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Abstract: Proper fertilization is important to sustainable tea production. A field experiment was
conducted to investigate the response of quality components in a chlorotic tea variety (Zhonghuang-2)
to rates of fertilizers and the substitution ratio of chemical fertilizers by organic manure based on
rapeseed cake. Chlorotic tea varieties have unique metabolic characteristics and produce superior tea
containing high contents of free amino acids. Results showed that fertilization significantly increased
yield and contents of free amino acid (TFAA) but reduced contents of total polyphenol (TP) and the
ratio of TP/TFAA. Contents of TFAA and TP and the TP/TFAA ratio were closely related to nitrogen
(N) concentrations in plant tissues in response to the rate of N fertilizers. The results suggest that
the quality-related components in the chlorotic tea variety respond to fertilizers in a similar way as
normal tea varieties. The optimal rates of N, phosphorus (P), and potassium fertilizers were discussed
and recommended based on the response of quality components of tea and the contents of nutrients
in plants and soil. The full substitution of chemical fertilizers by organic manure showed no special
benefit on tea quality and had lower N and P agronomic use efficiency due to a low bioavailability of
nutrients. The partial substitution of chemical fertilizers by organic manure significantly improved
tea yield, quality, profit, and economic and environmental sustainability.

Keywords: chlorotic tea variety; organic manure; partial organic substitution; yield; free amino acids;
total polyphenol; nutrient use efficiency

1. Introduction

Tea (Camellia sinensis) is a valuable cash crop widely planted all over the word and
plays important roles in increasing farmers’ income and alleviating poverty of rural areas
in China and other tea-producing countries. The tea quality is determined by internal
chemical compositions, which is greatly affected by the supply of nutrients to tea plants [1].
Deficiency of nutrients reduces tea yield and quality [1]. Nitrogen (N), phosphorus (P),
and potassium (K) are nutrients most widely applied in tea fields. The beneficial effects
of fertilizers on yield and quality are realized only when they are properly applied [2–5].
On the other hand, the use of excessive amounts of inorganic fertilizers is well known [6,7].
The excessive application of N, P, and K fertilizers negatively affects the biosynthesis and
accumulation of free amino acids, catechins and lipid composition, and reduces tea qual-
ity [2,8–11]. In addition, the excessive application of fertilizers deteriorates soil quality and
causes serious environmental problems [12–14]. Recent studies highlighted that tea-planted
soils are global hotspots for N2O emission as a result of the overuse of N fertilizers [15].

Organic fertilizers are important sources of nutrients. The application of organic
manure improves soil fertility and microbiological activity, mitigates soil acidification,
and decreases the runoff of nutrients [16–19]. However, compared to chemical fertilizers,
organic fertilizers have low nutrient concentrations, slow nutrient-release rates, and high
application costs. This problem can be overcome by the application of organic fertilizers
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in combination with chemical fertilizers. Partial substitution of chemical fertilizers with
organic manure increases nutrient use efficiency, reduces the application of chemical fertil-
izers and carbon dioxide emissions, and better sustains soil fertility without compromising
yield and quality [20,21]. However, the optimal ratios between organic and chemical fer-
tilizers are variable depending upon crop species, the application rate of fertilizers, and
the type of organic fertilizers [20]. Compared to the extensive investigations in cereal
crops [20,21], the effect of organic substitution on the yield and quality of perennial tea
plants has been tested only limitedly [17,18,22]. Synchronizing the release of nutrients from
organic fertilizers with the nutritional demand of crops is a challenge because the former is
greatly influenced by soil temperature [23]. Spring tea, especially the early spring tea, has
the best quality compared to teas of other seasons [24,25]. The growth and biosynthesis of
metabolites of spring tea might be inhibited by weak and slow release of nutrients from
organic fertilizers due to low temperatures. Previous work showed that organically grown
tea had low contents of free amino acids [26].

