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Abstract
Tea (Camellia sinensis L.) is the world’s most widely consumed 
beverage with high economic and health benefits. Potassium is 
the second key nutrient for tea plants. Polyhalite is applied in 
some grain crops as a novel source of K, which also contains Ca, 
Mg, and S. However, the feasibility of using polyhalite for tea 
growth is unclear. Consequently, a 3-yr field experiment was 
conducted to determine effects of polyhalite on soil properties, 
tea yield, economic benefits, and tea quality in southwest China. 
There were three treatments: control (CK, without K fertilizer), 
sulfate of potash (SOP) and polyhalite (POLY4). Compared 
with CK, SOP and POLY4 application increased soil available 
K, P, and S contents, as well as tea yields and economic benefits. 
Compared with SOP, POLY4 increased soil exchangeable Ca 
and Mg and available S contents, but decreased soil acidification 
due to high addition of CaSO4 and MgSO4. POLY4 applica-
tion led to 15.1% higher tea yield than SOP in 2017, while no 
difference was observed in 2015 and 2016. The POLY4 was eco-
nomically superior to SOP in 2017 with a greater net benefit 
by US$1982 ha–1. Although the two treatments did not differ 
on tea quality, correlation analysis demonstrated that quality 
was generally positively and significantly correlated with K, Ca, 
Mg, P, and S contents in tea leaves. Consequently, POLY4 was 
suitable as a K source for tea. Given high S and Ca contents in 
POLY4, it might be better to apply POLY4 together with other 
K fertilizers in future studies.

Core Ideas
•	 Application of polyhalite increased tea yield and economic benefits.
•	 Polyhalite application showed no adverse effects on tea quality.
•	 Soil acidification was significantly reduced with polyhalite.
•	 Polyhalite would be widely used as a novel potassium fertilizer in tea 

plantations.

Tea is one of the world’s most popular and widely con-
sumed beverages and is beneficial to human health 
because it contains antioxidants and has anti-aging 

effects (Li et al., 2011a; Fei et al., 2017). In 2016, global tea pro-
duction was 5.95 million tons from 4.10 million hectares. China 
was the largest tea exporter, and in 2016 accounted for 40.5% of 
global production (FAOSTAT, http://faostat.fao.org). Tea is also 
one of the major cash crops in tropical and subtropical China 
(Ruan et al., 2013), especially in Sichuan, Yunnan, and Guizhou 
provinces in south-western China, which is a major tea-growing 
region of China (Su et al., 2017). The region is characterized by 
high rainfall and acidic soils with low fertility. Since these soils 
are low in basic cations, such as K, Ca, and Mg, that are required 
for tea growth, fertilization is necessary during tea plantation 
(McKenzie et al., 2004; Alekseeva et al., 2011; Li et al., 2016).

Potassium is the second key nutrient after N for tea growth 
(Rajan and Anandhan, 2016; Singh and Pathak, 2018). The 
positive response of tea in terms of both yield and quality to K 
application has been reported in many studies, especially in soils 
containing small amounts of exchangeable K (Venkatesan et al., 
2005; Ruan et al., 2013). Although there are two commonly avail-
able forms of K-fertilizer (SOP and MOP) (Singh and Pathak, 
2018), the responses of tea yield and quality to MOP have been 
variable (Ruan et al., 1998, 2007, 2013; Venkatesan et al., 2005). 
Ruan et al. (1998) demonstrated that MOP had detrimental 
effects on accumulation of free amino acids in young tea plants in 
a plot experiment, but found comparable effects of SOP and MOP 
on total free amino acids in mature tea plants under field condi-
tions (Ruan et al., 2013). Similar detrimental effects of Cl from 
MOP on N uptake and concentration of theanine in young shoots 
was observed by Ruan et al. (2007). Venkatesan et al. (2005) 
found that, compared to MOP, a comparatively small quantity of 
SOP could improve the same parameters of tea. In addition, soil S 
availability was found to be important in optimizing tea produc-
tion (Karak et al., 2015). Therefore, SOP is a priority K fertilizer 
applied in many tea plantations in China (Yang et al., 2018).

