characteristics. The water retention capacity of the three
different water retention materials followed the order of coconut bran-mixed substrate
(T1, T4, T7) > biochar-mixed substrate (T2, T5, T8) > humic acid-mixed substrate (T3,
T6, T9). Moreover, the T4 treatment with coconut bran showed significant differences
in the total nitrogen, organic matter and exchangeable magnesium contents compared
to other treatments. The content of available potassium, available phosphorus and ex-
changeable calcium was also higher, leading to an overall increase in nutrient value and
providing more nutrients for strawberry growth. Research has shown that increasing the
organic matter content by means of composting also increases the water retention of the
substrate [33]. Applying coconut bran and biochar to organic fertilizers can improve the
soil’s physicochemical properties and stimulate crop root growth and development [34-36].
Incorporating vermicompost and coconut bran increased the organic matter, alkaline dis-
solved nitrogen, quick-acting potassium and effective phosphorus contents of the substrate,
which is similar to the findings by Bellitiirk K et al. [37]. The pore structure of coconut
bran itself contributes to its better water retention and strong buffering activity, which can
increase the soil’s moisture content and improve the soil’s water and fertilizer retention
capacities [38—41]. It formed a composite substrate mixed with vermicompost, which
improved these effects [42,43]. The nutrient content of the T1 and T7 treatments, which
were also treated with vermicompost and coconut bran, was significantly lower than that of
T4, indicating that different ratios of vermicompost and coconut bran also had a significant
effect on the physicochemical properties of the compounded substrate.

4.2. Nitrogen and Phosphorus Utilization and Plant Nitrogen and Phosphorus Uptake of
Different Substrates

The utilization rates of nitrogen and phosphorus stand as important indicators that
are related to fertilization standards, agricultural product safety and environmental protec-
tion [44,45]. Research has indicated that under acidic conditions, fertilization can achieve
a more stable and higher crop yield with higher nitrogen utilization efficiency [46]. In
contrast, phosphorus was easily fixed and difficult to be absorbed and utilized by crops [47].
It is reported that coconut bran and biochar contain a high content of basic cations, and
the large surface area and negatively charged surface enhance the electrostatic adsorption
and retention capacity of Ca?* and other cations so that nutrients can be slowly released
for plant use [48]. As such, a higher total nitrogen content in the substrate leads to better
nitrogen utilization efficiency. Adding coconut bran and biochar can effectively increase
the nitrogen content of the substrate, bolster the bioavailability of soil nitrogen and increase
the nitrogen absorption of strawberries. Moreover, it has been shown that the hydrophobic
surface of biochar can absorb organic molecules involved in the khelasi process, such
as AI**, Fe** and Ca?*, removing the khelasi effects and thus increasing the uptake of
phosphorus in the soil [49]. The study’s findings showed that the T7 treatment had a higher
substrate phosphorus content but lower plant uptake of phosphorus, while the T5 treatment
represented the opposite trend. Nevertheless, the substrate utilization efficiency and plant
absorption of T4 nitrogen elements were both optimal. This can be interpreted as a lower
nitrogen loss in comparison to the other groups. In general, when the nutrient supply is
insufficient or moderate, the nutrient utilization rate of plants tends to be relatively high,
but it decreases when nutrient levels become excessive.
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4.3. Matrix Enzyme Activity under Different Treatments