The flavor and quality of tea are attributed to polyphenols, alkaloids, and free amino
acids. Amino acids are the principal contributors to the mellow taste of brewed green tea.
Premium green tea has high contents of free amino acids. In recent years, several natural
mutants with chlorotic young leaves sensitive to light intensity have been cultivated
in China and Japan [27–29]. These chlorotic tea varieties have enhanced levels of free
amino acids and superior quality of made teas. They have higher economic value than
the non-chlorotic varieties. The high content of free amino acids in these tea varieties
is the result of abnormal protein degradation and weakening biosynthesis of nitrogen-
containing compounds such as chlorophyll, purines, and nucleotides rather than enhanced
biosynthesis of amino acids [27–29]. However, due to the limited photosynthetic capacity
of chlorotic leaves, these varieties generally have lower yields and contents of catechins
than normal varieties [27]. Improving the nutritional status of chlorotic tea plants through
proper fertilization is a promising approach to overcome these shortcomings. Due to unique
metabolic characteristics, these varieties might respond to fertilization differently than the
normal varieties. Compared to extensive works on the metabolism of quality components
in chlorotic mutants [27–29], the effect of fertilization has not been evaluated. In the present
work, a field experiment was conducted for three years to investigate the response of
nutrient uptake and quality parameters in a chlorotic tea variety to the application rate of
fertilizers and the substitution ratio of chemical fertilizers by organic fertilizers. The aims
are to develop proper nutrient management schemes for these cherished tea varieties to
achieve sustainable yields, good quality, and high profits with reduced environmental risks.

2. Materials and Methods
2.1. Field Experiment

A field experiment was set up in 2017 in Tiantai County, Zhejiang Province, China.
The tea cultivar was Zhonghuang-2, a native mutant with chlorotic young leaves under
natural light intensity [27]. The soil pH was 5.70. The contents of total organic carbon,
total N, available P, and available K were 9.63 g kg−1, 1.1 g kg−1, 10.1 mg kg−1, and
134 mg kg−1, respectively. There were five treatments: A control without any fertilizers
(CK), chemical fertilizers at optimized application rates (referred to as NPK), substitution
of the chemical fertilizers fully or partially by organic manure (referred to as OM and
NPKOM, respectively), and high application rates of chemical fertilizers (referred to as
NPK-H). The amounts and compositions of nutrients of treatments are presented in Table 1.
The NPK, OM, and NPKOM received the same total amount (527 kg ha−1) of N, P2O5,
and K2O but different rates of each nutrient. In the NPK treatment, a compound fertilizer
specially formulated for tea (N-P2O5-K2O -MgO, 18-8-12-2) [30] was applied in the middle
of October as a basal fertilizer and two topdressings in early February and at the end of
April after the harvest of spring tea. The amounts of fertilizers of the three applications
were 40%, 30%, and 30% of the total, respectively. In the OM treatment, rapeseed cake
manure (N-P2O5-K2O, 5.8-2.7-1.5) was applied in early October as the basal fertilizer. In
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NPKOM treatment, half of the total amount of nutrients was supplied from rapeseed cake
manure and another half from compound fertilizer and urea. In this treatment, all organic
manure and compound fertilizer were applied as the basal fertilizer. A certain amount
of urea was applied to supplement N to the defined rate (Table 1). Urea was applied as
two topdressings equally in early February and at the end of April. The NPK-H treatment
received a doubled amount of compound fertilizer of the NPK treatment. The application
timing of NPK-H was the same as the NPK treatment. In all treatments, the basal fertilizers
were applied to furrows with depths of 15–20 cm and the topdressing fertilizers to furrows
with depths of 5–10 cm located between rows. The furrows were covered with soil after
the application of fertilizers. The cost of fertilization including fertilizers and labor for
application ranged from 7200 to 20,250 CNY ha−1 (Table 1). The area for a plot was
20 m2 and plots were randomly arranged in the field. There were four replications for each
treatment. All other field management was the same as in the local tea plantations.

Table 1. The amount and composition of fertilizers, and the cost of fertilization including fertilizers
and application of treatments.