Canada, Russia, and Belarus abound in K-rich minerals and 
produce more than 90% of the world’s potash (Shekhar et al., 
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2017). However, China is deficient in K resources and meets 
most of its requirements of K fertilizers through imports, and the 
expensive imported fertilizers reduce economic benefits to farm-
ers. Some K-bearing minerals and rocks, such as crushed biotite 
and vermiculite, can be used as fertilizers to alleviate K deficiency 
in soil and to reduce production costs (Li et al., 2015). Polyhalite 
(K2SO4·MgSO4·2CaSO4·2H2O) is a marine evaporite mineral 
produced by successive marine evaporation events throughout 
history (Kemp et al., 2016), and shows huge potential as K fertil-
izer due to its very low quantities of Cl but rich in K, Ca, and Mg 
(Ogorodova et al., 2016; Albadarin et al., 2017). In addition to 
K, Mg fertilization can increase tea yield and quality (Jayaganesh 
et al., 2006; Ruan et al., 2012). Calcium is also a necessary nutri-
ent for tea plants and can increase tea growth after application, 
although some research proposed that tea is a calcifuge and acido-
philic plant (Karak et al., 2017), and excess Ca in soil can inhibit 
K uptake by tea (Fung and Wong, 2004). Some studies have 
examined polyhalite effects on crops. Polyhalite was as effective 
as SOP for maize (Zea mays L.) and sorghum (Sorghum bicolor L. 
Moench) in Fraps and Schmidt (1932), and for potato (Solanum 
tuberosum L.) and flax (Linum usitatissimum L.) production by 
Lepeshkov and Shaposhnikova (1958). Panitkin (1967) dem-
onstrated that polyhalite performed better than SOP in potato 
and beet (Beta vulgaris L.) because of Mg supplied by polyhalite. 
Compared to soluble sulfate sources of K, Mg, and Ca, Barbarick 
(1991) found that polyhalite produced higher total yields of 
sorghum-sudangrass (Sorghum bicolor L. Moench, Sorghum suda-
nense Piper Stapf). However, the effects of applying polyhalite in 
tea plantations as a source of K have received little attention.

The extraction and use of polyhalite is difficult and limited 
because of its complex composition, weak solubility, deep burial 
(below 1000 m), and the relatively minor deposits in some coun-
tries, such as China (Zhao et al., 2011). Recently, North Yorkshire, 
UK, was reported to hold the largest and highest-quality deposits 
of polyhalite (2660 Mt of 85.7% purity) in the world, and could be 
mined and marketed with no processing except crushing and siz-
ing (Kemp et al., 2016). We hypothesize that polyhalite fertilizer 
may be well suited to tea plantations, because it is rich in K, Ca, 
and Mg and tea soil is often deficient in these basic cations (Fung 
and Wong, 2004; Yang et al., 2018). The aim of the study was to 
examine the feasibility of polyhalite as a K fertilizer in tea planta-
tions by determining: (i) changes in physicochemical properties of 
soil; (ii) tea quality; and (iii) tea yield and economic benefits.

MATERIALS AND METHODS
Experimental Site and Materials

Field trials were conducted for three consecutive years, 
from June 2014 to August 2017 in E’mei county (29°40´27˝ 
N, 103°30´51˝ E, elevation 450 m), Sichuan province, China. 
The mean annual temperature is 18.2°C and the mean annual 
precipitation is 1555.3 mm. The soil, classified as a Hapludult 
according to the US soil taxonomy, is a loamy clay with 34% 
sand, 26.4% silt, and 39.6% clay. Before the experiment, the 
basic physicochemical properties of the surface soil (0–20 cm) 
were as follows: pH (extract of soil in water), 4.46; organic mat-
ter, 14.25 g kg–1; available N, 101.60 mg kg–1; available P, 6.50 
mg kg–1; available K, 60.00 mg kg–1; exchangeable Ca, 1.60 g 
kg–1; exchangeable Mg 88.71 mg kg–1; and available S, 126.45 
mg kg–1 (Lu, 1999; Lu et al., 2014).

The variety of tea was Wuniuzao, which is one of the most 
widespread varieties locally due to its distinctive elite features of 
quality and yield, as well as early break property of young shoots 
in spring (Li et al., 2011b; Zhao et al., 2016). Before the experi-
ment, the tea plants grew for 14 yr in the studied tea plantation. 
The polyhalite fertilizer chosen for the experiment was granular 
POLY4, supplied by Sirius Minerals Plc, Scarborough, UK. It 
was made of polyhalite powder, with specified composition as 
follows: 14% K2O, 6% MgO, 17% CaO, and 19% S. The SOP 
used for comparison, supplied by K+S Group, Kassel, Germany, 
contained 50% K2O and 17% S. The N fertilizer was applied in 
the form of commercial-grade urea (460 g N kg–1) and P fertil-
izer, as mono-ammonium phosphate (610 g P2O5 kg–1, 100 g N 
kg–1), both supplied by Xinlianxin Co. Ltd., Henan, China.

Experimental Treatments

The experiment was laid out in a randomized design with 
three replications. Each plot measured 20 m2 (13.33 m by 1.5 
m) and consisted of one 13.33-m-long line of tea bush. Each tea 
bush was planted in double rows with inner row distance of 0.3 
m and outer row distance was 1.2 m. A buffer zone of 0.15 m 
separated adjacent plots, making the distance between tea rows 
in adjacent plots at least 1.35 m. The experiment comprised 
three treatments, namely a control (CK, without any K fertil-
izer), SOP at 180 kg K2O ha–1, and polyhalite (POLY4) at 180 
kg K2O ha–1. The annual dose of N (240 kg N ha–1) and of P 
(120 kg P2O5 ha–1) was common to all the treatments includ-
ing CK. Nitrogen and K were applied by splitting the total dose 
into two equal doses, a basal dose around 15 November along 
with all of P at the dormant phase of the aboveground tea, and 
as a top dressing around 12 February (~10 d before spring tea 
picking). Fertilizers were applied by hand as band application in 
the inter-row of tea bushes in each plot. The time of tea pruning 
was around 24 March between spring and summer in each year 
during the experiment (Han et al., 2007).

