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Abstract: Excessive use of chemical fertilizers deteriorates the soil environment and limits the normal
growth of Arabica coffee trees. In order to identify the optimal coupling mode of chemical fertilizer
application and biomass return that enhances the soil ecological environment and promotes the
photosynthetic efficiency of Arabica coffee, this study investigated the impacts of three levels of
inorganic fertilizers (Fr: 360 kg~ha*1, Fam: 720 kg~haf1, and Fgy: 1080 kg~ha*1) and three types
of coffee husk returning methods (Cp: coffee husk biochar, C¢: coffee husk compost, Ca: coffee
husk ash) on the soil fertility, microbial amount, enzyme activity, and photosynthetic characteristics
of the Arabica coffee root zone. The entropy weight-TOPSIS method was employed to evaluate
the comprehensive benefits. The results showed that Fy; had the biggest effect on improving soil
fertility, microorganisms, and enzyme activities compared with F; and Fyj. Moreover, compared to
Ca, Cc significantly increased soil organic carbon, organic matter, and total nitrogen content. Cc
significantly enhanced the activities of soil phosphatase and urease, respectively, by 29.84% and
96.00%, and significantly increased the amount of bacteria, fungi, and actinomycetes by 62.15%,
68.42%, and 46.21%, respectively. The net photosynthetic rate (Pn), transpiration rate (Tr), and
stomatal conductance (Gs) of FyjC¢c were significantly higher than those of other treatments. The
comprehensive benefit evaluation of the soil environment and photosynthetic characteristics by the
entropy weight-TOPSIS method ranked Fy;Cc first. Therefore, F\;Cc was the optimal coupling
mode for fertilizer application and the coffee husk returning method. The findings of this study not
only provide scientific guidance for fertilizing Arabica coffee but also clarify the proper approach to
returning coffee husk to the field, thereby improving soil ecology and promoting green and efficient
production of specialty crops.

Keywords: arabica coffee; coffee husk; combined application of organic and inorganic fertilizers; soil
ecological environment; comprehensive evaluation

1. Introduction

Yunnan Province is the primary producing region of Arabica coffee in China, with
its planting area and output value accounting for over 97% of the country [1]. However,
excessive application of chemical fertilizers in pursuit of maximum yield is a common
practice in coffee cultivation. Additionally, approximately 2 x 10° tons of coffee husk
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were produced every year, and the direct return of untreated coffee husk to the field led
to a decline in soil quality [2,3]. Therefore, developing a scientific fertilization system and
exploring effective ways to utilize coffee husk at the same time are of great significance for
promoting green planting and ensuring the sustainable development of Arabica coffee.

The inappropriate use of chemical fertilizers resulted in various problems, including
low fertilizer use efficiency, decreased crop yield and quality, soil acidification, nutrient im-
balance, and decreased organic matter content [4,5]. Moreover, it negatively impacted crop
root growth and nutrient absorption, disrupted the balance of soil microbial communities,
decreased enzyme activity, and hindered crop growth and development [6-8]. On the other
hand, proper fertilization practices improved the physicochemical properties of soil in the
crop root zone, increased the activities of rhizosphere microorganisms and enzymes, and
promoted crop growth [9]. Therefore, finding the appropriate amount of fertilizer is crucial
for maintaining a healthy soil environment and ensuring normal crop growth.

Currently, the main approach to utilizing agricultural and forestry waste resources is
composting by aerobic fermentation and biochar production by pyrolysis and carboniza-
tion [10,11]. Composting followed by returning to the field enhanced soil physicochemical
properties, increased soil enzyme activity and microbial biomass, and promoted plant
growth [12-14]. Application of biochar produced by pyrolysis might lead to significant
improvements in the soil, such as enhanced soil aggregate structure, increased organic
matter accumulation, boosted availability of nitrogen and phosphorus [15,16], promoted
plant photosynthesis, and improved stomatal conductance and transpiration rate [11,17].
Regarding the utilization of coffee by-products, current research mainly focuses on biochar
production and composting coffee grounds. It has been shown that replacing chemical
fertilizers with coffee grounds can increase soil respiration rate, soil organic carbon, total
nitrogen, and trace element content [18-20], promote nutrient absorption by crops, and
boost crop photosynthetic efficiency and yield [21]. Coffee husks, including pectin, are
rich in organic and mineral nutrients. Returning coffee husk to the field supplemented soil
nutrients, ensured soil nutrient balance, promoted sustainable land use, and realized the
recycling of biological resources [22]. However, few studies have explored the effects of
different methods of returning coffee husk to the soil environment in the root zone and the
physiological state of coffee.

The combined application of organic and inorganic fertilizers can reduce the reliance
on chemical fertilizers while increasing soil nutrient content and the amount of bacteria,
fungi, and actinomycetes. Furthermore, the physiological state of plants can be improved
as well [23]. By substituting 30% of chemical fertilizers with organic fertilizers, the soil
bulk density could be reduced while increasing soil organic carbon, organic matter, total
nitrogen, and the proportion of medium-large aggregates. This promoted microbial re-
production, boosted enzyme activity such as urease and catalase, and increased leaf area
index, photosynthetic rate, and water use efficiency [11,24]. Replacing 50% of nitrogen fer-
tilizer with organic manure improved the soil carbon-to-nitrogen ratio and enzyme activity,
which in turn increased chlorophyll content [25]. Research shows that using compost from
medicinal plants on marigold improves the productive and qualitative traits of plants [26].
The combined use of biochar, poultry manure compost, and pyroligneous solution could
enhance the activities of dehydrogenase, 3-glucosidase, and urease enzymes and increase
the contents of dissolved organic carbon and microbial biomass carbon [7]. Fertilizer com-
bined with biochar can increase soil ventilation and microbial activity, promote nitrogen
and phosphorus cycling, and enhance aggregate stability [17,27]. Furthermore, the use of
chemical fertilizers with plant ash can significantly increase the content of total phosphorus
and total potassium in the soil while inhibiting the spread of pathogenic microorganisms
and improving soil quality [12,28]. Despite the effectiveness of these methods, it is still
unclear how to regulate the physicochemical properties of soil, the amount of microorgan-
isms, the enzyme activity, and the photosynthetic characteristics of coffee trees after the
combined application of chemical fertilizers with bio-organic fertilizer, biochar, and ash
produced from coffee husk. Therefore, further exploration is warranted in this area.
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Returning agricultural and forestry waste in a proper manner can significantly en-
hance the quality of cultivated land and improve crop growth characteristics. However,
the optimal method of effectively combining coffee husk with chemical fertilizers to en-
hance the soil, water, and fertilizer environment and promote coffee tree growth remains
elusive, necessitating further research. It is hypothesized that the application of proper
methods for returning coffee waste coupled with optimal levels of inorganic fertilizers can
comprehensively improve the soil’s ecological environment and coffee growth. Therefore,
the objective of this study was to investigate the impact of coffee husk returning methods
on soil fertility, microorganisms, enzyme activity, and photosynthetic characteristics of
Arabica coffee given various levels of inorganic fertilizers based on combined applica-
tions of organic and inorganic fertilizers. The ultimate goal was to identify the optimal
organic-inorganic fertilizer coupling mode and provide a scientific basis for efficient and
high-quality production of Arabica coffee and the sustainable development of the soil
environment in Yunnan Province, China.