Nutrient Treatment

CK NPK OM NPKOM NPK-H

Total (kg ha−1) N 0 250 312 282 500
P2O5 0 110 140 125 220
K2O 0 167 75 120 334
Sum 0 527 527 527 1054

Organic (kg ha−1) N 0 0 312 158 0
P2O5 0 0 140 70 0
K2O 0 0 75 37 0
Sum 0 0 527 264 0

Cost (CNY ha−1) 0 7200 20,250 12,600 11,370

2.2. Samples and Measurements

Only spring tea was harvested for chlorotic mutant tea varieties for the highest price
and profit in spring compared to other seasons. Young shoots consisting of one bud with
one or two expanding leaves were harvested by hand and weighed as the fresh yield. Yield
data of 2019–2020 were presented in the present work. Samples of harvested young shoots
were dried in an electric oven at 60 ◦C following inactivation of the oxidase enzyme in a
microwave oven (800 W) for 2 min, and finally ground into fine powders (using a ball mill
(Mixer Mill MM300, Retsch GmbH, Haan, Germany)) for the measurement of nutrients.

In 2020, young shoots of buds with one expanding leaf were sampled on 4 April
and 21 April (hereafter referred to as early and late spring, respectively). Samples were
quickly frozen in liquid nitrogen and then transported to a laboratory to measure contents
of chlorophyll. Chlorophyll content of young shoots was determined by spectrophotometer
following extraction by acetone [1]. A portion of young shoots were freeze-dried and
then ground into fine powders for the measurement of total free amino acid (TFAA) and
total polyphenol (TP). Samples of young shoots (100 mg) were extracted with 5 mL of
H2O in a boiling water bath for 5 min. The extract was used for determination of TFAA
by spectrophotometry following reacting with ninhydrin reagent and for TP following
reacting with Fe-tartrate reagent [4]. Mature leaves on the surface canopy were taken on
21 April 2020, dried at 60 ◦C in an electric oven, and then ground into fine powders for
the measurement of nutrients. N concentration in young shoots and mature leaves was
determined by an elemental analyzer (Vario Macro Cube, Elementar Analysensysteme
GmbH, Langenselbold, Germany). Concentrations of P and K in plant samples were
determined by Inductive Coupled Plasma-Atomic Emission Spectrometer (iCAP™ 7400
ICP-OES, Thermo Fisher Scientific, Waltham, MA, USA) after digestion at 550 ◦C and
re-dissolved in dilute nitric acid.
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Soil samples were taken using an auger in October 2020 at 5 randomly selected sites of
each plot from depths of 0–20 cm and 80–100 cm. Soil from the same plot and layer was
combined to obtain a composite sample. Stones and debris of roots were removed. Soil
samples were separated into two portions after thorough mixing. One portion was tem-
porarily stored in a refrigerator at 4 ◦C for the determination of water content and inorganic
nitrogen. Ammonium (NH4

+-N) and nitrate (NO3
−-N) in fresh soil were extracted with

2 mol L−1 potassium chloride (1/10 w/v) and determined by Discrete Chemistry Ana-
lyzer (Smartchem 140, AMS Alliance, Frepillon, France). Another portion was air-dried
and passed thorough 20 mesh sieves for determining soil pH and available P and K. Soil
pH was measured in 1:2.5 water paste by a glass electrode (Orion 3 Star, Thermo Ltd.,
Waltham, MA, USA). Soil available P and K were extracted by Mehlich-3 reagent [31] and
determined by Inductive Coupled Plasma-Atomic Emission Spectrometer (iCAP™ 7400
ICP-OES, Thermo Fisher Scientific, Waltham, MA, USA). All chemicals were purchased
from Merck & Co., Inc. (Rahway, NJ, USA) or China National Pharmaceutical Group Co.,
Ltd. (Beijing, China) with analytical or higher purity.

2.3. Calculation of Agronomic Use Efficiency and Profit

Agronomic use efficiency (AE, kg kg−1) of nutrients was calculated from the yield
(YF, kg ha−1) and the total amount (F, kg ha−1) of N, P2O5, and K2O and their sum (Table 1) in
the treatments relative to the yield of CK (YCK, kg ha−1) according to the following Equation (1):

AE = (YF − YCK)/F (1)

To compare the interaction effect on nutrient agronomic use efficiency between organic
and inorganic resources in NPKOM, the theoretical nutrient use efficiency was calculated
from the following Equation (2) according to [32]:

AEmix = (Forg × AEOM + Finorg × AENPK)/F × 100 (2)

where AEmix is the theoretical nutrient use efficiency (in kg kg−1) of the NPKOM treatment
and Forg, Finorg, and F are the nutrient amounts from organic and inorganic fertilizers and
total amount (kg ha−1), respectively; AEOM is the nutrient use efficiency (in kg kg−1) of the
100% organic treatment (OM), and AENPK is the nutrient use efficiency (in kg kg−1) of the
100% inorganic treatment (NPK).