Soil enzyme activity is an important driving force in nutrient cycling in the soil ecosys-
tem and stands as a crucial indicator for assessing soil fertility [50]. Urease serves as
an indicator of soil nitrogen availability, while catalase reflects the intensity of soil hu-
mification and sucrase presents the maturity and fertility level of soil [51]. Biochar and
vermicompost can effectively improve the physicochemical properties of the substrate and
increase biodiversity, which in turn increases enzyme activity. Previous studies reported
that the combination of vermicompost and biochar could stimulate soil enzyme activity
through the existing massive quantity of microorganisms in soil [52,53]. In this research,
the T4 treatment could effectively improve the substrate enzyme activity; that is, when
the ratio of vermicompost to coconut bran was set at 0.5:0.1, the urease and catalase activi-
ties witnessed a notable increase. When the ratio was adjusted to vermicompost:coconut
bran = 1:0.05, the sucrase activity enhancement became more prominent. The addition
of different proportions of vermicompost, coconut bran, biochar or humic acid exerts a
certain impact on the improvement of matrix enzyme activity. This phenomenon might
arise from the fact that the addition of water-retaining materials increases the number of mi-
croorganisms in the matrix. At the same time, vermicompost boasts favorable physical and
chemical properties that facilitate microbial reproduction [54,55] and then improve enzyme
activity. Different proportions of coconut bran also had different effects on the activities
of matrix enzymes. When the proportion of coconut bran was moderate (0.1), it delivered
the most significant increases in urease and catalase activities. When the proportion of
coconut bran was reduced to 0.05, the improvement of invertase was better. On the contrary,
when the proportion of coconut bran was increased to 0.15, the improvement effect of the
activities of the three enzymes decreased significantly. Based on the experimental results
of Deng et al. [56], it is equally evident that the addition of coconut bran to water spinach
plantations was effective in increasing the catalase activity, and when the volume ratio of
coconut bran was increased, the enzyme activity was rather reduced. A study showed that
vermicompost with the addition of herbaceous residues significantly increased substrate
urease, catalase and sucrase [57], corroborating similar findings in the study conducted by
Xue et al. [58].

4.4. Effect of Different Substrates on Plant Growth

This study showed that different water retention substrates had significant differences
in plant height, leaf area, stem thickness and chlorophyll during strawberry growth. To
put it more specifically, strawberry plants in the T4 treatment (vermicompost:coconut
bran = 0.5:0.1) delivered the best growth. Plant height, leaf area and stem thickness
surpassed those of the other groups. Some plants even brought about vigorous growth,
which affected the development of fruit expansion and had a certain impact on the ultimate
yield of strawberries. Adding part of the coconut bran to the substrate can improve the
plant height, leaf length, leaf width and fruit yield, which is consistent with the research
results of Arancon et al. and He et al. [59,60]. Singh et al. [61] planted chrysanthemums
by adding different nitrogen contents in the substrate and showed that the average plant
height increased significantly at the highest nitrogen level compared with the control group,
which was similar to the results of this experiment. When the ratio of vermicompost to
coconut bran was adjusted to 1.5:0.15 (17), the plant growth rate experienced a decline, and
the growth indexes were lower than T4. This decline may be attributed to the fact that an
excessively high proportion of coconut bran in the matrix may release an excessive quantity
of secondary metabolites [62], thus affecting plant growth. Similarly, when the ratio of
vermicompost to coconut bran was adjusted to 1:0.05, the nutrient supply in the substrate
was insufficient, and the plant growth rate was also reduced, resulting in slow plant growth.
At the same time, after increasing the proportion of vermicompost and coconut bran, the
compactness and resistance of the matrix are changed accordingly. These properties, in
turn, affect the cell division speed or cell length of the root meristem and then affect the
growth speed of the root [63]. When the root is in the substrate with too much resistance,
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the elongation of the main root will be inhibited, resulting in an increase in lateral roots and
the thickening and shortening of the root system [64,65], while too little resistance can lead
to reduced yield [66,67]. Other studies have shown that seedlings grow and develop better
in substrates with higher water retention [68] but perform poorly in substrates with lower
water use efficiency [69]. Our study also showed that the T4 treatment had higher water
use efficiency and better plant growth. Chlorophyll is the carrier of photosynthesis and
an important indicator reflecting the photosynthetic capacity and growth stage of plant
leaves [70,71]. The changes in leaf area affect the chlorophyll content, which subsequently
influences the photosynthetic rate of strawberries. Proper and adequate photosynthesis
can increase the production of organic matter in crops and improve fruit quality [72,73]. In
this experiment, the effect of the substrate on leaf area was not significant, and therefore,
the change in chlorophyll was not significant.