Physicochemical Properties of Soil

After the summer harvest each year, four soil cores (5 cm 
diameter, 20 cm length) from the 0- to 20-cm plow layer were 
randomly collected between the double rows (~15 to 20 cm 
from tea plants) of tea bush from each replication and pooled 
to make one composite sample for each plot. After removing 
visible stones and plant residues, the soil was air-dried in the 
shade at room temperature for approximately 30 d, and then 
homogenized, and passed through a 2-mm mesh. Some basic 
physicochemical properties of the soil were analyzed, namely 
the contents of available N, P, K, Mg, Ca, and S, and soil pH. 
Available N was determined by the alkali solution diffusion 
method; available P, extracted by 0.025 M HCl–0.03 M NH4F 
and determined by ammonium molybdate colorimetry; and 
available K, extracted by 2 M HNO3 and determined by atomic 
absorption photometry (Lu, 1999). The homogenized soil was 
suspended in 0.1 M BaCl2 (1:50, w/v) for 30 min; the suspen-
sion was passed through a 0.45-mm filter, and exchangeable Ca 
and Mg contents of the filtrate were determined using induc-
tively coupled plasma atomic emission spectroscopy (ICP–AES) 
(Lu et al., 2014). Available S in the soil was extracted by shaking 
2.5 g of soil with 25 mL of Mehlich-3 solution for 5 min and 
determined using ICP–AES (Yang et al., 2018). Soil pH (1:2.5 
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soil/water) was measured using an Orion 3-star benchtop pH 
meter (Thermo Scientific, Waltham, MA).

Total N, P, K, Ca, Mg, and S in Tea Leaves

Green tea was processed by the modified method described by 
Lin et al. (2012): freshly harvested shoots were kept under shade 
for 5 h and microwaved for 80 s to inactivate the enzymes in a 
microwave oven (Galanz B8023CSL-K3, Guangdong, China). 
The shoots were then rolled by hand for 10 min and the rolled 
shoots dried for 10 h at 80°C in an electrically-heated drum 
wind drying oven (Keelrein Instrument Co. Ltd., Shanghai, 
China). Of dried subsamples, 100 g was ground to pass through 
a 40-mesh sieve (particle size 0.42 mm). The ground tea leaves 
(1 g) were digested in a mixture of concentrated nitric acid 
(HNO3) and concentrated perchloric acid (HClO4; 5:1, v/v) 
(Lu, 1999). Total N was measured using a Model 1500 CNS 
Analyzer (Carlo Erba Strumentazione, Milan, Italy); P, K, Ca, 
Mg, and S by ICP–AES using an IRIS/AP plasma spectrometer 
(Thermo Jarrell Ash, Mount Holly, NJ).

Assessment of Tea Quality

Total amino acids in tea leaves were determined according 
to Chinese National Standard GB/T 5009.124 (2016) and 
Xu et al. (2017). One gram of tea powder was added to a glass 
tube containing 6 M HCl solution and then exposed to blown 
nitrogen gas for 5 min. After that, the mixture was hydrolyzed 
for 22 h at 110°C. The hydrolysate was centrifuged to remove 
any sediment and the supernatant evaporated using a rotary 
evaporator at 50°C. The residue was dissolved in 2 mL of sodium 
citrate buffer solution (pH 2.2) and filtered through a 0.22-mm 
membrane, after which the filtrate was then analyzed using an 
automatic amino acid analyzer. Total polyphenols in tea leaves 
were measured by the Folin–Ciocalteu method according to 
Chinese National Standard GB/T 8313 (2008) and Zeng et al. 
(2017). Finely powdered sample (200 mg) was extracted twice 
with 4 mL of 70% methanol solution for 10 min at 75°C. The 
extracts were combined and diluted to 10 mL with the extrac-
tion solvent. The solution was filtered through a 0.45-μm mem-
brane extract and diluted 100-fold with distilled water. Diluted 
extract or standard gallic acid solution (1 mL) was decanted into 
a 15-mL centrifuge tube. Then 5 mL of 10% Folin–Ciocalteu 
reagent was added to the tube and the mixture shaken. After 4 
min, 4 mL of 7.5% Na2CO3 solution was added to the mixture. 

After incubating for 60 min at room temperature, the absor-
bance was measured at 765 nm to measure total polyphenols. 
According to Chinese National Standard GB/T 8305 (2013), 
mixtures of 2.0 g of tea powder were placed in 300 mL of boiling 
water and maintained in a water bath for 45 min at 100°C and 
then filtered. The filtered residue was used to calculate the water 
extract contents after oven drying at 120°C to constant weight. 
The ratio of polyphenols to total amino acids was also calculated.