The average price of fresh spring tea was approximately 60 CNY kg−1 according to
the local market. The value (V) of fresh shoots was calculated as the product of the average
price and the yield. The net profit of fertilization was calculated as the difference between
the values of treatments (VF) and CK (VCK) and the fertilization cost (CF), according to
the following Equation (3). The cost of harvesting young shoots was not included in the
calculation of the net profit, as this provided important employment for local farmers.

Profit = (VF − VCK)− CF (3)

2.4. Estimation of Greenhouse Gas Emissions Derived from Fertilization

The greenhouse gas emissions (GHGs) derived from fertilization were estimated ac-
cording to the default method provided by the Intergovernmental Panel on Climate Change
(IPCC) of the United Nations [33]. GHGs were divided into four parts generated from
the production and transportation of fertilizers and the direct and indirect N2O emissions
caused by the application of N fertilizers. Details and equations for the estimation can be
found in Supplemental Table S1. The GHGs (CO2 equivalent) generated from the production
and transportation of chemical fertilizers were estimated from their application rates per
hectare and respective emission factors (EFs). The EFs of manufacture and transportation
were 8.21 and 0.09 for N fertilizers, 0.73 and 0.06 for P fertilizers, and 0.5 and 0.05 for K
fertilizers [34,35], respectively. We assumed that rapeseed cake manure was locally recycled
without long-distance transportation. The direct emission of N2O from the application of
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chemical and organic N fertilizers was estimated from their application rates per hectare
and their respective emission factors specified for tea plantations (0.0175 and 0.0261) [15].
The indirect N2O emissions caused by the application of N fertilizers were calculated from
N application rates per hectare, fractions of N loss through leaching (14.53%) and runoff
(8.20%), which were taken from recent respective field experiments under similar conditions,
and an emission factor of 0.011 [16,35,36]. Indirect N2O emissions caused by the loss of
N through NH3 volatilization was not considered for strongly acid tea soil and covering
with soil after the application of fertilizers. The direct and indirect emissions of N2O were
converted to CO2 equivalent greenhouse gas emissions. Total GHGs were further converted
to emissions scaled per yield (GHGA) and per profit (GHGP), respectively.

2.5. Statistical Analysis

One-way analysis of variance (ANOVA), combined with the least significant difference
(LSD) test, was used to compare the effect of treatments. Regression analysis was performed
to describe the relations between quality parameters with the rate of fertilizers and nutrient
concentrations in plant tissues. The best-fitting curves were selected according to their
corrected R2-values together with visual inspection of each curve type. All analyses were
performed using SigmaStat embedded in SigmaPlot (Version 12.0, Systat Software Inc.,
Palo Alto, CA, USA).

3. Results
3.1. Yield, Nutrient Absorption, and Nutrient Use Efficiency

Compared to CK, the average yield of two years was increased by 75–111% in the
fertilization treatments (Table 2). The high rate of nutrients (NPK-H) increased yield more
significantly than full organic manure (OM) in 2020. However, there was no significant
difference within the means of two years among the four fertilization treatments, although
NPK-H and NPKOM had slightly (p > 0.05) higher yields. The profit of fertilization varied
from 43,235 to 70,261 CNY ha−1 (Table 2). Without considering the impact of tea quality
on the price of fresh shoots, OM had the lowest profit and profit/cost ratio. Profit was the
highest in NPK-H, followed by NPKOM and NPK. However, the profit/cost ratio was the
highest in NPK.

Table 2. Yield, profit, and profit/cost ratio of fertilization treatments.

Treatment Yield (kg ha−1) Profit Profit/Cost

2019 2020 Mean (CNY ha−1) Ratio

CK 569a 312a 440a 0 /
NPK 812b 898bc 855b 64,957 9.0
OM 824b 720b 772b 43,235 2.1
NPKOM 836b 981bc 908b 67,603 5.4
NPK-H 791b 1068c 929b 70,261 6.2

Different letters following data of the same line indicate significant difference among treatments.

