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Abstract
Three hundred and nineteen ‘Guanximiyou’ pummelo (Citrus grandis) orchards from Pinghe county, the southern
region of Fujian province, China, were selected for this study. The objectives were to determine (i) the soil and
leaf nutrient status, (ii) the relationships between leaf mineral elements and the corresponding soil elements,
and (iii) the relationships between fruit quality and mineral nutrients. The results showed that soil acidification
was a major problem in these orchards, with an average pH of 4.34. Soil acidification affected the availability of
soil N, P, Ca, Mg, S, B, Cu and Zn and the levels of organic matter (OM) and cation exchange capacity (CEC),
thus inducing soil and leaf nutrient imbalance. Indeed, severe nutrient imbalance existed in these orchard soils.
77.4% and 65.8% of soils were sub-optimum in exchangeable Mg and Ca, while 96.6% and 82.1% of soils were
super-optimum in available S and P, respectively. Besides, severe nutrient deficiencies and excesses co-existed
in leaves. 46.8% and 35.6% of leaves were deficient in N and Mg, while 74.8% and 70.4% of leaves were excess
in B and Cu, respectively. Regressive analysis showed that leaf content of mineral elements was poorly related
with the available content of the corresponding soil elements, respectively. In some orchards, severe juice sac
granulation, an important factor affecting fruit quality, was observed. Regressive analysis indicated that Mg, S,
Cu and Mn played a role in juice sac granulation of fruits. In conclusion, soil acidification might lead to severe
soil nutrient imbalance, thus inducing leaf nutrient imbalance, eventually impairing fruit quality parameters
such sac granulation.
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1. Introduction
Citrus is the leading fruit crop in the world, citrus

Citrus stores significant amounts of mineral nutrients in

production and consumption have grown strongly

tree biomass, part of which can be redistributed mainly

since the mid-1980s (FAOSTAT data). In 2013, over

to developing organs such as fruits and young leaves.

140 countries produced citrus fruits. Main producing

Evidence shows that leaf content of some mineral ele-

countries are China, Brazil and the United States (FAO-

ments does not correlate with the available content of

STAT data). In 2011, there are approximately 2.29 mil-

the corresponding soil elements, respectively (Huang

lion ha of citrus planted in 19 provinces of China and

et al., 2001; Tang et al., 2013). Better reliability of leaf

a yield of 2944 × 10 t (Ministry of Agriculture P.R.C,

analysis over soil analysis has diverted towards find-

2012). Pummelo (Citrus grandis) is the third major

ing the cause and effect relationship on fruit quality of

types of citrus after Citrus reticulata (i.e., tangerines,

pummelo.

mandarins, clementines and satsumas) and oranges

To date, the premier fruit quality parameters of pum-

(Citrus sinensis) with a yield of 320 × 10 t (Ministry

melo which guide the marketability, through global

of Agriculture P.R.C, 2012). In China, the most famous

research data on pummelo is meager. During 1998-

area for pommelo production is Pinghe county, Fujian

1999, Huang et al. (2001) investigated mineral element

province. In Pinghe, ‘Guanximiyou’ pummelo has been

content in orchard soils and leaves of ‘Guanximiyou’

planted for more than 500 years and was used to be a

pummelo, and soil pH and OM. Unfortunately, fruit

tribute for royal. By 2013, total production of ‘Guanxi-

quality parameters were not determined in this study.

miyou’ pummelo reached over 4 × 10 ha with an an-

In addition, soil acidification can occur in the past de-

nual production of over 120 × 104 t (Lu, 2013). Recent-

cade due to acid deposition and some farming practices

ly, ‘Guanximiyou’ pummelo fruit quality displayed a

such as improper fertilization, intensive agriculture and

down trend. Both maximum fruit quality and yield will

monoculture (Guo et al., 2010), thus affecting nutrient

occur only in the presence of optimum nutrient bal-

balance and intensity.