2. Material and Methods
2.1. Study Site

The experiment was carried out from March 2020 to September 2021 in the plas-
tic greenhouse of the Faculty of Modern Agricultural Engineering, Kunming Univer-
sity of Science and Technology, Yunnan Province, Southwest China (24°09’ N, 102°79" E,
1978.9 m a.s.1.). The annual average temperature of the experimental greenhouse was 25 °C,
with a relative humidity of 45-70%. The soil pH value was 6.5-7.5, and the soil organic
matter content was 15.05 g kg~ !. Total nitrogen, total phosphorus, and total potassium con-
tent were 0.87, 0.68, and 13.90 g kg !, respectively. Nitrate nitrogen, available phosphorus,
and available potassium content were 27.48, 112.61, and 85.53 mg kg, respectively. The
experimental crop was 1-year-old young coffee trees with uniform growth.

2.2. Experimental Method

The experimental setting was set up for three inorganic fertilizer levels and three
kinds of coffee husk returning methods, a complete combination design, a total of nine
treatments, each treatment having three replicates, for a total of 27 communities. The
experimental setting was set up for three inorganic fertilizer levels and three kinds of
coffee husk returning methods, a complete combination design, a total of nine treatments,
each treatment having three replicates, for a total of 27 communities. Three coffee husk
returning methods were applied: biochar (Cg), compost (Cc), and ash (C,) under three
fertilization levels (low fertilizer (FL): 360 kg ha~!, middle fertilizer (Fy): 720 kg ha~!,
and high fertilizer (Fyy): 1080 kg ha~!). Arabica coffee trees (Catimor P7963) with planting
spacing and row spacing of 0.8 m and 1.2 m.

Fertilizer used in the experiment was a large-element water-soluble fertilizer
(N:P205:K70 = 20%:20%:20%, Saigute Biotechnology Co., Ltd., Wuhan, China). Fertil-
izer was fertigated to the coffee field through drip irrigation systems using a pressure
differential tank on 5 March 2020, 9 July 2020, 9 March 2021, and 13 July 2021, respec-
tively. The preparation method and mineral content of coffee husk returning methods
were as follows: (1) Cp: Fresh coffee husk was dried thoroughly and then pyrolyzed and
carbonized at 400 °C; the contents of total nitrogen, total phosphorus, and total potassium
were 7.59, 1.92, and 3.22 g-kg !, respectively. (2) Cc: The fresh coffee husk was placed
in the fermentation tank for 5 weeks of mechanical forced oxygen fermentation, and it
was light brown after full rot, and the moisture content was adjusted by 20% for later use;
the contents of total nitrogen, total phosphorus, and total potassium were 17.5, 5.31, and
4.36 g-kg~!, respectively. (3) Ca: After the fresh coffee was fully dried, it was burned fully
in an incinerator placed outdoors; the contents of total nitrogen, total phosphorus, and total
potassium were 1.03, 1.21, and 3.45 g-kg !, respectively. The application rate was 20 t ha~!
fresh coffee husk with a moisture content of 82.5%, regardless of the conversion loss under
different treatments. A coffee husk from three returning methods was evenly embedded in
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an annular ditch with a depth of 20 cm at a distance of 20 cm from the trunk on 2 March
2020 and 10 March 2021.

A standard evaporating dish with a diameter of 20 cm was set in the center of the
greenhouse to measure the water surface evaporation. During the experiment, the coffee
trees were irrigated every 7 days with the same irrigation amount, and the irrigation
amount was calculated as follows:

I =Kc X Ep XS D

where I, is the amount of irrigation per plant (mm), K. is the crop coefficient (K. = 0.95), E,,
is the water surface evaporation (mm) during two irrigation intervals, and S is the irrigation
control area (cm?). The irrigation control area in this study was a circle with a radius of
25 cm.

2.3. Sampling and Measurements
2.3.1. Soil Sample Collection and Analysis

Soil samples of 0—40 cm were collected every 10 cm on 3 June 2020, 13 September 2020,
5 June 2021, and 17 September 2021, respectively, for analysis of chemical and biological
indicators. Soil total nitrogen was determined by the Kjeldahl method. Soil organic carbon
was determined by the potassium dichromate capacity method and the external heating
oxidation method.

Soil catalase activity was titrated by potassium permanganate, A total of 5.0 g of
air-dried rhizosphere soil samples were added to 1 mL of toluene, then placed in a 4 °C
freezer. After 30 min, a 3% H,O; solution was added. The mixture was again placed at
4 °C and refrigerated for 30 min. Then, 0.5 mol L~! H,SO, was quickly added, shaken,
and filtered. The filtrate was added to 0.5 mol L' HySOy, and then titrated to light pink
with 0.02 mol L~! KMnOy. Leaving it on for 2 min without fading. Urease activity was
performed by sodium phenolate-sodium hypochlorite colorimetry. An amount of 2 mL of
toluene was added to 10 g of air-dried soil samples, and after 15 min, 10% urea solution
and citrate buffer (pH = 6.7) were added to the mixture. The mixture was then incubated in
a 37 °C incubator for 24 h. At the same time, soil-free control and matrix-free control were
set. After 24 h of incubation, 38 °C distilled water was added and filtered, and then the
filtrate was added to distilled water and sodium hypochlorite solution and measured at a
wavelength of 578 nm using a spectrophotometer. Phosphatase activity was performed by
disodium phosphate colorimetry. An amount of 5 g of air-dried soil samples were added
to 1 mL of toluene, shaken well, and placed in a 37 °C incubator for 24 h. Then, 38 °C
distilled water was added and filtered. The filtrate was added to borate buffer solution,
potassium ferricyanide solution, and 4-aminoantipyrine solution to develop color and fill
the volumetric flask. Finally, the reading was measured at 570 nm wavelength using a
spectrophotometer.

Soil microorganism population density was determined by the dilution plate method.
Soil bacteria, fungi, and actinomycetes were cultured in beef extract + peptone + agar
medium. Martin medium and improved Gauss No. 1 medium, respectively. The specific
operations were as follows: Weigh about 10 g of fresh rhizosphere soil sample, put it in
90 mL of sterile water, stir for 30 min at room temperature to obtain a soil solution with
a concentration of 1071, take 1 mL of the solution after standing, and add 9 mL of sterile
water to obtain 1072 diluent. By analogy, 1073, 10~%, 107>, and 10~ diluents were obtained.
Choose the right diluent according to the number of microorganisms in the soil. Fungi are
between 10~ ! and 1073, actinomycetes between 10~3 and 102, and bacteria between 10~*
and 107°.

2.3.2. Photosynthetic Characterization

Portable photosynthesis measurement systems (LI-6400, Li-Cor, Inc., Lincoln, NE,
USA) were used to determine the photosynthetic properties from 9 am to 11:30 am under
natural light conditions on 12 June 2020, 15 September 2020, 9 June 2021, and 13 September
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2021. Three replicates were selected per treatment, and five fully extended young coffee
leaves were selected for each replicate, fixed, and labeled. Then, clear and cloudless weather
was selected to determine the photosynthetic characteristics of young coffee leaves. The
daily mean values of net photosynthetic rate, transpiration rate, stomatal conductance, and
intercellular CO; concentration were analyzed. Among them, the instantaneous water use
efficiency of leaves was the ratio of net photosynthetic rate to transpiration rate.