N concentrations of young shoots were considerably higher in the early (4 April) than
in the late spring (21 April) (Figure 1a). By contrast, K and P concentrations were higher in
the late than in the early spring (Figure 1b,c). Their concentrations were also significantly
affected by the fertilization. For both the early and late spring, the trends of N, P, and
K concentrations in the different treatments are well described by quadratic regressions.
Young shoots of NPK-H had the highest N, P, and K concentrations. The concentrations of
N, P, and K were not significantly different among OM, NPK, and NPKOM.
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Figure 1. Response of concentrations of N (a), P (b), and K (c) in young shoots to the rate of fertilizers
in the early (4 April) and late (21 April 2020) spring. Single bars in color without data point are LSD
values indicative of significant difference among treatments. Quadratic regression lines are indicated
with R2 values and significance levels (**, p < 0.01;***, p < 0.001; ****, p < 0.0001; n = 20).

Mature leaves of NPK-H had the highest N and P concentrations, followed by NPK and
NPKOM (Figure 2a,b). Mature leaves of OM had significantly lower N and P concentrations
than NPK and NPKOM. K concentrations of mature leaves in NPK-H, NPK, and NPKOM
were not significantly different but were higher than those in OM (Figure 2c). Similarly,
the relation between the concentrations of N, P, and K in mature leaves with the rates of
nutrients were well described by quadratic regressions (Figure 2). The yield was closely
related to N concentration in mature leaves and their relation was well described by
quadratic regression (Figure 3a).
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Figure 2. Response of concentrations of N (a), P (b), and K (c) in mature leaves to the rate of fertilizers.
Single bars in red without data point are LSD values indicative of significant difference among
treatments. Quadratic regression lines are indicated with equations, R2 values, and significance levels
(*, p < 0.05; ****, p < 0.0001). The circled data (OM treatment) were not included in the regression
analysis for the significantly low bioavailability of N and P.
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Figure 3. Relation of tea yield (a), total free amino acid (TFAA, b), total polyphenol (TP, c), and the
ratio of TP/TFAA (d) in young shoots with the N concentration in mature leaves on 21 April 2020.
Quadratic regression lines are indicated with equations, R2 values, and significance levels
(***, p < 0.001; ****, p < 0.0001).

The amounts of N, P, and K in young shoots were all significantly increased by
fertilization and mostly by NPK-H (Table 3). The agronomic use efficiencies of N (AEN),
P (AEP), and the sum (AEsum) were significantly higher in NPKOM and NPK than in
NPK-H and OM. The agronomic use efficiency of K fertilizers (AEK) was higher in OM
and NPKOM than in NPK and NPK-H (Table 3). The theoretical agronomic use efficiencies
(AEmix) of N, P, and K and their sum for NPKOM according to Equation (2) were 1.32,
2.97, 3.08, and 0.71, respectively. All AEmix values were lower than their counterparts of
NPKOM presented in Table 3.

Table 3. Amount of nutrients in harvested young shoots, agronomic nutrient use efficiency (AE), and
greenhouse gas emissions scaled per area (GHGA), yield (GHGY), and profit (GHGP).

Treatment Amount (kg ha−1) AE (kg kg−1) GHGA GHGY GHGP

N P K N P2O5 K2O Sum # (kg ha−1) (kg kg−1) (kg Yuan−1)

CK 6.0a 0.58a 2.34a / / / / 0 0 0
NPK 12.8bcd 1.18bc 4.33b 1.66b 3.74b 2.48a 0.79b 4596 5.38 0.071
OM 11.9bc 1.07b 4.04b 1.06a 2.37a 4.42b 0.63ab 4179 5.41 0.097
NPKOM 13.4cd 1.22bc 4.54b 1.66b 3.74b 3.87b 0.89b 4401 4.85 0.065
NPK-H 14.0d 1.27c 4.62b 0.98a 2.20a 1.46a 0.46a 9192 9.89 0.131

Different letters following data of the same line indicate significant difference among treatments. # Sum represents
N+P2O5+K2O.