ance and intensity. Low fruit quality is often associated

In this study, we measured soil pH, CEC, OM, con-

with poor soil fertility and poor nutrient management

tent of mineral element in soils and leaves, and fruit

(Zhuang, 1994). Adequate nutrient management would

quality parameters of ‘Guanximiyou’ pummelo grown

never have been possible without the knowledge of soil

in the southern region of Fujian province, China. The

fertility and plant nutrition status.

objectives of this study were to understand (i) the soil

Soil testing, which is crucial for evaluating soil fertil-

and leaf nutrient status, (ii) the relationships between

ity, is believed to be a necessary complement to leaf

leaf mineral elements and the corresponding soil ele-

analysis for citrus fertilizer recommendations (Du

ments, and (iii) the relationships between fruit quality

Plessis et al., 1977). Citrus growers should maintain

and mineral nutrients.

4

4

4

soil fertility, thus preventing nutrient deficiencies
and excesses, since both affect the yield and quality

2. Materials and Methods

of citrus fruits. Soil fertility is mainly determined by
various chemical properties such as soil pH, cation

Three hundred and nineteen ‘Guanximiyou’ pummelo

exchange capacity (CEC), content of organic matter

orchards from ten townships (Jiufeng, Qiling, Xiazhai,

(OM) and mineral nutrients.

Wenfeng, Guoqiang, Xiaoxi, Shange, Nansheng, Banzi
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and Luxi) were selected for this study. The orchards

lation, total soluble solids (TSS), titratable acidity (TA)

were located in Pinghe county (24°02´ - 24°35´ N and

and Vc] were immediately assayed after being brought

116°53´ - 117°31´ E), the southern region of Fujian

to our laboratory.

province, China with an average annual rainfall of over

Soil analysis was performed according to Lu (1999)

1600 mm. The orchards on slopes are terraced. Most

except for B. Briefly, pH was determined in 1: 2.5 (soil

of the soils are oxisols (US Deptartment of Agriculture

: water) soil water suspensions using pH-meter. OM

Soil Survey Staff) [red soil and lateritic red soil (Chi-

was determined on the basis of oxidation with K2Cr2O7

nese Soil Taxonomic Classification)]. Most of the plant

in a heated oil bath. CEC was determined by the am-

materials were 10 to 15-year-old ‘Guanximiyou’ pum-

monium acetate displacement method. Hydrolysable

melo trees grafted on ‘Sour pummelo’ (Citrus grandis)

N was determined with alkaline hydrolysis diffusion

rootstocks. They received similar horticultural prac-

method. Available P was extracted from the soil with

tices, and disease and insect control.

0.5 M NaHCO3 (pH 8.5) and determined spectropho-

Soil samples (one composite sample per orchard) were

tometrically as blue molybdate- phosphate complexes

collected from September to October 2011. Each com-

under partial reduction with ascorbic acid. Available

posite soil sample (500 - 1000 g per sample) was con-

K, exchangeable Mg, Ca and Mn were extracted from

sisted of 10 sub-samples (two sub-samples per plant,

soil with 1 M ammonium acetate (pH 7.0) and were as-

five plants per orchards) taken from 0 - 40 cm depth

sayed using atomic absorption spectrophotometry (Ca,

near the canopy drip line. After air drying, the samples

Mg and Mn) or flame spectrophotometry (K). Avail-

were gently ground, sieved (2 mm) and properly stored

able S was extracted with mono calcium phosphate-

for analysis (Gil et al., 2012; Lu, 1999).

acetic acid and determined using the simple turbidimet-

Leaf samples (one composite sample per orchard) were

ric method based on the formation of BaSO4 precipitate

collected from the same plants chosen for collecting

in colloid form. Available Cu and Zn were extracted

soil samples from September to October 2011. Each

by solutions of diethylene triamine pentaacetic acid

leaf sample was consisted of 100 leaves, 20 leaves from

(DTPA) at pH 7.3 and determined using atomic absorp-

each of five plants. The second - third leaves from the

tion spectrophotometry. Water-soluble B was extracted

top part of the spring vegetative shoots (non-fruiting

by hot water and measured using the curcumin method

terminals) were collected from the exterior of mid can-

(Kowalenko and Lavkulich, 1976).

opy. Leaf samples were first washed in 0.2% HCl (ca.

