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Abstract: Biochar application in the agriculture sector is a practical approach to minimize waste
and maintain sustainable farming. However, the information regarding biochar application in
tea cultivation is limited and especially rare in field research. In this study, a two-year biochar
experiment was conducted in a tea yard subject to tea yield and soil characteristics. According to
tea growth, the tea yard for the experiment was divided into weak and normal sectors. Biochar was
made from tea processing waste, mainly the twigs. The results showed that biochar application
increased tea production by 2.3- and 1.3-fold in the weak and normal sectors, respectively, suggesting
that converting tea waste to biochar for soil amendment is beneficial to increasing tea production,
particularly in the weak sector. The regression analysis on tea production and soil characteristics
revealed that only soil electric conductivity (RZ = 0.6597), soil organic matter (R% = 0.7024), and soil
extractable phosphate (R? = 0.6547) were positively correlated with tea yield. Therefore, the field
experiment of this study improves the understanding of biochar’s agronomic and environmental
benefits on plant productivity and soil health.
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1. Introduction

Biochar is a pyrolysis product of biomass and is recommended for soil amendment
for improving soil health and increasing crop yield [1,2]. The biomass types and pyrolysis
conditions were determined by biochar’s structure, nutrient content, pH, and other proper-
ties [3-5]. The application of biochar in soil remarkably influenced soil properties, such as
enhanced soil water retention, soil aggregation, and nutrient turnover [6-10]. In addition,
it was proposed as an efficient process to increase soil organic matters (OM) [2,7,11,12].
Moreover, many reports notified that biochar application affected numerous elements’
cycling in the soil, including carbon (C), phosphorus (P), and nitrogen (N) [13-15]. The
soil N and P were preserved due to the addition of biochar [16,17]. Biochar application
enhanced the mineralization of preserved soil P and provided a certain proportion for plant
uptake [18].

Tea is a worldwide beverage with a yearly yield of 6.5 MT [19], mainly planted in Asia
and Africa. The requirements for tea planting were temperatures ranging from 10 to 30 °C,
precipitation higher than 1250 mm annually, acidic soils preferably, and 0.5-10° slopes.
Tea production is susceptible to growing seasons and is threatened by extreme climate
change. Biochar from the waste of tea drinking has been produced and studied in many
reports [20-22]. However, using tea twigs for making biochar has never been studied. Tea
twigs are one of the waste materials during tea processing in tea factories, which is around
10% of raw materials. This study recycled the tea processing waste by converting it to
biochar and used its benefits as a soil amendment in a tea yard to approach sustainable tea
cultivation. The limiting factors of sustainable tea cultivation are soil acidification [23], poor
soil fertility [24], and low nutrient efficiency [25]. Soil acidity is one of the most significant
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barriers restraining sustainable tea cultivation [26], even though tea is an acid-soil-tolerant
plant. Typically, the soil pH suitable for tea growth is 4.5-5.5 [24]. High soil acidity can
decrease tea growth and quality if the tea soil pH is below 4.5 [27]. Liming has been
suggested to overcome the problem of soil acidity [28,29]. However, some reports are
against liming regarding the increase in greenhouse gas emissions [30] and the decrease in
soil P availability [31]. As tea is a calciphobous plant [32], tea growth and quality declines
were expected under high soil calcium that usually resulted from inappropriate liming [33].

Therefore, a new appropriate agricultural practice is necessary to remediate soil
acidification in tea yards. Poor soil fertility is another limiting factor closely linked to soil
acidification. A high-yield tea plantation requires a soil OM above 2.0% and higher available
N and P content in the soil [24]. Most tea yards are located in tropical and subtropical areas
with highly weathered tropical soils categorized by low nutrient availability [27]. Heavy
rainfall is also frequent in these areas, which results in massive losses of soil nutrients by
a runoff for leaching [34,35]. Fertilizer applications are commonly used to increase yield
or improve quality. Most N and P are lost to the environment via N,O emissions [36,37],
and soil N and P leaching [38], which eventually increases costs of production and the
risks of pollution [27]. Biochar application to the agricultural sector is a promising strategy
to improve soil fertility [8,27,39-41]. The positive effects of biochar on crop production
have been proven in tropical environments, especially in acid soils with poor nutrients [42],
which might be attributed to biochar’s high basic cations and alkalinity [43,44]. In addition,
the leaching of nutrients decreased with biochar application [45-47]; hence, the levels and
availability of nutrients increased [48-51].