3.2. Tea Quality

Fertilization had little effect on the content of chlorophyll in young shoots (Figure 4a).
Compared to CK, the content of total free amino acid (TFAA) in young shoots was increased
mostly by NPK-H followed by NPK and NPKOM (Figure 4b). The increase in TFAA was
smaller in OM than in other fertilization treatments. TFAA content was higher in the
early (mean 56.6 mg g−1) than in the late spring (mean 48.4 mg g−1). The differences
between the early and late spring were greater in CK and OM than in other treatments. For
instance, TFAA contents of the late stage were 24–30% lower than the early stage in CK and
OM, whereas such differences were only 10–12% in NPK, NPK-H, and NPKOM. TFAA
contents in the early and late spring were significantly and positively related to their N
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concentrations of young shoots (R2 = 0.253, p < 0.05 and R2 = 0.673, p < 0.0001, respectively;
Figure 5). TFAA content was also significantly related in the quadric pattern with the N
concentration of mature leaves (Figure 3b).
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Figure 4. Concentrations of chlorophyll (chl-a, chl-b, and total) (a), total free amino acid (TFAA, b),
total polyphenol (TP, c) and their ratio (PP/TFAA) (d) in young shoots in the early and late spring.
Single bars in red without data above columns are LSD values indicative of significant difference
among fertilization treatments.
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Figure 5. Response of total free amino acid (TFAA, a), total polyphenol (TP, b), and the ratio
of TP/TFAA (c) to N concentration in young shoots in the early (open symbols) and the late
spring (closed symbols). Linear regression lines are indicated with R2 values and significance levels
(*, p < 0.05; **, p < 0.01; ****, p < 0.0001).

Compared to CK, fertilization significantly reduced the content of total polyphenol
(TP) in young shoots (Figure 4c). The greatest decrease was found in the NPK-H and
followed by, in decreasing order, NPK, NPKOM, and OM. TP contents in the early and late
spring were significantly and negatively correlated with their N concentrations of young
shoots (R2 = 0.206, p < 0.05 and R2 = 0.657, p < 0.0001, respectively) (Figure 5b). TP content
of the late stage was also negatively (R2 = 0.584, p < 0.001) related to N concentration in the
mature leaves (Figure 3c). The ratio of TP/TFAA in young shoots responded to fertilization
in a similar way as TP (Figure 5c). TP/TFAA was negatively related with N concentration
in mature leaves and their relation was best described by quadratic regressions (Figure 3d).
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3.3. Soil Properties

The soil pH varied from 4.81 to 5.95 and was the lowest in the surface soil and increased
in the deep soil (Figure 6a). Surface soil pH was significantly decreased by fertilization,
with the greatest decrease in NPK-H. OM also decreased soil pH to a lesser extent than
other fertilization treatments. NPKOM decreased soil pH but to a smaller extent than
NPK. The content of NH4

+-N increased with the rate of N fertilizers (Figure 6b,c). Their
relationship could be described by linear regression. NH4

+−N was the highest in NPK-H
and was slightly lower in OM than in NPK. NO3

−–N contents increased sharply in NPK-H,
which were 3.5–12.5 times those in other treatments (Figure 6b,c). The response of NO3

−–N
content to the rate of N fertilizers could be best described by the equation of exponential
growth (y = a × ex). The ratio of NO3

−–N/NH4
+–N was significantly different among

fertilization treatments and was the highest in NPK-H.
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Figure 6. Soil pH (a), contents of NO3
−−N (b,c, open symbols), NH4

+−N (b,c, closed symbols),
available P (d,e), and K (f,g) in the soil of 0–20 cm (b,d,f; in blue) and 80–100 cm (c,e,g; in green) depths.
Single bars without data are LSD values indicative of significant difference among treatments. Regression
lines are indicated with R2 values and significance levels (**, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

Available P accumulated mostly in the surface soil and increased significantly with
the rate of P fertilizers (Figure 6d,e). The relations between available P in the soil and the
rate of P fertilizers could be well described by quadratic equations. The soil of the OM
treatment had slightly lower available P contents than NPK and NPKOM regardless of its
higher rate of P fertilizers. Available K content was significantly affected by the rate of K
fertilizers (Figure 6f,g). Their relations in different soil depths could be well described by
quadratic equations. Available K was higher in the surface soil than in the deep soil. The
difference in available P among soil depths was much larger than that of inorganic N and
available K.