Tea Yield

Tea was harvested twice a year by hand in the studied area: 
spring tea (around 20 February to 15 March) and summer tea 
(around 1 to 30 April). The spring harvest comprised four pick-
ings in 2015 and 2017 and three pickings in 2016, which was a 
low-rainfall year, and the mean temperature during picking of 
spring tea was around 11°C. The pickings were in the form of a 
bud and two adjacent expanding leaves. The summer harvest com-
prised three pickings, which were limited to a bud and only one 
leaf, and the mean temperature during picking of summer tea was 
around 21°C. Around a week elapsed between two adjacent pick-
ing times. The tea was harvested in each total plot and the yield 
measured. The total fresh yield was the sum of the two harvests.

Statistical Analysis

All the values were compared using one-way analysis of vari-
ance (ANOVA) with Tukey test at a probability level of 0.05 on 
SPSS ver. 16.0 (IBM Corp., Armonk, NY). Prior to analysis, 
the data were tested for homogeneity of variance using Levene’s 
test. Pearson’s correlation analysis was used to investigate the 
relationships among tea yield, soil physicochemical properties, tea 
qualities, and tea nutrient contents. Graphs were prepared using 
SigmaPlot ver. 12.5 (Systat, Software, Inc., San Jose, CA).

RESULTS AND DISCUSSION
Basic Physicochemical Properties of Soil

Compared with CK, application of K (either SOP or POLY4) 
increased the content of soil available K but had no impact on 
N content in any year (Table 1). In addition, SOP and POLY4 
application had no impact on P content in 2015, but signifi-
cantly increased it in 2016 and 2017, a pattern consistent with 
that reported by Hu et al. (2012). There were two possible 
reasons for this: that balanced N, P, and K fertilization could 
increase microbial metabolic activity (Chu et al., 2007), which 

Table 1. Effects of source of K on soil pH, available N (NA), available P (PA), available K (KA), exchangeable Ca (Ca2+
E), exchangeable Mg 

(Mg2+
E), and available S (SA).

Year Treatment† pH NA PA KA Ca2+
E Mg2+

E SA
—————————————————— mg kg–1 ——————————————————

2015 Control 4.22 ± 0.08ab‡ 113.8 ± 10.4a 7.12 ± 0.91a 68.7 ± 6.4a 1609 ± 61a 77.5 ± 6.2a 128.6 ± 2.8a
SOP 4.05 ± 0.16a 123.3 ± 4.7a 7.65 ± 1.05a 109.3 ± 4.2b 1598 ± 63a 89.1 ± 12.6a 137.3 ± 4.7b

POLY4 4.43 ± 0.07b 120.0 ± 3.3a 7.69 ± 1.95a 101.7 ± 1.52b 1736 ± 108a 121.2 ± 7.6b 143.1 ± 5.0b
2016 Control 4.03 ± 0.06b 105.4 ± 13.5a 9.16 ± 0.20a 75.7 ± 3.1a 1522 ± 52a 82.4 ± 11.2a 141.4 ± 4.2a

SOP 3.80 ± 0.10a 119.3 ± 15.0a 13.13 ± 1.32b 123.7 ± 4.2b 1590 ± 52a 80.2 ± 3.2a 155.4 ± 5.1b
POLY4 4.29 ± 0.11c 115.2 ± 15.3a 12.37 ± 0.69b 127.7 ± 3.8b 2044 ± 170b 128.8 ± 11.1b 197.9 ± 6.8c

2017 Control 3.91 ± 0.02b 104.3 ± 6.9a 10.41 ± 0.25a 77.7 ± 2.5a 1540 ± 160a 81.6 ± 5.4a 149.2 ± 3.4a
SOP 3.72 ± 0.02a 123.7 ± 11.3a 12.77 ± 1.05b 179.7 ± 5.0b 1624 ± 115a 84.2 ± 8.6a 190.2 ± 8.2b

POLY4 3.97 ± 0.03c 110.3 ± 6.5a 12.46 ± 1.70b 170.0 ± 27.8b 2196 ± 173b 134.4 ± 3.9b 239.3 ± 10.2c
† SOP, commercial sulfate of potash; POLY4, polyhalite.
‡ Values are mean ± standard deviation (n = 3). Means with the same letters in the same column for the same year are not significantly different by 
Tukey test (P > 0.05).
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benefited active soil organic P compounds and increased soil 
available P; or that balanced fertilization reduced P adsorp-
tion capacity of soil and increased soil available P (Verma et 
al., 2005). The increase of soil available P ceased in SOP and 
POLY4 treatments in 2016, possibly because soil available P 
reached dynamic equilibrium in soil. Because POLY4 is richer 
in Ca, Mg, and S than SOP at the rate of 180 K2O ha–1, POLY4 
increased the contents of exchangeable Ca and available S in 
soil in 2016 and 2017 compared with SOP and also that of 
exchangeable Mg in the 3 yr examined. Available S in soil was at 
high level and increased with time, which was attributed to seri-
ous acid rain in the study area (Liu et al., 2018). The K in POLY4 
was readily available to tea plants as it is in SOP, as shown by 
the lack of difference in soil available K concentration in the 
experiment. This was also previously found in a column leaching 
study, in which the release rate of K from polyhalite powder was 
slightly higher than from soluble fertilizers (Barbarick, 1991).