Tea is a perennial crop that can be harvested for more than thirty years. However,
some weakened trees will appear after long-term cultivation due to spatial changes in the
soil, the lack of nutrients for slope location, or rainfall. Then, it may expand to a weak
growth sector in the tea yard if no remediation process is imposed. This study hypothesized
that biochar amendment could serve as a remediation process that improves tea growth by
increasing nutrient availability, particularly in the weak growth sector. In this study, a field
experiment was conducted to assess the effects of twigs biochar applications on tea growth
and soil properties between weak and normal tea sectors. This study will be beneficial for
guiding sustainable agricultural management in tea yards.

2. Materials and Methods
2.1. Field Experimental Site

Tea plants for this experiment were Camellia sinensis var. Shi-Ji-Chun. The tea plants
were planted for more than fifteen years. The tea yard is located in central Taiwan with
a latitude of 23°51’3.60” N and a longitude of 120°40'39.00” E, where the elevation is
400 m above sea level, the average temperature is 22-25 °C, the soil is sandy loam, and the
annual precipitation is 1500-2000 mm. The experiment was conducted from June 2019 to
October 2021. The study field occupied approximately 4000 m?. According to tea yield,
the experimental site was divided into two sectors (Figure 1): weak growth (Weak) and
normal growth (CK) of tea. Each sector contained six plots, three for biochar application (B)
and three without biochar (N). The abbreviations for the four treatments were W-B (weak
growth with biochar), W-N (weak growth without biochar), CK-B (normal growth with
biochar), and CK-N (normal growth without biochar). The first-time biochar application
added 20 g m~2 biochar (around 0.03% (w w ! soil)) on the soil surface in November 2019.
Then, the amount of biochar was increased to 80 g m~2 (around 0.12% (w w1 soil)) for the
second-time biochar application in June 2020. The biochar application area for each plot
was 1 m long and 0.3 m wide on two sides of the tea tree under the tea canopy. The fertilizer
(N:P:K:S5:OM = 19:5:9:5:61) applied in the tea yard was three times (February, August, and
November) in a year with 0.66 kg m 2 in each time. In general, the pesticides were sprayed
20 days before harvest.
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Figure 1. The infrared picture of the tea yard indicates experimental sites for biochar application. The
field was divided into weak and normal (CK) sectors according to its tea yield. Six plots were set up
in each sector, three with biochar application (B) and three without biochar (N).

2.2. Biochar Production and Characteristics

Biochar is made from tea processing waste, mainly the tea twigs from a tea processing
factory. The tea twigs were pyrolyzed with a temperature of 450 °C or 600 °C for one
hour in the quartz tuber (2.8 L with a diameter of 10 cm and length of 36 cm) equipped
with an electrical wire for multiple heating processions and nitrogen gas passing for
oxygen depletion. The properties of all biochars used in this study are shown in Table 1.
Properties of biochar were determined by an Element Analyzer (EL CHNOS Rapid F002,
ElmenterVario, Langenselbold, Germany) and Thermogravimetric Analyzer (Perkin-Elmer
STA 6000, Waltham, MA, USA). The characteristic of biochar (Table 1) was measured by the
minerals contained in biochar powder (40-60 mesh). The measurements were expressed
as the C (wt. %), H (wt. %), N (wt. %), O (wt. %), S (wt. %), water content (wt. %),
volatile compound (wt. %), fixed carbon (wt. %), and ash (wt. %). Biochar pH and EC were
measured by a meter (Microcomputer pH/Conductivity /Temperature Meter 6307, JENCO,
Instruments Inc., San Diego, CA, USA) with a ratio of 1:30 and 1:20 to water, respectively.
The surface area (m? g~!) was measured with the specific area/pore size distribution using
the volumetric gas adsorption technique (Belsorp mini X, BEL Japan, Inc., Osaka, Japan).

Table 1. Biochar characteristics.