Leaf N, P and S were extracted and measured according

30 s), then rinsed in tap water, finally washed in dis-

to Lu (1999). Briefly, leaf N and P were assayed by semi-

tilled water. After being wiped with towel, leaf samples

micro distillation titration and determined colorimetrical-

were first oven-dried at 105 °C for 30 - 60 min, then

ly as blue molybdate-phosphate complexes, respectively

at 65 °C for 48 - 72 h, ground and stored for analysis.

after samples being digested with H2SO4 and H2O2. Leaf

Fruit samples (five fruits each sample, one fruit per plant)

S was determined by X-Ray fluorescence spectrometry

were collected from the same plants chosen for collecting

after samples being digested with HNO3-HClO4. Leaf K,

soil and leaf samples during the fruit maturation (from

Ca, Mg, Mn, Cu and Zn were extracted with 1 M HCl

October to November). Fruits bearing on the spring

and assayed using atomic absorption spectrophotometry

shoots were collected from the southern aspect of the ex-

(Chen et al., 2011). Leaf B was measured by the curcumin

terior of mid canopy. Fruit quality parameters [i.e., fresh

method after leaf sample was ashed at 500 °C for 5 h, and

weight per fruit, edible rate, fruit shape index, sac granu-

dissolved in 0.1 M HCl (Kowalenko and Lavkulich, 1976).
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TA of fruit juice was titrated with 0.1 N NaOH to the

the 319 samples, the CEC value for 67.1% soils was

end point pH 8.1 using a Microprocessor-based Bench

more than 15 cmol kg-1, indicating that two-thirds of

pH/mV/°C Meter (pH 211, Henna Instruments, Italy)

soils have medium or higher ability to hold positively

and the total acidity calculated as malic acid. TSS of

charged ions (data not shown).

fruit juice was determined with WYT-4 refractometer

The average content of exchangeable Mg was 57.0 mg

(Quanzhou Zhongyou Optical Instrument Co., Ltd.,

kg-1 DW, which was less than the optimum range of 80

Quanzhou, China). Vc content of fruit juice was deter-

to 125 kg-1 DW and 77.4% of soils were sub-optimum

mined according to the 2, 6-dichlorindophenol titration

in exchangeable Mg, followed by exchangeable Ca

method (GB6195-86; a national standard determina-

(65.8%), hydrolysable N (48.6%), water-soluble B

tion of Vc in vegetables and fruits in China). Juice

(43.9%), exchangeable Mn (29.2%) and available Cu

sac granulation degree was calculated as follow: the

(24.1%). The average content of available S, however,

number of juice sac granulated segments/total number

was 55.7 mg kg-1 DW, which was much more than the

of segments × 100%. The fruit-shape index was calcu-

optimum range of 12.4 to 16.1 mg kg-1 DW and 96.6%

lated as the ratio of fruit length to diameter. Fruit ed-

of soils were super-optimum in available S, followed

ible rate was calculated as follow: fresh weight of juice

by available P (82.1%), exchangeable Mn (43.3%),

sacs/fresh weight of whole fruit × 100% (GB8210-87;

available Cu (28.3%), water-soluble B (22.9%) and

a national standard method of inspection for export cit-

OM (21.9%) (Table 1).

rus fruit in China).

Soil pH was negatively related with soil hydrolys-

Range, mean, standard deviation and coefficient of

able N, available P, exchangeable Ca, exchangeable

variation were calculated using Microsoft Excel (Mi-

Mg, available S or water-soluble B, and positively

crosoft, WA, USA) spread sheet. Pearson correlation

related with soil OM, available Cu, available Zn or

coefficient matrix was calculated using SigmaPlot 10.0

CEC, respectively. There were positive correlations

(Systat Software Inc., CA, USA).

between CEC and OM as well as mineral elements
except for Mn. Soil OM was positively related with

3. Results

soil hydrolysable N, available P or exchangeable Ca,
respectively (Table 2).