2.4. Determination of Weights and Evaluation Indicators
2.4.1. Determine Metric Weights

The entropy weight method was used to determine the weights of 15 indicators of soil
organic carbon, organic matter, total nitrogen, carbon-to-nitrogen ratio, catalase, urease,
phosphatase, bacteria, fungi, actinomycetes, net photosynthetic rate, transpiration rate, leaf
water use efficiency, stomatal conductance, and intercellular CO, concentration [29], and
the specific steps were as follows:

The first step was to calculate the standardized metric data. There were n evaluation
objects; m evaluation indicators; the indicator data were standardized by Formula (2); X;;
was the data of the j index of the i sample; and A;; indicates that the standardized data of
the j index of i sample, using Equation (2), are:

Xij — min{le,- sy, Xn]}

Ajj = max{Xyj, -+, Xpj} —min{ Xy, -, Xy} N

In the second step, the entropy value was calculated. Using Equation (3) to calculate
the proportion of the ith sample value in the indicator under item j, P;; is:

AH
Pi=—"—,i=12,...,m j=12,...,m ®)
L Aij

1

It

The entropy value E; for calculating the jth indicator is:

1 & .
——3 PijIn(Pj),j=1,2,---,m 4)

5= T &

If Pij =0, then ll’l(Plj) =0
The third step is to calculate the entropy weight. The weight W; of each indicator
calculated by entropy is:

71,(]':1,2,---,7}1) 5)

2.4.2. TOPSIS Comprehensive Evaluation

In this study, 15 indexes of soil organic carbon, organic matter, total nitrogen, carbon-to-
nitrogen ratio, catalase, urease, phosphatase, bacteria, fungi, actinomycetes, net photosyn-
thetic rate, transpiration rate, leaf water use efficiency, stomatal conductance, and intercel-
lular CO, concentration were selected to provide comprehensive scores for each treatment.

Normalizing the selected indexes,

Zy— ©6)

ij ” >
\/ i1 X%

where Z;; is the normalized value of i treatment under j index, X;; is the experimental value
of i treatmentinjindex,i=1,2... n(n=9);j=1,2... m (m=15).
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The positive ideal solution (Z*) and the negative ideal result (Z~) were obtained from
the normalized results,

Zij=(za "z g zig") @)

Zij=(zi ,zin ,zi3" e zi9" ) 8)

where Z;;* and Z;;~, respectively, represent the maximum value and minimum value of the
evaluation object under the j index in the normalized matrix.

The Euclidean distances of D;* and D;~ between each index and positive and negative
ideal solutions under each experimental treatment were calculated.

o =S (5= 2))] ©

2
— m —

D = \/Zj_l w0y x (-7 )] (10)
where u; is the weight coefficient of evaluation index j, and its calculation method is shown
in (3).

Calculating the relative approximation coefficient R; between different treatments and
positive and negative ideal solutions.

Ri=D; /(D;* +D;") (11)

Each treatment (evaluation object) was sorted according to the R; value. The closer the
R; value is to 1, it means that the treatment is an optimal treatment.

2.5. Statistical Analysis

Excel 2019 was used to collect and collate data, and Origin 2021 was used to analyze the
Pearson correlation of the average value of the measured data, draw graphs, and perform
principal component analysis on the means of 15 indicators across different treatments.
Analysis of variance (ANOVA) was performed using IBM SPSS 21.0, and Duncan’s multi-
range test was used to compare whether there were significant differences between the
treatments at the p = 0.05 level.

3. Results
3.1. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil Fertility

Inorganic fertilizer level and coffee husk returning methods had significant effects on
soil organic carbon, organic matter, total nitrogen, and carbon-to-nitrogen ratio (p < 0.05),
but the interaction between the two had no significant effect on organic carbon and organic
matter in June 2020, no significant effect on total nitrogen in September 2020 and September
2021, and the other effects were significant (Figure 1). From the average value of 2 years,
significant differences were observed in soil organic carbon, organic matter, total nitrogen,
and carbon-to-nitrogen ratio under different levels of inorganic fertilizer application for
the same coffee husk returning methods. Specifically, the Fy; treatment showed higher soil
organic carbon and organic matter content compared to the Fiy and FL treatments, with
a trend of Fyy > Fg > FL. In comparison to the Fy, treatment, Fy; increased soil organic
carbon, organic matter, and total nitrogen by 6.68%, 6.82%, and 6.12%, respectively. At
the same level of inorganic fertilizer, significant differences were observed in soil organic
carbon, organic matter, total nitrogen, and carbon-to-nitrogen ratio under different coffee
husk returning methods. Compared with C,, Cc had the best effect on soil organic carbon,
organic matter, and total nitrogen at the same level of inorganic fertilizer, increasing by
49.91%, 56.29%, and 32.65%, respectively, while Cp had the greatest effect on the carbon-to-
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nitrogen ratio by 20.42%. Among them, the content of soil organic carbon, organic matter,
and total nitrogen was the highest under Fy;C¢ treatment.
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Figure 1. Effects of inorganic fertilizer level and coffee husk returning method on soil fertility. Note:
Fp—low fertilizer; F\y—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar; Cc—coffee
husk compost; Cp—coffee husk ash; F—fertilization level; C—coffee husk returning method. Values
are means =+ standard errors (n = 3). Different letters in the same column indicate a significant
difference at p < 0.05 level.

3.2. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil
Enzyme Activity

Inorganic fertilizer level and coffee husk returning methods had significant effects on
soil catalase, phosphatase, and urease (p < 0.05), but the interaction between the two had no
significant effect on the mean catalase values in September 2020, June 2021, and September
2021, and had no significant effect on urease in June 2021, and the rest had significant
effects (Figure 2). From the average value of 2 years, significant differences were found in
soil catalase, phosphatase, and urease activities under different levels of inorganic fertilizer
application under the same coffee husk returning methods. Notably, the Fy; treatment
showed significantly higher soil phosphatase and urease activities compared to the Fy, and
Fy treatments. Compared with Fy, Fy increased soil phosphatase and urease activities by
13.82% and 20.00%, respectively, and Fyy decreased the activities of phosphatase and urease
by 27.34% and 10.00%, respectively. Significant differences were found in soil catalase,
phosphatase, and urease activities among different coffee husk returning methods at the
same level of inorganic fertilizer application. Specifically, the soil phosphatase, urease,
and catalase activities showed a trend of CC > CB > CA. Compared with C,, the activities
of Cc on soil phosphatase and urease increased by 29.84% and 96.00%, respectively, and
those of Cp increased by 9.69% and 59.00%, respectively. In addition, the activities of soil
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Figure 2. Effects of inorganic fertilizer level and coffee husk returning method on soil enzyme activity.
Note: Fp—low fertilizer; Fyy—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar;
Cc—coffee husk compost; Cy—coffee husk ash; F—fertilization level; C—coffee husk returning
method. Values are means + standard errors (n = 3). Different letters in the same column indicate a
significant difference at the p < 0.05 level.