Pyrolysis Temperature 450 °C 600 °C
pH 9.1 10.3
Surface area (m? g~ 1) 12.1 8.9
Water content (wt. %) 5.6 7.0
Volatile compound (wt. %) 27.7 19.8
Fixed carbon (wt. %) 56.5 62.1
Ash (wt. %) 10.2 11.1
C (wt. %) 714 73.8
H (wt. %) 32 1.8
N (wt. %) 2.7 2.5
S (wt. %) 0.1 0.1
O (wt. %) 124 11.1

2.3. Soil Properties Analysis

Soil properties (015 cm) were analyzed before and after biochar application in Novem-
ber 2019 with three replicates for each treatment, then continued to March 2021 on each tea
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harvest. After air-drying and sieving with a 2 mm sieve, soils were mixed with water at a
ratio of 1:2 for soil pH and EC determination [52], which were analyzed with a Microcom-
puter of pH/Conductivity / Temperature (Meter 6307, JENCO, Instruments Inc., USA). Soil
WHC (water holding capacity) was determined using a method adapted from Nguyen and
Lehmann (2009) [53]. The determination of soil OM (soil organic matter) was conducted
according to Ball (1964) [54]. Available nitrogen was extracted from 2 g of a soil sample by
adding 10 mL of 2 M of KCl. The sample solution was incubated with salicylate and bleach
in the microplate wells. After 15 min, a microplate reader (SpectraMax M2, Molecular
Devices, San Jose, CA, USA) read the optical density value with 650 nm of wavelength
absorbance [55]. Available phosphorus was extracted from 2 g of a soil sample to 20 mL of
Mehlich 3 solution (M3 solution consisted of 0.2 N acetic acid, 0.25 N NH4NO3, 0.015 N
NH4FE 0.013 N HNOg3, and 0.001 M EDTA). The sample solution was incubated with AMP
(ammonium para-molybdate) solution (53 mL of H,SO4 and 8.775 g of ammonium para-
molybdate in 500 mL of ddH,0) in the microplate wells. After 10 min, a microplate reader
(SpectraMax M2) read the optical density value with 630 nm of wavelength absorbance [56].

2.4. Tea Yield Analysis

Tea yield was measured before and after biochar application. Yield data were collected
on November 2019, June 2020, August 2020, November 2020, March 2021, and October
2021. The number of tea shoots in a square of 0.16 m? was counted for one replication. The
average of three replications at each plot was converted to the new shoot number per m? to
indicate the tea yield of one plot.

2.5. Statistical Analysis of Data

Yield and soil properties data from each treatment expressed the standard error of
the mean with bars. The differences between treatments were tested with Student’s t-test
or Fisher’s Least Significant Difference (LSD) test. Regression was then performed to
determine the relationship between yield and other variables. Statistical analyses were
conducted using SPSS Statistics 22.0.

3. Results
3.1. Biochar Characteristics

The characteristics of tea biochar in Table 1 show that the elevation in the pyrolysis
temperature from 450 °C to 600 °C increased the biochar pH from 9.1 to 10.3, the water
content from 5.6 to 7.0%, the fixed carbon content from 56.5 to 62.1%, the ash content
from 10.2 to 11.1%, and the carbon (C) content from 71.4 to 73.8%. On the other hand, the
elevated temperature decreased the surface area from 12.1 to 8.9 m? g~!, the content of
the volatile compound from 27.7 to 19.8%, the hydrogen (H) content from 3.2 to 1.8%, the
nitrogen (N) content from 2.7 to 2.5%, and the oxygen (O) content from 12.4 to 11.1%. Only
the sulfur (S) showed a stable content of 0.1%. However, the effect of both biochars on plant
growth was no different in rice seedlings (data not shown). Thus, the biochar application
in this study was mixed with both temperatures of biochars with a ratio of around 1:1 as
both temperatures were recommended as the optimal temperature for biochar processing.