3.1. Soil pH, CEC, OM and mineral elements
3.2. Mineral nutrient content in leaves
Citrus does not like strong acid soils, because in soils
of pH 5.0 or less, serious problems may arise, such

Leaf N-deficiency was the most severe among the 11

as excessive solubility of Al and Mn, or low avail-

mineral elements tested and 46.8% of samples were

ability of P, Ca, Mg and Mo (Chapman, 1968). Soil

deficient in N, followed by Mg (35.6%), P (32.3%),

pH of 319 samples ranged from 3.26 to 6.22, with an

K (22.3%) and Cu (14.0%). However, the average

average value of 4.34. Out of these samples, the pH

leaf content of B and Cu was 72.5 and 44.9 mg kg-1

for 90% soils was less than 5.0 (Table 1), which is

DW, which was much more than the optimum range

lower than the optimum range of 5.0 - 6.5 for pum-

of 15 to 50 and 8 to 17 mg kg-1 DW, respectively.

melo growth (Xie et al., 1997).

Among these leaf samples tested, 74.8% and 70.3%

CEC ranged from 6.6 to 35.5 cmol kg , with an av-1

of pummelo leaves were excess in B and Cu, respec-

erage value of 17.7 cmol kg-1 after (Table 1) Out of
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tively, followed by Ca (13.4%), S (12.1%) and Mn

K, Mg or S, and negatively related with leaf Ca or

(11.4%) (Table 3).

Mn, respectively. Leaf K was negatively related with

Leaf N showed a positive correlation with leaf P, K

leaf Ca, Mg or Mn, and positively related with leaf S

or S, and a negative correlation with leaf Ca or Mg,

or Zn, respectively. There was no significant correla-

respectively. Leaf P was positively related with leaf

tion between leaf Ca and Mg (Table 4).

K, Mg or S, and negatively related with leaf Ca or
Table 1. Average pH, CEC and content of OM and mineral elements in ‘Guanximiyou’ pummelo orchard soils, and the distribution of samples.

Optimum ranges were referred to the classification standard of citrus (Xie et al., 1997; Zhuang et al., 1995).

Table 2. Pearson correlation coefficient matrix for soil pH, CEC, OM and mineral elements.

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively.

Table 3. Average mineral content of ‘Guanximiyou’ pummelo leaves and the distribution of samples.

Optimum ranges were referred to the classification standard of ‘Guanximiyou’ pummelo leaves (Zhuang et al.,

1991)
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Table 4. Pearson correlation coefficient matrix for leaf content of mineral elements.
N
N

P

K

Ca

Mg

S

B

Cu

Zn

Mn

1

P

0.3241***

1

K

0.1983***

0.4424***

1

Ca

-0.1740**

-0.3583***

-0.4316***

1

Mg

-0.1257*

0.1588*

-0.4316***

0.0168

1

S

0.3087***

0.2688***

0.2909***

-0.0241

0.0500

1

B

-0.0534

-0.0063

0.0082

-0.0065

0.2014***

0.1150*

1

Cu

0.0139

-0.0712

-0.0264

-0.0122

-0.1789**

-0.0579

-0.0043

1

Zn

-0.0550

-0.0152

0.1611**

-0.0969

-0.0493

0.1229*

0.0498

-0.1343*

1

Mn

-0.0165

-0.1861***

-0.2014***

0.1730**

0.0740

-0.1664**

0.0256

0.0121

0.1267*

1

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively

3.3. Fruit quality characteristics

quality parameters. There were significant relationships between most of the fruit quality parameters. For

We found that the coefficients of variation (CVs) for

example, fruit edible rate displayed significant positive

all fruit quality parameters were less than 10% except

correlations with other quality parameters except for a

for fresh weight per fruit, fruit granulation and TSS/

negative correlation with TA. TSS and TA were signif-

TA (Table 5), meaning that fruit quality from different

icantly related with other parameters except for fresh

orchards is relatively identical, and that many of soil

weight per fruit. The best relationship existed between

and leaf parameters are not related with these fruit

TSS/TA and TSS (Table 6).