3.3. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil Microorganisms

Inorganic fertilizer level, coffee husk returning methods, and the interaction between
the two had significant effects on soil bacteria, fungi, and actinomycetes (Tables 1-3).
Figure 3 shows the proportion of the three microorganisms. The mean value of the 2-year
trial showed that the number of soil bacteria was significantly higher than that of fungi and
actinomycetes, and the proportion of bacteria was the largest in all treatments. The effects
of different coffee husk returning methods on soil microorganisms were different, among
which the number of bacteria and actinomycetes under the Fy; treatment under Cc was
higher, while the number of fungi was greater under the Fyj treatment. The number of fungi
and actinomycetes under Cp treatment showed a trend of Fy; > Fy, > Fy, while bacteria
were the largest Fi. After Co was returned to the field, bacteria, fungi, and actinomycetes
showed the trend of Fy; > Fy > Fy.. In terms of the proportion of microbial numbers, the
proportion of bacteria and actinomycetes under Fy; treatment was higher than that of
other treatments, while the proportion of fungi was lower than that of other treatments.
Compared with Cp, Cc increased bacteria, fungi, and actinomycetes by 62.15%, 68.42%,
and 46.21%, while Cg increased by 40.50%, 10.86%, and 13.06%, respectively. It could be
seen that Cc t was more conducive to the growth and proliferation of soil bacteria, fungi,
and actinomycetes under the same fertilization conditions. The proportion of bacteria,
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fungi and actinomycetes varies in terms of the proportion of bacterial number, Cg and Cc
were higher than C,, while the proportion of fungal number was the largest in Cc.

Table 1. Effects of inorganic fertilizer level and coffee husk returning method on soil bacterial
population (x10%/CFU-g~1).

Fertilization Coff.ee Husk Sampling Time Average
Level Returning Method 3 June 2020 13 September 2020 5 June 2021 17 September 2021
Cp 9.51 +2.35de 1197 £1.04a 12.23 4+ 1.68 bc 15.97 +£ 2.2 bc 12.42 4+ 1.82 bed
Fo Cc 13.89 £ 0.41 abc 955+ 0.10b 1320 £ 0.25b 1723 £0.33b 13.47 £ 0.208 b
Ca 8.94 + 3.67 def 586 +0.31e 8.93 + 0.16 efg 11.61 + 0.88 efg 8.84 +1.16 fg
Cp 10.21 £1.23 de 9.18 £ 1.65 bc 11.18 £ 0.30 cd 14.61 £0.19 cd 11.30 £ 0.54 cde
Fum Cc 16.73 £ 1.28 ab 1258 £4.11a 16.11 £1.86a 21.05+245a 16.62 £2.001 a
Ca 10.68 £ 2.56 cde 6.77 +0.01 de 10.23 £ 0.43 de 13.34 + 0.65 de 10.25 £ 0.69 ef
Cg 8.29 £ 0.49 efg 497 +0.15e 8.16 £ 0.30 gh 10.61 £ 040 g 8.01 £0.33 gh
Fy Cc 12.23 + 2.41 bed 6.71 +0.26 de 10.97 £ 0.29 cd 14.30 £ 0.32 cd 11.06 £ 0.65 de
Ca 732 £ 173 efg 6.74 + 0.31 de 8.56 = 0.88 fg 11.14 + 1.15fg 8.44 £0.95fg
Significance test
F ot ot - ot ot
C - o o o -
B*C - ot - ot -
Note: Fp—low fertilizer; Fyy—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar; Cc—coffee
husk compost; Cy—coffee husk ash; F—fertilization level; C—coffee husk returning method. Values are
means £ standard errors (n = 3). Different letters in the same column indicate significant difference at
p < 0.05 level. ** means an extremely significant difference (p < 0.01).
Table 2. Effects of inorganic fertilizer level and coffee husk returning method on soil fungus popula-
tion (x10°/CFU g 1).
Fertilization Coff.ee Husk Sampling Time Average
Level Returning Method 3 June 2020 13 September 2020 5June2021 17 September 2021
Cp 4.25 4+ 0.34 cde 2.48 + 0.01 def 401 +£0.34 cd 6.83 + 0.92 bc 439 +0.40 cd
Fr, Cc 457 £0.09 ¢ 323+0.03¢ 427 £0.09 ¢ 6.22 +0.23 cd 457 +0.10c
Ca 3.85+0.62 de 2.34 4 0.05 def 3.63 £ 0.61 de 6.01 4+ 1.63 cde 3.96 + 0.72 def
Cp 4.28 +0.04 cd 2.84 £0.04 cd 4.01 £0.04 cd 6.20 £ 0.18 cd 4.33 +£0.06 cd
Fm Cc 5.86 £1.01b 458 +1.26b 543 +0.89b 711+ 0.28b 574+ 0.86b
Ca 4.14 + 0.13 cde 3.09£0.11c 3.86 + 0.13 cde 5.33 £+ 0.14 def 4.10 £ 0.13 cde
Cp 3.67 £0.02 ef 2.69 + 0.02 cde 342 £ 0.01 ef 4.81 +£0.01 fg 3.65 £ 0.01 efg
Fu Cc 715+ 025a 548 £0.20 a 6.64 £0.23a 891 £0.28a 704+£024a
Ca 412 £ 0.02 cde 2.71 £ 0.03 cde 3.86 £ 0.02 cde 6.02 & 0.05 cde 4.18 £ 0.02 cde
Significance test
F ot ot - ot -
C o o - o -
F*C ot ot - ot ot

Note: Fp—low fertilizer; Fyy—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar; Cc—coffee
husk compost; Cp—coffee husk ash; F—fertilization level; C—coffee husk returning method. Values are
means £ standard errors (n = 3). Different letters in the same column indicate significant difference at
p < 0.05 level. ** means an extremely significant difference (p < 0.01).
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Table 3. Effects of inorganic fertilizer level and coffee husk returning method on soil actinomycetes
population (x10°/CFU-g™1).

Fertilization Coffee Husk Sampling Time
Level Returning Method 3 June 2020 13 September 2020 5 June 2021 17 September 2021 Average
Cs 3.01 + 0.47 bed 211+ 044 fg 417 4+ 0.67 def 417 + 0.74 def 3.36 + 0.58 defg
FL Cc 437 + 023 ab 1.79 + 142 gh 470 £ 1.13 de 473 £ 127 de 3.90 + 0.90 de
Ca 2.09 + 0.25 de 3.08 + 0.82 ef 447 +0.83 de 453 +0.92 de 3.54 + 0.69 def
Cs 339 + 0.20 bed 425+ 051 ¢ 6.33 + 0.49 be 6.55 + 0.54 be 5.13 + 0.40 be
Fut Cc 568 +029a 7.09 + 027 a 10.27 £0.30 a 10.88 +£0.33 a 848 +026a
Ca 2.93 + 0.80 bed 553 +0.63b 7.20 +0.97 b 754+ 1.06b 5.80 £ 0.84b
Cs 221 +0.92 cde 1.46 £ 0.19 gh 3.10 + 0.70 fgh 2.99 + 0.76 fgh 244 + 0.63 fgh
Fy Cc 3.82 +0.97 be 2.90 = 0.64 ef 5.37 £ 0.02 cd 5.48 £ 0.01 cd 439 +0.09 cd
Ca 2.55 + 2.88 cde 2.83 4 0.39 ef 453 +1.71 de 459 + 1.81 de 3.62 + 1.58 de
Significance test
F " - . - .
C . - . - .
FC s " . " .