3.2. The Responses of Tea Yield

The infrared picture of the tea yard in Figure 1 shows that the tea grown on the lower
part was better than that on the upper part, as the brighter the color, the more vigorous the
tea sprouts. Thus, the biochar experiment was conducted in two sectors, weak and normal
(CK) growth (Figure 1). Each sector contained six plots, and three were set up for biochar
application (B); the others were without Biochar (N). The differences between the weak and
CK sectors are shown in Figure 2. The tea yield, soil EC, extractable N, and water holding
capacity were significantly lower in the weak sector, but not the soil organic matter or
extractable P. The soil pH showed a higher variance in the weak sector (Figure 2b). Biochar
was applied twice in the tea yard, one in November 2019 with 20 g m~2 and the other in
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June 2020 with 80 g m~—2 (Figure 3a). From November 2019 to June 2020, tea yields neither
increased nor decreased under biochar application in the weak and CK sectors (Figure 3a),
suggesting 20 g m~2 biochar application might not be enough to affect tea growth.
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Figure 2. The differences between blocks of weak tea growth and normal (CK) in soil characteristics
and tea yield are shown in (a). Bars represent the standard error of the mean (1 = 6), where the signs
of * indicate a significant difference between blocks of weak and CK with the Student’s ¢-test. The
variation in soil pH in blocks of weak and CK is shown in (b).

One month before the harvest of June 2020, a nutrient was sprayed on the weak sector
only. The nutrient treatment (with N, P, K, Cu, Zn, Fe, and Mn of 140, 18, 100, 18, 1, 6,
and 7 ppm, respectively) increased the weak sector’s tea yield and enabled it to reach the
level of the CK sector, indicating that tea trees in the weak sector could have the problem
of nutrient deficiency. Thus, biochar was applied again with 80 g m~2 (Figure 3a). After
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that, biochar application resulted in a significant increase in tea yield in the sectors of weak
and CK. The magnitude of the biochar effect in the tea yield of the weak sector was higher
than that in the CK sector (Figure 3b). However, the tea yield that increased in the weak
sector with biochar treatment did not always reach the CK sector’s level (Figure 3a), such
as the results in August 2020 and March 2021. In October 2021, the tea yield decreased in
all treatments (Figure 3a) due to an extremely long dry season from March 2021 to August
2021. Nevertheless, the biochar effect was still apparent (Figure 3b); the biochar effect
remained at 1.24 in the CK sector but increased from 2.25 to 2.35 in the weak sector.
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Figure 3. The responses of tea yield to biochar application from 2019 to 2021 are shown in (a). The
treatment of W-B means the sector of weak tea growth (W) with biochar applied (B); CK-N means
the sector of normal tea growth (CK) without biochar (N). The biochar effect in (b) is the ratio of the
tea yield between biochar applied (B) and without biochar (N), which is calculated by B/N. Bars
represent the standard error of the mean (1 = 3), where different letters indicate a significant difference
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between sectors of weak and CK by the multiple comparisons of the LSD test. The * symbols indicate
a significant difference between the value of the biochar effect and 1.0 with the multiple comparisons
of the LSD test.
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3.3. Biochar Effects on Soil Characteristic

Soil characteristics (Figure 4) with biochar application on the tea yard showed diverse
responses under long-term monitoring. As the soil pH (Figure 2b) showed a higher variance
in the weak sector, the plots with lower soil pH were set-up for biochar application. It thus
caused the biochar effect below 1.0 on the soil pH (Nov-19 of Figure 4). Meanwhile and
unintentionally, the selected plots also showed the biochar effect below 1.0 on the soil EC,
extractable P, and N. In the CK sector, the biochar was applied without selection but still
showed the biochar effect below 1.0 in soil extractable P and water holding capacity due
to soil variation (Nov-19 of Figure 4). The chronicle biochar effects of soil EC (Figure 4)
showed that the biochar application initially increased the soil EC of both sectors. The
biochar effect in the weak sector increased from 0.78 to 1.13, and that in the CK sector
increased from 1.02 to 1.24 and then dropped to 1.10 later (Figure 4). The biochar effect
on soil water holding capacity increased gradually in both CK and weak sectors but more
promptly in the weak sector. The biochar effect on soil OM increased gradually in both
CK and weak sectors, but it needed one year’s biochar application. Soil P and N showed
different responses to biochar application, and the difference was evident after one year’s
biochar application. The biochar effect on soil P increased gradually in both CK and weak
sectors, but the extent increased more in the weak sector, where the biochar effect increased
from 0.77 to 1.70 in the weak sector and from 0.72 to around 1.20 in the CK sector. In
contrast, the biochar effect on soil N increased gradually in the CK sector. Still, the extent
increased more in the CK sector, where the biochar effect increased from 0.73 to 1.20, then
dropped to 0.99 later in the weak sector and from 0.84 to 1.67 in the CK sector. The biochar
effect on soil pH increased gradually in both CK and weak sectors, but one year’s biochar
application was needed to achieve the significant difference.
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Figure 4. Cont.
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Figure 4. The effects of biochar on the soil characteristics are displayed on the y-axis; the values
represent the ratio of biochar applied and without biochar. The original data of soil characteristics are
listed in Table A1l. Bars represent the standard error of the mean (1 = 3), where the * symbols indicate
a significant difference between the value of the biochar effect and 1.0 with the multiple comparisons
of the LSD test.