3.4. Estimation of Greenhouse Gas Emissions

Greenhouse gas emissions (GHGs) from the production and transport of chemical
fertilizers accounted for half of the total emissions in NPK and NPK-H and accounted for
about 25% of the total in NPKOM (Table S1). The GHGs ranged from 4179 to 9192 kg ha−1,
from 4.85 to 9.89 kg kg−1, and from 0.065 to 0.13 kg CNY−1 for area, yield, and profit scaled
emissions, respectively (Table 3). GHGs were the highest in NPK-H compared to other
treatments. The OM treatment had lower area scaled emissions, but higher yield and profit
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scaled emissions than NPK and NPKOM. NPKOM had lower area, yield, and profit scaled
total emissions than NPK.

4. Discussion
4.1. Response of Tea Yield, Quality Parameters, and Soil Property to Nutrient Application Rates

The present work showed that increasing the rate of N fertilizers enhanced the N status
of tea plants and the content of TFAA in young shoots. Furthermore, the contents of TFAA,
TP, and the ratio of TP/TFAA were closely associated with the N concentrations of mature
leaves. Generally, these relations were well described by quadratic regressions. According
to these regressions, the optimal rate of N fertilizers was estimated 250–280 kg ha−1 (in
NPK and NPKOM) (Figures 2a and 3). The estimated optimal N rates were lower than
the values of 296–422 kg ha−1 recommended by a Nutrient Expert for normal tea varieties
based on yield performance [5]. The high N rate of NPK-H resulted in the highest TFAA
content but the lowest TP content and TP/TFAA ratio (Figure 4). The overall tea quality of
NPK-H was considered deteriorated because of a low TP and unbalance between TP and
TFAA, weakening the body of the infusion. These results suggest that the quality-related
components respond to N in the chlorotic tea variety in a similar way as normal tea varieties
and thus do not support the hypothesis that they might be different [8,37]. The contents of
residual NO3

−−N in soil responded to the application rate of N fertilizers in exponential
ways (Figure 6b,c), in line with previous findings with field crops [38,39]. By contrast, the
source of fertilizer had little effect on the content of residual inorganic N in the soil. The
high N application rate resulted in sharply increased residual NO3

−−N in the soil and the
deep soil (80–100 cm) below the root zone. Nitrate is prone to leaching because of abundant
rainfall in tea planting areas. According to the exponential regressions, the transition rate
of N fertilizers beyond which the residual NO3

−–N content in soil tremendously increased
was estimated around 350–400 kg ha−1. Hence, the optimal N rates appeared safe from
risks of strong NO3

− leaching.
A soil analysis indicated that the experimental site had a low status of available

P and medium-level K in the soil at the time the present work was started. P and K
fertilization greatly improved their concentrations in plants (Figures 1 and 2). According
to the quadratic regressions, P and K concentrations in mature leaves and young shoots
no longer significantly increased when the application rates of P and K fertilizers reached
110–126 kg ha−1 and 120 kg ha−1 in NPK and NPKOM, respectively. Higher rates of P and
K fertilizers beyond these values (in NPK-H) no longer increased P and K concentrations
in tea plants and decreased remarkably the agronomic P and K use efficiency (Table 3).
Available P in the soil increased with the rate of P fertilizers in the quadratic tendency.
Available P accumulated and was affected by P fertilizers mostly in the surface soil (0–20 cm)
(Figure 6d). The impact of P fertilizers on available P of the soil was observed down to
the depth of 80–100 cm (Figure 6e), indicating somewhat downward P leaching in acidic
tea soils. Previous work proposed a change-point index of soil extractable P to predict
the leaching potential [40,41]. The critical index of Bray-1 extractable soil P (referred to as
PBray-1) was found to be 75.1 mg kg−1 for tea plantations [14]. The Bray-1 extractable soil P
can be converted to Mehlich-3 extractable P (referred to as PM3) according to a previously
established regression equation (PM3 = 1.4974 × PBray-1 − 4.4468, R2 = 0.98, p < 0.0001) [42]
for tea soils. The critical value of PM3 was estimated to be about 108 mg kg−1, which was
surpassed in the soil receiving the high rate of P fertilizers in NPK-H and suggests a high
risk of potential P leaching. Available K in the soil responded to the rate of K fertilizers
in the quadratic mode (Figure 6f,g). Such a response was observed down to the depth of
80–100 cm, indicating significant downward K leaching in the soil profile. These results
suggest that under the condition of continuous applications, the rates of P and K fertilizers
need further optimization by soil analysis to mitigate a high accumulation in the soil and
to reduce the risk of potential leaching [41].