Note: F—low fertilizer; F\y—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar; Cc—coffee
husk compost; Cy—coffee husk ash; F—fertilization level; C—coffee husk returning method. Values are
means =+ standard errors (n = 3). Different letters in the same column indicate significant difference at p < 0.05
level. ** means an extremely significant difference (p < 0.01), and ns means no significant difference (p > 0.05).
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Figure 3. The proportion of microorganisms under different inorganic fertilizer levels and the
coffee husk returning method. Note: (a) 3 June 2020; (b) 13 September 2020; (c) 5 June 2021;
(d) 17 September 2021. F; —low fertilizer; F\;—medium fertilizer; Fy—high fertilizer; Cg—coffee
husk biochar; Cc—coffee husk compost; Cy—coffee husk ash. Values are means =+ standard errors
(n=3).
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3.4. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Photosynthetic
Characteristics of Arabica Coffee

Table 4 showed that the inorganic fertilizer level and coffee husk returning meth-
ods had significant effects on the mean values of Pn, Tr, Gs, Ci, and LWUE at 2 years
(p < 0.05), but the interaction between the two only had a significant effect on Tr, Gs, and
Ci. From the average value of 2 years, the effects of different fertilization rates on leaves
Pn, Tr, Gs, and LWUE showed the trend of Fy; > Fy > FL, while Ci showed the trend of
Fy1 > Fym > Fr. Under the same inorganic fertilizer level, compared with Cg, Cc, and Cx had
different degrees of improvement for Pn, Tr, and Gs, while LWUE and Ci decreased slightly,
among which Cc increased Pn, Tr, and Gs by 19.33%, 27.99%, and 83.33%, respectively, and
decreased by 11.85% and 8.56% for LWUE and Ci. In addition, Pn, Tr, and Gs are the largest
under Fy;Cc processing, and Ci is also the lowest.

3.5. Correlation Analysis of Soil Ecological Environment and Coffee Photosynthetic Characteristics

In 2020, there was a positive correlation between soil TOC, SOM, TN, C/N, CA, PS,
UA, BE, FI, AN, Pn, and LWUE, and the correlation was significant (p < 0.05) and negatively
correlated with Tr, Gs, and Ci. Among them, the correlation coefficient between TOC and
SOM was the largest, and the correlation coefficient between Pn and BE was the smallest,
with correlation coefficients of 1 and 0.042, respectively. The overall change in 2021 was
similar to that in 2020, but LWUE was negatively correlated with soil TOC, SOM, TN, C/N,
CA, PS, UA, BE, FI, and AN, with a minimum correlation coefficient of —0.66 (Figure 4).

toc[toc A A A A AAAAAA AA A ! toc[toc A A A A AAAAA A A !
SOMl.oosomAAAAAAAAA AAA 08 SOM]-OOSOMAAAAAAAA A A 0.8
TNU.SSU.SSTNAAAAAAA AAA TN0-960-96TNAAAAAAA A
o os2 082 046 o A A A A A A A A g6 o |09t 091 077 on /A A A A A A 06
ca |oso 00 09 036 ca /A A A A A A A A 04 cA 069 069 085036 ca A A A AAAA A 04
PS |042 042 049 025 036 ps /A A AAAA s (077 077 085 054 078 s A A A A A A A
UA |0s4 084 065 079 056 047 ta A A A A A A 02 UA |091 091 095 073 079 076 uva A A A A -
BE |082 082 086 052 074 070 o718 52 /A A A A A A 0 BE |0.76 0.76 052 054 074 093 078 e /A A AAA 0
FI |0.58 058 071 024 086 037 050 A A A A FI |0.51 051 063 029 0.72 048 068 048 m /A /A A
AN | 047 047 0.67 0.69 0.71 0.52 0.77 052 AN A A A 02 AN |0.32 0.32/0.45 0.59 0.75 0.46 0.72 0.35 AN A 02
PN [0.40 040 0.64 052 074 045 029 PN A A A ~04 PN -0.60 -0.50 wn A AA 04
TR -0.74 -0.75 -0.65 -0.6 0.58 -0 TR A A 06 TR -0.65 -0.48 -0.46 0.56 TR A By
LWUE | 0.67 0.67 0.81 033 0.72 0.88 0.63 0.91 041 084 039 -0.83 LWUE LWUE 0.39 0.29 0.46 | 0.58 LWUE
GS [-0.54 -0.54 -0.76 0.81 -0.77 0.53 0.62 GS 0.8 GS |-0.49 -0.49 -0.64 -0.75 -0.61 -0.51 -0.66 -0.53 0.60 0.76 GS 0.8
CI |-0.56 -0.56 -0.83 -0.7: -0.76 c1 o1 CI |-0.50 -0.50 -0.64 C1 -
& %0@ S FFEFF O &6@@ S ° & %Oe\ S FETFRFE O V@@ & o
2020 2021

Figure 4. Correlation analysis of the soil ecological environment and coffee photosynthetic char-
acteristics. Note: * means a significant difference (p < 0.05), respectively. TOC—organic car-
bon; SOM—organic matter; TN—total nitrogen; C/N-—carbon-to-nitrogen ratio; CA—catalase;
PS—phosphatase; UA—urease; BE—bacteria; FI—fungi; AN—actinomycetes; Pn—net photosyn-
thetic rate; Gs—stomatal conductance; Tr—transpiration rate; LWUE—leaf water use efficiency;
Ci—intercellular CO, concentration.
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Table 4. Effects of inorganic fertilizer level and coffee husk returning method on photosynthetic indexes of Arabica coffee.
. . Significance
Sampling Photosynthetic Sampling Time 5 Test
Time Indicators
FLCp FLCc FLCa FuCp FmCe FmCa FuCp FuCc FuCa F C F*C

Pn (umol m—2s71) 936 +047bcd  10.15 = 0.60 ab 9.11 +0.23 cd 9.79 + 0.29 abc 10.55 £ 043 a 9.67 4 0.64 abc 8.55 £ 0.65 d 9.22 +0.43 cd 857 +0.45d # o+ ng

Tr (mmol m~2s71) 3.68 +0.06d 425+ 0.01a 3.79 +0.05 cd 3.25+0.03e 4.25 4+ 0.06 a 3.86 = 0.16 ¢ 3.85+0.14 ¢ 434 +0.01a 4.08 +£0.05b e e

12June 2020  LWUE (pmol mmol ) 254 +0.13 cd 2.39 +0.14 be 2.40 + 0.03 be 3.01 +0.09 a 248 +0.12b 251 +025b 222 +0.09b 212 +0.10d 2.10+0.13d #oo# g

Gs (molm2s71) 0.08 +0.01b 0.12+0.01a 0.12+0.01a 0.09 +0.02b 0.13+0.01a 0.13+0.01a 0.06 +0.01 ¢ 0.09 +0.01b 0.10 +0.01b #oo% g