3.4. Relationship between Tea Yield and Soil Status

The relationship between the tea yield and the soil status that responded to biochar
application showed varied correlations (Figure 5). The analysis of regression revealed
that the soil EC (R? = 0.6957; p < 0.05), the soil P (R? = 0.6547, p < 0.05), and the soil
OM (R? = 0.7024; p < 0.05) were positively correlated with the tea yield, while the soil pH
(R? = 0.0869; p < 0.05), soil WHC (R? = 0.0152; p < 0.05), and the soil N (R? = 0.0265; p < 0.05)
showed a very weak correlation with the tea yield.
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Figure 5. The regression analysis on the relationship between tea yield and soil status.

4. Discussion

The alkaline characteristic of biochar is the primary concern in tea cultivation as tea is
an acid-growth crop. The pH of biochar used in this study was around 9.1-10.3 (Table 1).
At the beginning of this study, the purpose of biochar application with 20 g m~2 was to
test the worrying negative effect of biochar’s alkaline characteristics. The tea yield of June
2020 revealed that 20 g m~2 biochar application neither increased nor decreased tea yield
in the CK sector and weak sector (Figure 3a), suggesting 20 g m~2 biochar application
might not be enough to assess the biochar effect. Another reason could be the biochar being
applied on the soil surface. Thus, a higher amount of biochar, 80 g m~2, was applied in
the following. However, the subsequent effect of the 20 g m 2 biochar application cannot
be excluded.

The biochar application did not increase the soil pH until one year later (Figure 4).
After one year of biochar application, the soil pH increased from 4.1 to 5.2 in the weak sector
and from 4.2 to 4.5 in the CK sector. The soil pH in both sectors was still within the optimal
pH for tea growth. In addition, the regression analysis revealed no correlation between
soil pH and tea yield in this study (Figure 5). Instead of worrying about the negative effect
of biochar, the biochar application increased the tea yield of the weak sector in August
2020 (Figure 3b), just two months after biochar application. After November 2020, the tea
yield increased continuously in the weak and the CK sectors. Thus, the biochar applied in
the tea yard seemed to have no harm on tea growth under the amount applied with this
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study, which was 80 g m~2. Furthermore, the tea yield increased with biochar application,
particularly in the weak sector.

The tea yield increasing with biochar application was higher in the weak sector than in
the CK sector (Figure 3b), implying biochar could provide the nutrient in the weak sector as
it has the nutrient deficiency problem (Figure 2). Carbon is a knowingly essential nutrient
that determines plant growth and productivity. The biochar contains abundant labile C
because it was obtained by high-temperature pyrolysis [57]. This study found that tea
biochar had a characteristic of high C content (Table 1). The result of biochar application
in the tea field showed the tea yield enhanced in both weak and CK sectors by 2.3-fold
and 1.3-fold (Figure 2). This finding is consistent with findings that biochar improves tea
growth [27]. In addition, the soil analysis in Figure 4 showed that soil EC increased with
biochar application. In the meantime, the soil P and N increased with biochar application,
indicating that biochar could provide the nutrient for tea growth. As increased pH could
increase nutrient availability in the soil, suggesting that the soil pH increase with biochar
application after 2019 also helped increase soil nutrients. Biochar application significantly
increased the soil-available P concentrations, and it was reported that biochar application
improves soil pH and nutrient availability [44,58]. In addition, biochar was reported to be
a source of plant macro, micro, and secondary nutrient elements [1].