Previous studies (Ruan et al., 2007; Yan et al., 2018) showed 
that tea is unique in that it requires acidic soil, and, in turn, makes 
soil more acidic—our study had similar results. Soil pH reduced 
in the three treatments during 2015 to 2017. First, soil acidifica-
tion was partly attributed to organic acids and protons released 
from tea roots and deficiency in soil basic cations, such as Ca and 
Mg, in tea gardens (Yan et al., 2018). Second, the aluminum was 
absorbed and accumulated in tea leaves, and the biogeochemi-
cal cycling of aluminum in tea leaves can cause soil acidification 
(Song and Liu, 1990; Ding and Huang, 1991). In addition, the 
serious acid rain in south China is another possible reason for it 
(Liu et al., 2018). However, after 3 yr, soil pH decreased by 0.74 
with SOP, by 0.49 with POLY4, and by 0.55 in CK. Thus, SOP 
application most lowered the soil pH, consistent with the results 
of Yan et al. (2016). It is possible that K application benefited 
tea growth and yield, and also enhanced aluminum uptake and 
accumulation in tea leaves, although aluminum in tea leaves and 
soil was not determined in our study. Similarly, compared with 
SOP, the significantly increased tea yield under POLY4 led to 
higher tea biomass, and the biogeochemical cycling of tea leaves 
have contributed to the soil pH decrease of 0.32 during 2016 
to 2017, but a decrease of 0.08 occurred under SOP. After 3 yr, 
POLY4 application significantly slowed the acidification of soil 
compared with CK or SOP. A possible reason was that POLY4 
application introduced large amounts of CaSO4 and MgSO4 to 
the soil and thus enhanced soil base cations (Yang et al., 2018). 
In addition, SO4

2– has a high replacing power for OH– groups 
on soil surfaces, and soil pH is usually raised slightly by SO4

2– 
addition (Kiehl and Franco, 1984). Fung and Wong (2004) and 
Jayaganesh et al. (2006) respectively confirmed that CaSO4 and 
MgSO4 addition slightly increased soil pH, while Hailes et al. 
(1997) found that extractable Mg was positively correlated with 
soil pH. Although tea favors acidic soil (its optimal soil pH is 
4.5–6.0), pH below 4.0 inhibits plant growth and increases solu-
bility of some metals. Yaylali and Tüysüz (2009) found negative 
correlations between soil pH and availability of Pb, Zn, Mn, and 
Al elements in tea plants. The metals among these absorbed by 
tea plants may entail a risk to human health (Seenivasan et al., 
2008; Li et al., 2016; de Oliveira et al., 2018). These aspects make 
POLY4 particularly suitable for tea plantations. However, given 
high soil available S content after 3 yr of POLY4 application, it 
might be better to apply POLY4 together with other K fertilizers. Ta
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Contents of N, P, K, Ca, Mg, and S in Tea Leaves
Table 2 shows that N contents of spring and summer tea were 

similar for all the three treatments in 2016 and 2017 (P > 0.05). 
Application of K led to significantly higher K content in the pro-
duce compared to that in the produce from CK, but the source 
of K made no difference. The N and P contents were higher in 
spring than in summer tea in the three treatments. There were 
three reasons for this: (i) Top dressing occurred before spring 
tea harvest, and more N and P from the fertilizer were absorbed 
in spring compared to summer tea. (ii) Buds and two adjacent 
expanding leaves are harvested for spring tea, compared with 
buds and one adjacent leaf for summer tea. (iii) The pruning 

practice between spring and summer tea each year in the study 
would change the N and P distribution in tea plants. There were 
similar phenomena for Ca and Mg contents in spring and sum-
mer tea. The much higher Mg content in summer than in spring 
tea was possibly due to a high migration rate of Mg (Gerendás 
and Führs, 2013). The K application had no effect on P content 
of the spring harvest but increased the P content of the summer 
harvest significantly, compared with CK (P < 0.05). This dif-
ference may be due to two reasons: first, the early growth was 
not lacking in access to P as the full dose of P had been applied 
as a basal dose in all the three treatments; and second, with the 
passage of time, the proportion of P in available form may have 