Ci (umol-mol 1) 95.04 +9.15cd 8239 +1027d 116.14 + 3.5 be 126.2 + 12.01 ab 116.11 + 748bc  136.65 +2535ab 1255+ 16.84ab  117.78 + 12.59 bc 14448 +485a  ** ** ng

Pn (umol m—2s71) 6.9 + 0.55 abc 7.84 +0.49 ab 6.79 + 1.04 abc 7.34 + 0.54 abc 8.12+0.57a 6.73 + 0.81 bc 6.24 +0.64 ¢ 6.86 + 0.46 abc 6.01 £1.01c * ¥ ns

15 September Tr (mmol m—2 s~ 1) 197 £0.10d 2.88 +0.24 bd 243 4+ 0.41 bed 192 £0.05d 2.74 +0.13 be 2.35 4+ 0.37 bed 2.19 +0.27 cd 346 +035a 2.57 + 0.54 bc % ns

2020 LWUE (pumol mmol 1) 350+0.20b 2.73+0.12¢ 2.79 +0.05 ¢ 3.82+0.26a 296 +0.21 ¢ 2.88 +0.23 ¢ 2.85+0.07 ¢ 199 +0.14 e 2354+0.10d o ng

Gs (molm~2s71) 0.05+0.01d 0.16 £0.02 a 0.13 +0.01 be 0.06 +=0.01d 0.15 + 0.01 ab 0.13 + 0.02 bc 0.05+0.02d 0.13 + 0.03 bc 0.11 +0.02 ¢ * ¥ ng

Ci (umol-mol 1) 23882 +7.22b  173.66 +13.36d 26688 +11.39a 22076 £ 11.65bc  200.87 + 30.82 ¢ 26741 +1122a  247.16 £125ab 23433 £ 4.65b 26921 +£1197a  * *  *

Pn (umol m—2s71) 498 + 0.31 de 751 +£0.64 a 5.84 + 0.37 bed 5.16 + 0.75 de 833+ 047 a 6.51 £ 0.50 b 482+ 026e 6.32 + 0.53 bc 5.54 + 0.39 cde ¥* ¥ ng

Tr (mmol m~2571) 252 +0.09d 3.71+0.15a 2.67 +£0.18 cd 2.67 +£0.33 cd 401 +026a 3.02 + 0.22 be 2.88 +0.15 bed 3.74+023a 3.14+0.09b oo g

9 June 2021 LWUE (pmol mmol ) 1.98 4+ 0.17 be 2.02 +0.21 abc 2.19 +0.06 a 1.92 4+ 0.08 cd 2.08 + 0.13 abc 2.15 +0.02 ab 1.68 4 0.04 1.69 + 0.04 e 176 £ 0.08de  ** * ns

Gs (molm2s71) 0.03 +0.01 f 0.09 +0.02 cd 0.08 +0.02 e 0.06 +0.01 e 0.12+0.01b 0.11 + 0.02 be 0.09 +0.01 cd 0.17 +£0.02a 0.13+0.02b #ow g

Ci (umol-mol 1) 151.42 +9.66 d 127.17 + 554 ¢ 173.14 +3.27 ¢ 185.93 + 10.46 ¢ 180.83 + 7.84 ¢ 190.68 + 3.43 ¢ 212.19 + 16.34b 180.51 + 14.97 ¢ 24586 +£7.52a ¥ o

Pn (umol m—2s71) 4.67 £0.2d ¢ 5.03+0.29 ¢ 4.85+ 0.63 ¢ 5.23 + 0.26 bc 585+ 0.10a 5.73 £ 0.42 ab 423 +021d 5.04 +£031c 5.03 +0.09 ¢ i

13 September Tr (mmol m—2s~1) 2.05+0.10b 226 +0.24b 2.08 +0.22b 219+ 020b 213 +0.09b 2.06 +=0.14b 2.32+0.09b 284+ 025a 2724+ 0.10a o ng

2021 LWUE (pumol mmol~—1) 229 +0.12b 224+0.13b 2.34+0.07b 240+0.11b 2.75 4 0.07 a 2794+ 0.11a 1.83 +0.02 ¢ 1.78 + 0.06 ¢ 1.85 4+ 0.04 ¢ oo

Gs (molm~2s71) 0.02 +0.01 ¢ 0.06 + 0.02 ab 0.08 +£0.02 a 0.06 + 0.02 ab 0.07 £ 0.02 a 0.07 £ 0.01 a 0.03 +0.01 ¢ 0.06 + 0.01 ab 0.04 + 0.01 bc ¥* ¥ ng

Ci (umol-mol 1) 21542 +6.1d 243224+583b 21643 +636d 2238 +1216cd  221.08 +5.86 cd 240.6 +£5.52b 232.61 +7.81b 217.14 +£555d 26252 £865a ¢ om

Pn (umol m—2s71) 6.48 + 0.06 de 7.63 +0.43b 6.65 + 0.37 de 6.88 +0.42 cd 821 +0.12a 7.16 +0.19 ¢ 5.96 + 0.10 f 6.86 + 0.16 cd 6.29 + 0.06 ef ¥ ¥ ng

Tr (mmol m~2 s~ 1) 2.56 +0.02d 327 +0.06 b 2.74 +0.16 ¢ 251 +0.13d 3.28 +0.06 b 2.83+0.03 ¢ 2.81 +0.09 ¢ 3.60 £ 0.14a 3.13+0.12b o

Average LWUE (pmol mmol 1) 2.58 +0.03b 2.35 +0.07 ¢ 243 +0.03 ¢ 2.79 +0.07 a 2.57 +0.07b 259 +0.02b 214 +004¢e 1.90 + 0.05 f 2.02 +0.07d #o% g

Gs (molm2s71) 0.05+0.01 e 0.11 + 0.01 abc 0.10 + 0.01 be 0.07 +0.00 d 0.12+0.01a 0.11+0.01a 0.06 +0.01d 0.11 + 0.00 ab 0.10 +0.01 ¢ oo

Ci (umol-mol~1) 175.17 = 1.64 e 156.61 +1.74 f 193.15+5.20 ¢ 189.17 +7.89 cd 179.72 + 5.77 de 208.84 +£8.23b 204.36 £ 6.47 b 187.44 +4.52 cd 230.52 £ 3.04 a i *

Note: Fi—low fertilizer; Fy\y—medium fertilizer; Fi;—high fertilizer; Cg—coffee husk biochar; Cc—coffee husk compost; Cs—coffee husk ash; Pn—net photosynthetic rate; Gs—stomatal
conductance; Tr—transpiration rate; LIWUE—Ieaf water use efficiency; Ci—intercellular CO, concentration; F—fertilization level; C—coffee husk returning method. Values are
means =+ standard errors (n = 3). Different letters in the same column indicate a significant difference at p < 0.05 level. * means a significant difference (p < 0.05), ** means an extremely
significant difference (p < 0.01), and ns means no significant difference (p > 0.05).
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3.6. Principal Component Analysis of Different Inorganic Fertilizer Levels and Coffee Husk
Returning Methods

Principal component analysis is a statistical method that utilizes dimensionality reduc-
tion to transform multiple indicators into a few comprehensive indicators that retain most
of the information of the original indicators and are not related to each other. This study
selected the mean values of 15 indicators, including soil organic carbon, organic matter,
total nitrogen, carbon-to-nitrogen ratio, catalase, urease, phosphatase, bacteria, fungi, acti-
nomycetes, net photosynthetic rate, transpiration rate, leaf water use efficiency, stomatal
conductance, and intercellular CO, concentration, for principal component analysis. The
results are shown in Figure 5. The results of the principal component analysis showed that
the first principal component had a contribution rate of 55.84%, with main factors including
catalase, urease, phosphatase, bacteria, fungi, actinomycetes, organic matter, total nitrogen,
and carbon-to-nitrogen ratio. The second principal component had a contribution rate of
19.58%, with main factors such as net photosynthetic rate, transpiration rate, leaf water use
efficiency, carbon-to-nitrogen ratio, and stomatal conductance.