Phosphate is a critical element in cell division and displays a reduction in leaf expan-
sion and the number of leaves in P-deficient plants [59,60]. The results in Figure 3b revealed
that the magnitude of the biochar effect in the tea yield of the weak sector was higher than
that in the CK sector, while the soil P increased more in the weak sector (Figure 4). In
contrast, the biochar effect on soil N increased more in the CK sector. According to the
regression analysis in Figure 5, the soil P (R? = 0.6547, p < 0.05) was positively correlated
with the tea yield, while the soil N (R2 = 0.0265; p < 0.05) showed a weak correlation with
the tea yield. Thus, the remarkable increase in tea yield in the weak sector could be due to
the complement of soil P from biochar application. The availability of soil nutrients such as
P for plants is pH-dependent.

Biochar increases soil pH, enhancing primary and secondary nutrients such as P [61-64].
In addition, numerous reports have shown that biochar application had a liming effect due
to biochar’s alkaline nature and have suggested that it was more suitable for acidic soils
than alkaline soils [65-68]. However, the regression analysis in Figure 5 showed a very
weak correlation between the tea yield and soil pH (R? = 0.0869; p < 0.05). It is speculated
that the detection of soil pH on bulk soil may not reflect the pH near the root zone, the
rhizosphere. In addition, the biochar effect on microbial mineralization cannot be excluded,
as biochar application was reported to increase phosphate uptake with a 360% increase in
mycorrhizal colonization [69]. All of this contributes to its positive effect on improving
soil nutrient availability. Therefore, the biochar application in the tea field concurs with
Biederman and Harpole (2013) [70] and Lehman et al. (2015) [71], expressing that biochar
provides the source of several nutrients with the complex reaction with soil and makes
nutrients available for plant uptake over time. Biochar has been reported to enhance soil C
sequestration and reduce CO, emissions. Thus, the result in Figure 4 shows that the biochar
effect on soil OM increased gradually in both CK and weak sectors, but it needed one
year’s biochar application. However, soil OM could be the source of many soil nutrients
with microbial mineralization and needs further investigation. In addition, the soil OM
was positively correlated with tea yield (R? = 0.7024; p < 0.05) (Figure 5). These findings
emphasize the beneficial role of fertilization on the effectiveness of biochar in nutrient
availability [72].

5. Conclusions

Opverall, the alkaline biochar effectively ameliorated soil acidity and increased soil OM
and nutrient availability, such as soil available N and P. Thus, tea waste biochar application
at the tea yard significantly increased the tea growth of weak and normal sectors. This study
proved the benefits of biochar to tea’s soil health and tea plant productivity. Moreover,
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it will be the source for farmers to implement sustainable farming. Therefore, the on-
farm experiment of this study improves the understanding of biochar’s agronomic and
environmental benefits on soil health and plant productivity.
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Appendix A

Table A1. The soil characteristics under biochar application from 2019 to 2021. W-B means weak tea
growth (W) with biochar applied (B); CK-N means normal tea growth (CK) without biochar (N).

W-N W-B CK-N CK-B Date
0.10 0.08 0.15 0.16 November 2019
0.10 0.10 0.11 0.14 June 2020
Soil EC, mS cm™! 0.18 0.13 0.18 0.20 August 2020
0.19 0.21 0.20 0.21 November 2020
0.22 0.25 0.25 0.28 March 2021
50.0 47.8 70.0 53.3 November 2019
45.7 549 64.7 48.2 June 2020
Soil WHC, % 421 51.0 54.1 50.3 August 2020
37.8 53.7 37.0 53.3 November 2020
423 56.1 34.9 57.2 March 2021
3.70 3.57 4.07 2.83 November 2019
4.33 4.27 4.20 4.20 June 2020
Soil OM, % 4.80 4.73 4.53 4.73 August 2020
5.33 5.80 4.40 5.67 November 2020
5.40 6.07 6.27 6.93 March 2021
69 53 73 53 April 2019
134 112 123 112 June 2020
Extractable P, mg gfl 113 125 111 125 August 2020
107 132 103 132 November 2020
167 284 256 284 March 2021
15.8 115 18.9 15.8 April 2019
14.9 9.3 155 11.7 June 2020
Extractable N, mg g~ 9.4 10.0 8.6 5.6 August 2020
7.4 8.8 7.5 9.6 November 2020
11.2 11.0 7.6 12.7 March 2021
4.4 41 4.3 42 November 2019
44 4.3 4.2 41 June 2020
Soil pH 4.5 44 4.3 4.3 August 2020
4.5 4.7 4.1 43 November 2020

4.2 52 4.1 4.5 March 2021
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