Fig. 1. Quality of tea as affected by the source of K (SOP, commercial sulfate of potash; POLY4, polyhalite). Values are mean ± standard 
deviation (n = 3). Means with the same letters in the same subpicture of the same year are not significantly different by Tukey test (P > 0.05).
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decreased due to sorption, precipitation, and microbial immo-
bilization (Zhu et al., 2018). In addition, imbalanced N, P, and 
K fertilization can hinder absorption of P by tea plants (Shen et 
al., 2007; Hu et al., 2012). Because of Ca, Mg, and S addition 
through POLY4, soil exchangeable Ca and Mg, and available 
S contents under POLY4 significantly increased in 2016, 2015, 
and 2016, respectively, compared with SOP. However, the con-
tents of these nutrients in tea leaves were somewhat different to 
those in soil. The Ca and Mg addition from POLY4 resulted in 
higher contents of Ca and Mg in tea leaves, but there was no dif-
ference on S content in tea leaves for the two K fertilizers treat-
ments during the 3 yr because of sufficient soil available S.

Quality of Tea

The flavor of tea is attributed to the balance between astrin-
gency and umami (savory) (Lin et al., 2012). Total free amino 
acids are the major contributors to the umami of green tea, and 
high concentrations of tea polyphenols lead to strong astrin-
gency; therefore, the ratio of tea polyphenols to amino acids is 
taken as an indicator of quality and is considered more impor-
tant than absolute concentrations (Ruan et al., 1999; Hu et al., 
2001). In addition, water extract content is also a parameter of 
tea quality, especially taste, as it contains amino acids and poly-
phenols (Yao et al., 2006; Xu et al., 2018).

Although our method of measuring total amino acids dif-
fered from some other studies (Lin et al., 2012; Ruan et al., 
2012), there was a positive and significant relationship between 
the two amino acids (Supplemental Fig. S1). Thus, our higher 
content of total amino acids in tea leaves may have included 
a relatively higher proportion of total free amino acids. The 
spring harvest was generally of higher quality than the summer 
harvest as the amino acid contents were higher, the polyphenol 
contents were lower, and the ratio of polyphenols to amino 
acids was also lower (Fig. 1). Such spring tea accordingly fetches 
a higher price in China and in other countries, an observa-
tion partly in accord with that of Huang et al. (2007). The tea 
quality parameters varied among years. In 2015, the source of 
K had no effect on total amino acids, polyphenols, the ratio of 
polyphenols to amino acids, or water extract content compared 
with CK. However, in 2016, compared with CK, application 
of K fertilizers significantly increased amino acids in the sum-
mer harvest and polyphenols in the spring harvest, but had no 
impact on amino acids in spring and on polyphenols and water 
extract content in summer, because of low rainfall in 2016. The 
ratio of polyphenols to amino acids in the spring harvest in the 

SOP treatment and the water extract content in spring in the 
POLY4 treatment was higher than the corresponding values in 
CK. In 2017, application of K increased content of polyphenols 
in the summer harvest but had no impact on polyphenols in 
spring, amino acids in summer, and the ratio of polyphenols to 
amino acids in both spring and summer harvests. There was no 
significant difference between sources of K on quality param-
eters, except in 2017 when water extract content in the summer 
harvest was greater for the POLY4 treatment. Thus, POLY4 had 
no adverse effect on quality in the 3 yr.

Some research has proposed that tea is a calcifuge and acido-
philic plant (Karak et al., 2017). To determine the effects Ca 
addition from POLY4 on tea quality, correlation analysis was 
conducted between spring tea parameters and soil parameters 
(Tables 3 and 4). Tea total amino acids was positively and sig-
nificantly correlated with tea water extract content in spring 
and summer tea, and the two parameters both were significantly 
and positively correlated with tea P, tea K, tea Ca, and tea Mg in 
spring tea. Similar correlations existed in summer tea. Tea poly-
phenols in spring tea were significantly and positively correlated 
with tea P, Ca, and Mg, but significantly and positively correlated 
with tea P, K, Ca, Mg, and S in summer tea. It was concluded 
that tea qualities were generally positively and significantly cor-
related with tea P, K, Ca, and Mg. The K fertilization increased 
soil P availability (Table 1) and resulted in tea P being positively 
associated with tea quality. Tea K was positively correlated with 
tea Ca, and tea Ca was also significantly and positively correlated 
with tea Mg in spring and summer tea. This means that Ca 
supplied from POLY4 did not restrict K uptake by tea plants in 
the experiment, although Fung and Wong (2004) and Willson 
(1975a) found that uptake of K by tea can be inhibited by excess 
Ca in soil. The Pearson’s correlation analysis confirmed that Ca 
addition from POLY4 did not harm tea quality, but was posi-
tively correlated with it. Willson (1975a, 1975b) demonstrated 
an antagonistic effect between K and Mg in soil, but we found 
no such phenomenon in our experiment. Tea quality generally 
showed no significant correlations with tea S, and S was not a 
factor affecting tea quality in this soil of high available S content.