4
*
PN
[ ] A FuCy
2 TR CN A ¢
Gs H“B
FHCC
— SoM * F.Cy
¥ TOC
\Q UA FLCB
o) 0 LWU PS BE
~ TN * FLCC
I\
E * T_ AN FyCa
FI cn N R SVoN
B r.C.
21 A 4
o —® Loadings
—4 T T T T
-5 0 5

PC1 (55.8%)

Figure 5. Principal component analysis (PCA) of various indicators under different treatments.
Note: Fp—low fertilizer; Fy;—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar;
Cc—-coffee husk compost; Cp—coffee husk ash; TOC—organic carbon; SOM—organic matter;
TN—total nitrogen; C/N-—carbon-to-nitrogen ratio; CA—catalase; PS—phosphatase; UA—urease;
BE—bacteria; FI—fungi; AN—actinomycetes; Pn—net photosynthetic rate; Gs—stomatal conduc-
tance; Tr—transpiration rate; LWUE—Ieaf water use efficiency; Ci—intercellular CO, concentration.

3.7. Comprehensive Evaluation of Inorganic Fertilizer Level and Coffee Husk Returning Methods
Based on the Entropy Weight Method—TOPSIS Method

The entropy weight method was used to determine the weights of the mean soil
fertility and photosynthetic indexes over 2 years. Among them, the weights of CA, PS,
UA, BE, FI, AN, TOC, SOM, TN, C/N, Pn, Tr, Gs, Ci, and LWUE are 0.13, 0.06, 0.08, 0.08,
0.09, 0.07, 0.05, 0.05, 0.07, 0.04, 0.06, 0.07, 0.05, 0.04, and 0.05, respectively. According to the
TOPSIS method, the comprehensive benefit evaluation of each treatment showed that the
top 3 scoring results were FyjCc, FyCc, and Fy;Cg, among which the highest proximity
was 0.75 and the lowest was 0.23. The results showed that the relative proximity coefficient
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of F\iCc was close to 1, and the comprehensive score method showed that Fy;Cc was the
optimal treatment combination (Table 5).

Table 5. Comprehensive evaluation and ranking results of inorganic fertilizer levels and the coffee
husk returning method by the TOPSIS method.

Euclidean Distance
Fertilization Level Coffee Huslk Relative Coefficient Rank
Returning Method D;* D;~
FL Cg 0.03 0.02 0.40 5
FL, Cc 0.03 0.03 0.43 4
FL Ca 0.04 0.01 0.22 9
Fum Cg 0.03 0.03 0.49 3
Fum Cc 0.02 0.05 0.75 1
Fum Ca 0.04 0.02 0.38 6
Fy Cg 0.05 0.02 0.27 7
Fy Cc 0.03 0.03 0.51 2
Fy Ca 0.04 0.01 0.23 9

Note: F —low fertilizer; Fyy—medium fertilizer; Fy—high fertilizer; Cg—coffee husk biochar; Cc—coffee husk
compost; Cy—coffee husk ash.

4. Discussion
4.1. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil Fertility

Appropriate drip irrigation and fertilization practices are crucial to maintaining loose
soil structure and regulating the levels of total nitrogen, organic carbon, and organic mat-
ter [9,30]. The findings demonstrated that medium fertilizer (Fyr) significantly increased soil
organic carbon and organic matter, consistent with previous research [31]. Conversely, high
fertilizer (Fgy) led to declining soil organic matter. Presumably, the excessive application
of chemical fertilizer caused nitrogen to be converted into nitrate, which complexed with
soil organic matter to form other chemical substances that decreased the content of organic
matter [13].

In this study, it was revealed that the effects of three different coffee husk returning
methods on soil fertility were different. The results demonstrated that Cc significantly
increased the soil organic matter, organic carbon, and total nitrogen content compared
to Cg and Cx. This might be due to the high humus content of Cc, which contained a
large amount of organic carbon and organic nitrogen that directly improved soil fertility
upon application. Additionally, the compost exhibited a significant amount of macro-
molecular complexes. Furthermore, it was abundant in multivalent ions such as calcium
and phosphorus, which could act as a bridge and enhance the adsorption potential of
organic matter on minerals [32,33]. They aided the attachment, growth, and reproduction
of microorganisms, fostered the establishment of rich microbial communities, promoted the
formation of organic carbon, and expanded the effective carbon pool of microorganisms [6].
While Cg and Cp had high losses of organic carbon and nitrogen, up to 90%, during the
treatment processing, which weakened their effective nutrient content [10]. Furthermore,
another study revealed that biochar application reduced the concentration of ammonium
and nitrate in the soil [16], resulting in a decrease in total nitrogen. The carbon-to-nitrogen
ratio is a crucial factor affecting the rate of soil mineralization. Cg had the highest increase
in the carbon-to-nitrogen ratio, mainly because biochar itself was rich in carbon and the
treatment had a large loss of nitrogen.

4.2. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil
Microbial Activity

Soil microorganisms play a vital role in soil structure formation as well as organic
matter and mineral decomposition [34]. Previous research has shown that appropriate
fertilization levels promote the proliferation of soil bacteria, fungi, and actinomycetes,
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mainly due to the nitrogen, phosphorus, and potassium provided by inorganic fertilizers,
which serve as important nutrient sources for the growth and reproduction of soil mi-
croorganisms [5,35]. However, excessive fertilization led to a reduction in bacterial activity
and diversity [35], consistent with our findings. Other studies have indicated that with
increasing nitrogen application, the fungal biomass decreased while the bacterial biomass
remained relatively stable [36,37], which differed from our research results. This might
be because excessive fertilization inhibited the growth and reproduction of bacteria and
actinomycetes and allowed fungi to gain a competitive advantage, leading to an increase
in their amount. In addition, fungi may have a stronger advert resistance. The increase
in the amount of fungi in C¢ was primarily because the compost products served as an
excellent environment for fungal colonization, and the bonding of fungal hyphae to form
large aggregates promoted soil aggregation, which further provided diversified habitats
for fungi, resulting in increased fungal activity and diversity [6]. While the increase in
bacterial amounts might be because the compost provided a large amount of unstable
carbon sources for microorganisms to produce extracellular polymeric substances, which
promoted bacterial proliferation [31]. The combined application of compost and chemical
fertilizers has been shown to significantly increase the amount of bacteria, fungi, and
actinomycetes in the rhizosphere [38], which is consistent with our findings.