4.5. Effect of Different Substrates on Strawberry Yield and Fruit Quality

The substrate is the primary medium for providing the nutrients required for straw-
berry growth and development, which directly affects fruit yield and quality. The re-
sults showed that treatment T5 (vermicompost:biochar = 0.5:0.1) attains the highest av-
erage and large fruit weights, increasing by 22.98% and 36.22%, respectively, compared
with the control group. What is more, this treatment increased the soluble solid con-
tent while decreasing the titratable acid content of the fruit to a certain extent. It was
shown that the addition of an appropriate proportion of vermicompost and biochar was
effective in increasing the average fruit yield as well as large fruit weight and improv-
ing the quality of the fruit. In addition, the yield per plant and total yield in the T8
(vermicompost:biochar = 1.5:0.15) and T9 (vermicompost:humic acid = 1.5:0.05) treatments
delivered notable improvements. Given this, it suggested that the total yield of strawberries
could be increased by appropriately increasing the proportion of vermicompost and biochar
or humic acid. Meanwhile, it has been shown [74,75] that the application of vermicompost,
alone or in combination with biochar, leads to increased crop yield parameters and overall
yield. Yuan et al. [76] applied biochar with wood vinegar solution in a coastal area and
showed that peanut yield and amino acid content were significantly increased. Investiga-
tions by Soumya A. [77] highlighted that a soilless medium composed of coconut bran and
manure had an enhancing effect on the yield. The higher content of soluble and reducing
sugars in strawberry fruits of the T3 (vermicompost:humic acid = 1:0.01) and T6 treatments
(vermicompost:humic acid = 0.5:0.02) suggests that a reduction in the ratio of humic acid,
as seen in T9, can impact the quality of strawberry fruits, which is similar to the results of
the study by Ullah A. [78]. As for T4, treated with coconut bran, it could also boost the
content of soluble solids and vitamin C, increasing them by 15.35% and 64.23%, respectively,
compared with the control group. Tuckeldoe R. [79] planted tomatoes with a composite
substrate of coconut bran and found that it exerted a significant effect on improving the
vitamins, total phenols and total flavonoids of tomato fruit. These outcomes align with the
experimental results of this study. There were also relevant experiments on the planting
and application of green pepper, which show that the content of ascorbic acid, capsaicin
and oil can be significantly increased by applying coconut bran organic fertilizer [80].

5. Conclusions

These results demonstrated that the incorporation of a certain proportion of co-
conut bran, biochar and vermicompost into the composite matrix could reduce the soil’s
bulk density, improve the water-holding porosity and water absorption ratio, and re-
duce the water seepage rate to some extent. In particular, the T4 (vermicompost:coconut
bran = 0.5:0.1) and T5 (vermicompost:biochar = 0.5:0.1) treatments exhibited the best out-
comes. The difference resides in the fact that the T4 treatment can improve the activity of
substrate enzymes and effectively increase the nutrient content. Consequently, it fosters
plant growth and improves fruit yield and quality to a certain extent. In contrast, the
impaction of the T5 treatment was more pronounced in enhancing average and large fruit
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weights, but the effect on the improvement in the total yield was less significant. Through
principal component analysis, the T4 treatment scored higher when the ratio of vermicom-
post to coconut bran was 0.5:0.1. It indicated that it could effectively improve the water
and fertilizer conservation of the substrate but also played a certain role in promoting the
growth of strawberries.

To conclude, we can effectively improve the water retention performance of the
substrate and thus improve strawberry growth by selecting and adjusting the ratio of
materials in the substrate formulation. This provides guidance for farmers and horticultural
practitioners to choose the appropriate substrate for strawberry cultivation, achieving
better yields and quality. Our study offers valuable insights into water-saving and fertilizer-
reducing practices in greenhouse strawberry cultivation. These findings not only conduce
to the better application of agricultural waste reuse-derived products in agriculture but also
contribute to alleviating environmental pollution, laying the foundation for sustainable
development and a productive future in agriculture and the environment.
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