Yield and Economic Benefits

Tea yield and the economic benefit from using POLY4 will 
primarily determine whether POLY4 is likely to be adopted. 
The three treatments showed no significant difference in yield, 
either seasonal or in total, in 2015 (P > 0.05; Fig. 2), prob-
ably because the soil was rich in K following many years of K 

Table 3. Pearson’s correlation coefficients for spring tea quality and tea nutrient contents in 2017.
Tea AA† Tea WEC Tea Po Po/AA Tea N Tea P Tea K Tea Ca Tea Mg Tea S

Tea AA 1
Tea WEC 0.883** 1
Tea Po 0.613 0.833** 1
Po/AA 0.209 0.542 0.900** 1
Tea N 0.645 0.490 0.275 –0.006 1
Tea P 0.799** 0.880** 0.684* 0.403 0.598 1
Tea K 0.904** 0.753* 0.323 –0.100 0.526 0.617 1
Tea Ca 0.810** 0.838** 0.748* 0.478 0.508 0.604 0.714* 1
Tea Mg 0.697** 0.735* 0.697* 0.473 0.583 0.649 0.547 0.917** 1
Tea S 0.536 0.426 –0.046 –0.346 0.434 0.277 0.775* 0.332 0.091 1
* Significant at P < 0.05; ** Significant at P < 0.01.
† AA, total amino acids; WEC, water extract content; Po, polyphenols; Po/AA, the ratio of tea polyphenols to amino acids.
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application (Ruan et al., 2013) and also because tea, a 
perennial evergreen shrub, stores large amounts of K (Yan 
et al., 2018). Once the initial reserves of K were depleted, 
both POLY4 and SOP significantly increased yield in the 
summer of 2016 by 20.6 and 26.4%, respectively, and thus 
correspondingly for that whole year by 16.1 and 15.4% 
compared with CK. In 2016, total tea yield between 
SOP and POLY4 did not significantly differ. Compared 
with CK, POLY4 and SOP increased the yield in spring 
by 43.0 and 21.4%, in the summer of 2017 by 58.4 and 
46.4%, and for the whole year by 46.9% and 27.6%, 
respectively. In 2017, yield of spring tea and the whole year 
under POLY4 application was significantly higher by 17.8 
and 15.1% compared with SOP, respectively.

The Pearson’s correlation coefficients for summer and 
total tea yield in 2017, tea nutrient contents, and soil 
properties are shown in Table 4. The total tea yield in 
2017 was positively and significantly correlated with soil 
exchangeable Ca and Mg, available K and S contents, and 
tea P, K, Ca, and Mg contents, whereas summer tea yield 
was additionally correlated with soil available P. Because 
there was no difference in K input and soil available K 
content between SOP and POLY4 treatments, and the S 
content in soil was high, higher tea yields under POLY4 
than under SOP in 2017 was attributed to enhanced soil 
fertility by Ca and Mg addition from POLY4 fertilizer. 
First, high soil basic cations (Ca, K, and Mg) from POLY4 
fertilizer could increase soil fertility, which benefits tea 
growth (McKenzie et al., 2004). Second, Ca is an essen-
tial nutrient for tea growth. Although Karak et al. (2017) 
proposed that tea was a calcifuge plant, the Ca effects on 
tea plant largely depend on Ca form and application rate. 
Willson (1975a) demonstrated that only excess Ca appli-
cation inhibited K uptake in tea. Fung and Wong (2004) 
found that among five forms of Ca, CaSO4 application 
led to higher tea biomass than no Ca treatment, but CaO 
and Ca(OH)2 application reduced biomass, because CaO 
and Ca(OH)2 increased soil pH and reduced the alumi-
num content in tea, and aluminum was useful for root 
growth. It can be concluded that Ca was beneficial to tea 
growth, but the adverse effect of some Ca compounds on 
tea growth was mainly associated with the concomitantly 
and largely increased soil pH. In addition, Mg is involved 
in several physiological and biochemical processes, such 
as being the central element in chlorophyll, and acting as 
a cofactor in various enzymatic processes associated with 
photosynthesis, respiration, and energetic metabolism 
(Hermans and Verbruggen, 2005). Fertilization with Mg 
has been proposed to increase tea yield in many studies 
(Jayaganesh et al., 2006; Ruan et al., 1999, 2012). Because 
the same K application rate was applied in the two K 
fertilization treatments, high amount of Ca and Mg 
from POLY4 fertilizers contributed to higher tea yield in 
POLY4 treatment. Although MOP is a major K fertilizer 
in crop production, it was not included in this experiment 
mainly because some studies proposed detrimental effects 
of Cl from MOP on accumulation of free amino acids or 
theanine in young tea shoots (Ruan et al., 1998, 2007). 
In addition to potential Cl detrimental effects, POLY4 Ta
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may have performed better than MOP because POLY4 contains 
CaSO4 and MgSO4.