4.3. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Soil
Enzyme Activity

Soil enzymes come from microbial activities, plant root exudates, and the decompo-
sition of animal and plant residues. Their activities are closely related to nutrients and
microbial activities, and thus soil enzymes are important indicators for evaluating soil
quality and sensitivity. This study observed a pattern of first an increase and then a decrease
in the activities of the three enzymes with increasing fertilization application. This was
because high fertilizer input resulted in increased soil osmotic pressure, inhibited root
growth, and reduced the amount of root exudates, which led to dehydration and the death
of microorganisms and ultimately decreased enzyme activity. The activities of urease and
phosphatase were higher for Cc. On the one hand, it could be attributed to the fact that
manure is rich in organic matter, which produces a large number of enzymes during the
decomposition process of microorganisms, and these microorganisms also release active
enzymes after apoptosis [39]. On the other hand, the decomposition of compost produced
phytohormones that promoted root growth. At the same time, the increased activities of
phosphatase and urease hydrolyzed phosphate and nitrogen-containing organic matter
into more free ions [12,38], and these ions were absorbed and utilized by plants, promoting
plant growth and increasing the amount of root exudates, forming positive feedback. In
contrast, the lower enzyme activities of Cp treatment might be due to the dehydration
condensation of the functional groups such as -COOH and —OH on the particle surface
with the amino group (-NH;) of the enzymes. Thus, the structures of functional groups or
active sites of the enzymes were changed, affecting the interaction between the enzymes
and the substrates and resulting in reduced enzyme activities [40]. The hydrophobic surface
and porous structure of biochar can also adsorb and fix soil enzymes, causing conforma-
tional changes in enzyme active sites and reduced enzyme activity [7,40]. Moreover, the
correlation analysis showed that soil enzyme activity was positively correlated with soil
fertility, and the higher soil fertility under Cc treatment was also a significant factor in
improving the activities of soil enzymes.

4.4. Effects of Inorganic Fertilizer Level and Coffee Husk Returning Methods on Photosynthetic
Characteristics of Coffee Trees

Photosynthesis is a critical process for plants to fix carbon dioxide and produce organic
matter. Previous studies have shown that several factors, such as soil water supply, fertilizer
amount, and light intensity, are significantly affecting crop photosynthetic efficiency. Our
study also revealed a pattern of first increase and then decrease for net photosynthetic rate,
transpiration rate, leaf water use efficiency, and stomatal conductance with the increase of
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fertilization application. This pattern could primarily be attributed to the fact that proper
fertilization supplemented soil nitrogen, increased chlorophyll content and chloroplast
activity in crop leaves, and promoted respiratory electron transfer and stomatal opening.
These factors are beneficial to photosynthetic pigments because they convert captured light
energy into chemical energy at a higher rate and efficiency. Consequently, it improved
photosynthetic performance and prolonged the green functional period of leaves, leading
to improved crop photosynthetic efficiency [41]. Whereas excessive fertilization resulted in
a decreased photosynthetic rate, this might be due to an increase in the osmotic potential
of the soil solution. This increase reduced the water potential gradient between the soil
and root system, leading to a decrease in stomatal conductance and resistance to water
absorption by root cells. Therefore, it induced water and nutrient stress, weakening the
photosynthesis performance [42].

The net photosynthetic rate, transpiration rate, and stomatal conductance of Cc were
significantly better than those of Cg and C4. This might be caused by the formation of a
large amount of humic acid under the action of soil microorganisms after the compost of Cc
was returned to the field. Under certain conditions, humic acid can alter the surrounding
soil environment by stimulating the H*-ATPase activity in plant roots and improving the
plant’s absorption of nutrient elements such as Na, K, and P, thereby promoting the increase
of plant photosynthetic rate and stomatal conductance [43]. While Cg changed the physical
and chemical interface of the soil, root system, and biochar, it also affected the growth and
distribution of the root system, reduced the survival rate of the root system, and directly
inhibited the absorption of nutrients, resulting in reduced physiological activity of the
plant [44,45]. Although other studies have shown that biochar has a higher effect on plant
photosynthesis than compost [11,16], different from our research results. It might be due to
the differences in soil properties. In addition, the enriching effect of biochar easily led to
an increase in the concentration of harmful substances in the roots of plants and resulted
in decreased activity of metalloproteinases in the root system, inhibiting the growth of
crops [46]. The lower intercellular CO, concentration and leaf water use efficiency of Cc
might be because of the higher leaf photosynthetic rate. When the utilization of CO; is
sufficient, the intercellular CO, concentration will decrease. At the same time, to ensure a
sufficient supply of CO, in photosynthesis, the guard cells will absorb water and swell to
keep the stomata open, thus causing the water use efficiency of leaves to decrease. Leaf
water use efficiency was negatively correlated with soil fertility, microbial population, and
enzyme activity, which might be because its own changes were directly affected by various
environmental factors, such as soil moisture content.

4.5. Limitations and Future Perspectives

The research on agricultural and forestry waste mainly focuses on the return of
straw compost to the field and the preparation of biochar, among which there have been
relatively systematic achievements in the application of organic—inorganic fertilizers and
soil amendments. However, in terms of the utilization of coffee waste, it mainly focuses
on composting of coffee grounds, biochar, and deep processing of coffee husk [47,48].
Nevertheless, there is a lack of research on the soil environment and plant physiological
status after coffee husk returning methods to the field with different treatment methods.
By investigating the effects of different methods of combining coffee husks with inorganic
fertilizer on soil properties and coffee growth characteristics, we addressed the crucial issue
of improving soil fertility and crop growth. This study could contribute to developing
appropriate coffee husk utilization methods and sustainable cultivation practices that are
both efficient and environmentally friendly.

This experiment was mainly carried out in a greenhouse, and the simulation of the
natural environment was not sufficient, so field experiments should be carried out in the
next stage to obtain data closer to the real growth environment. In addition, the growth
of young coffee trees is a complex process, and there are differences in the nutritional
requirements of plants at different growth stages and seasons. In the next stage, detailed
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research should be conducted to determine the optimal fertilization amount for different
growth stages. In future research, it is essential to conduct an economic analysis of the
proposed coffee husk return method to assess its feasibility in real-world agricultural
contexts. Such economic analysis is crucial for practical applications and can provide
valuable insights into the economic viability of the proposed method.

5. Conclusions

Medium fertilization levels combined with coffee husk compost (Fy;Cc) not only met
the needs of young coffee trees for nutrient amounts of elements but also demonstrated a
remarkable improvement in soil organic matter, organic carbon, and total nitrogen, as well
as an increase in the activities of urease, phosphatase, and catalase and the abundance of
soil microorganisms. Furthermore, F\;Cc significantly enhanced the net photosynthetic
rate, transpiration rate, and stomatal conductance of Arabica coffee plants. Correlation
analysis revealed a positive relationship between soil fertility and the photosynthetic index.
Weight-TOPSIS Fy;Cc provided the highest comprehensive benefit. Medium fertilization
levels combined with coffee husk compost were recommended as the optimal coupling
methods for improving the soil environment in the root zone and enhancing the photosyn-
thetic characteristics of Arabica coffee plants. These findings provide useful guidance for
fertilization practices in Arabica coffee cultivation and offer insights into the returning of
coffee husk and its comprehensive utilization, promoting the sustainable development of
the coffee industry.
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