Horticulturae 2022, 8, 1198 11 of 13

4.2. The Efficacy of Full and Partial Organic Substitution

Substitution of chemical fertilizers with organic manure is a promising approach to
reduce the use of chemical fertilizers and promote the recycling of nutrients in agricultural
systems [20]. The present experiment demonstrated that full organic substitution did not
significantly affect tea yield of chlorotic variety Zhonghuang-2 relative to the application
of chemical fertilizers alone. However, compared to NPK and NPKOM, full organic
substitution decreased the content of TFAA but increased that of total polyphenol and the
TP/TFAA ratio in young shoots (Figure 4), suggesting a decrease in tea quality. This finding
is in line with previous results showing higher phenolic contents in organically than in
conventionally grown tea and other crops [23,26,43]. Our previous works showed that the
biosynthesis of polyphenols is upregulated while that of amino acids is downregulated in
the case of low N supply [8,37]. These findings together with the lower N concentrations in
mature leaves in OM suggest that these tea plants had insufficient N supply, even though
they received a slightly higher N rate compared to NPK and NPKOM (Figure 2a and
Table 1). Furthermore, OM had a significantly lower agronomic N use efficiency (Table 3).
Therefore, the low N status of tea plants in OM was most likely caused by a slow release
and then weak intensity of N from the organic manure. In addition, the absorption of
N by tea plants might be also competed by the microbial immobilization of mineral N
in the soil stimulated by the additional carbon from organic fertilizers. Meanwhile, the
low P agronomical use efficiency and low P concentration in mature leaves were also
observed in the full substitution treatment (Figure 2b and Table 3), likely suggesting a
low bioavailability of P from rapeseed cake manure. The present work showed that the
bioavailability of nutrients (especially N) in soils fertilized only with rapeseed cake manure
is inadequate to cover the demand necessary to obtain a high-quality spring tea [44].

Partial substitution of chemical fertilizers with organic manure had similar contents of
TFAA and TP and a similar ratio of TP/TFAA with slightly increased yield (by 6%, p > 0.05)
compared to its chemical counterpart (NPK). The greenhouse gas emissions scaled per area,
yield, and profit were all decreased by the partial substitution. Agronomic use efficiency of
N and P was improved by the positive interaction of chemical fertilizers in combination with
organic manure, as indicated by AEmix < AE(NPKOM). The advantage of partial substitution
might be the better balance between the readily and mineralizable N and P supply to
match the nutrient demand of perennial tea plants and additionally the improvement of
soil quality (e.g., soil microbial biomass, abundance, and activity) [17,18]. The application
of specially formulated compound fertilizer alone also significantly improved tea quality
and achieved a high profit with low greenhouse gas emissions (GHGY, GHGP). In practical
use, the specially formulated compound fertilizer might be selected for mountainous tea
plantations without convenient transport systems.

5. Conclusions

The present work demonstrated that the productivity and quality of chlorotic tea variety
Zhonghuang-2 were closely related with the nutritional status of tea plants and the rate of
fertilizers and sources. The results suggest that the quality-related components in chlorotic tea
variety Zhonghuang-2 respond to fertilizer in a similar way as normal tea varieties, despite
its unique metabolic characteristics. The full substitution of chemical fertilizers with organic
fertilizers had no advantage on tea productivity and quality due to the low bioavailability
of nutrients, especially N in organic fertilizers based on rapeseed cake manure. The partial
organic substitution better matched the nutrient demand by perennial tea plants to ensure
good tea quality, high economic profits, and reduced environmental risks.
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