The economic benefits of using POLY4 and SOP fertil-
izers are compared in Table 5. Because there are many factors 
involved in tea net revenue—including cost of fertilizers (N, P, 
and K); labor costs of fertilization, irrigation, and tea harvest-
ing; and income of different seasonal tea (yield and price)—we 
focused on the relative increased net revenue between POLY4, 
SOP, and CK. As all other costs such as pesticides, N and P 
fertilizers, and irrigation were equal for all treatments, the dif-
ference in revenue between POLY4, SOP, and CK was mainly 
because of costs of K fertilizer, labor for harvesting, and yield. 
The price of SOP and POLY4 was US$0.48 kg–1 and $0.20 
kg–1, respectively, according to the SOP distributor in China 
and one manager of Sirius Minerals Plc, respectively. The cost 
of labor for picking tea was $5.12 kg–1 fresh tea, and the price 
of fresh spring and summer tea was $18.08 kg–1 and $12.05 
kg–1 fresh tea, respectively. Both POLY4 and SOP resulted in 
higher revenue than CK in the 3 yr (Table 5), and the differ-
ence between K fertilization and CK increased with experi-
ment duration—greater by $1062 ha–1 and $800 ha–1 in 2015, 
respectively, and correspondingly $1382 ha–1 and $1625 ha–1 
in 2016, and $2381 ha–1 and $4363 ha–1 in 2017. Compared to 

SOP fertilization, POLY4 fertilization achieved higher revenue 
by $243 ha–1 in 2016 and by $1982 ha–1 in 2017 but achieved 
lower revenue in 2015 (–$262 ha–1). Thus, overall, POLY4 
application resulted in both higher yields and higher economic 
benefit compared to the conventional source of K, namely SOP.

CONCLUSIONS
Fertilization with K is essential to tea yield and quality. 

Compared with CK, the SOP and POLY4 application signifi-
cantly increased tea yield, economic benefits and soil fertility 
starting from the second year (2016) in the experiment. After 3 
yr of application, there were higher soil exchangeable Ca and Mg 
and available S contents for POLY4 than SOP, and soil acidifica-
tion was significantly reduced for POLY4 because of high addi-
tion of Ca and Mg, compared to SOP—this decrease is desirable 
for sustainable production of tea. Compared to SOP, POLY4 
significantly increased both tea yield and economic benefits, 
especially in the third year (2017), because it added large quanti-
ties of CaSO4 and MgSO4 to soil. Although the two treatments 
did not differ significantly in tea quality, the correlation analysis 
demonstrated that tea quality was generally positively and sig-
nificantly correlated with K, Ca, Mg, P, and S contents in tea 
leaves. Consequently, POLY4 was suitable as a source of K in tea 
plantations, and this is the first such demonstration. Given high 
S and Ca contents in POLY4, it might be a potential source to be 
used in future together with other K fertilizers.
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Fig. 2. Effects of K fertilizer application on tea yield (SOP, 
commercial sulfate of potash; POLY4, polyhalite). Values are 
mean ± standard deviation (n = 3). Means with the different 
upper-case letters for the same year are significantly different 
on total tea yield, and the different lower-case letters mean 
significantly different on yields of spring or summer tea in each 
year by Tukey test (P < 0.05).

Table 5. Economic benefits of applying POLY4 and SOP.

Year Treatment†
K fertilizer 

price
K fertilizer 

cost‡
Tea yield Fresh tea 

income§
Labor cost of 
tea-picking¶

Tea income minus 
cost of K and labor

Increased revenue 
compared to CK#Spring tea Summer tea

$ kg–1 $ ha–1 ——— kg ha–1 ——— ———————————— $ ha–1 ————————————
2015 Control – 0 1,012 280 21,671 6,615 15,056 –

SOP 0.48 172.80 1,095 303 23,449 7,158 16,118 1,062
POLY4 0.20 257.14 1,078 309 23,214 7,101 15,856 800

2016 Control – 0 662 597 19,163 6,446 12,717 –
SOP 0.48 172.80 698 754 21,706 7,434 14,099 1,382
POLY4 0.20 257.14 742 719 22,079 7,480 14,342 1,625

2017 Control – 0 668 223 14,765 4,562 10,203 –
SOP 0.48 172.80 810 326 18,573 5,816 12,584 2,381
POLY4 0.20 257.14 955 353 21,520 6,697 14,566 4,363

† SOP, commercial sulfate of potash; POLY4, polyhalite.
‡ K fertilizer cost = K fertilizer price × K fertilizer product dose (CK was 0, SOP and POLY4 were both 180 kg K2O ha–1 in both treatments). 
§ Fresh tea income = (yield in spring × price in spring) + (yield in summer × price in summer). 
¶ Labor cost of tea-picking = total tea yield in a year × local price of tea-picking labor ($5.12 kg–1).
# Increased revenue compared to CK is the difference between SOP or between POLY4 and CK.
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between total free amino acids and total amino acids according to 
different methods.
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