Table 5. Fruit quality characteristics of ‘Guanximiyou’ pummelo.

Table 6. Pearson correlation coefficient matrix for parameters of fruit quality

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively
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3.4. Leaf mineral nutrients in relation to soil pH,

exchangeable Mg, available Zn and exchangeable

CEC, OM and mineral elements

Mn, respectively. Fruit TSS was negatively correlated with soil exchangeable Mg. Fruit Vc was nega-

Leaf P and Ca displayed positive relations with soil

tively related with soil pH and available Cu, respec-

pH. Leaf N and Cu were positively related with soil

tively (Table 8).

CEC. Leaf Mg had a negative relation with soil OM.
Except for N, P and K, leaf Ca, Mg, S, B, Cu, Zn and

3.6. Fruit quality parameters in relation to leaf min-

Mn displayed positive relations with the correspond-

eral nutrients

ing soil elements, respectively (Table 7).

Fresh weight per fruit was positively related with leaf
S. Fruit edible rate was negatively related with leaf

3.5. Fruit quality parameters in relation to soil pH,

N and positively related with leaf Mg, respectively.

CEC, OM and mineral nutrients

Juice sac granulation degree was positively related
with leaf Mg, S, Cu and Mn, respectively. TSS dis-

Fresh weight per fruit was negatively with soil avail-

played a negative relation with leaf Ca. TA was posi-

able P. Fruit edible rate was negatively related with

tively related with leaf S and negatively related with

soil OM and hydrolysable N, but positively related

leaf Ca and Cu, respectively. TSS/TA ratio was nega-

with soil available Cu, respectively. Fruit shape in-

tively related with leaf Ca and positively related with

dex showed a negative relation with soil

leaf S, respectively (Table 9).

Table 7. Pearson correlation coefficient matrix between leaf mineral elements (first column) and soil pH, OM,
CEC and mineral elements (first row)

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively
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Table 8. Pearson correlation coefficient matrix between soil pH, CEC, OM and mineral elements (first column)
and fruit quality parameters (first row).

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively

Table 9. Correlation coefficient matrix between leaf mineral elements (first column) and fruit quality parameters
(first row)

*, ** and *** indicate a significant difference at P < 0.05, P < 0.01 and P < 0.001, respectively

4. Discussion

combined soils with different pH levels (i.e., 4.0, 4.3,
4.6, 5.0, and 6.0). Five months after growing, growth

4.1. Soil acidification is a major problem in ‘Guanxi-

was the best under pH 6.0 and was considerably poor-

miyou’ pummelo orchard soils

er at pH 4.0. In this study, the lowest, average and
highest pH values of the 319 soils were 3.26, 4.34 and

Although citrus (pummelo) can be planted in soils

6.22, respectively, which were lower than the previous

with either a high or low pH, the optimum pH ranges

values (i.e., 3.57, 4.63 and 7.25; Huang et al., 2001).

from 5.0 to 6.5 (Xie et al., 1997). Rasmussen and

In addition, up to 21.0% soils had a pH of less than

Smith (1957) grew Pineapple orange seedlings in

4.0 (data not shown). Obviously, soil pH is rapidly de-
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creasing in the last decade. Under natural conditions,

2001). Based on the criterion, only 11.9% soil sam-

soils acidify very slowly over hundreds to millions of

ples had sub-optimum CEC. This disagrees with our

years (Guo et al., 2010). Rapid acidification of Pinghe

data that 77.4% and 65.8% of soils had sum-optimum

pummelo orchard soils might be mainly caused by

Ca and Mg, respectively (Table 1) and soil CEC was

improper fertilization. In Pinghe, orchard farmers

positively related with exchangeable Ca and Mg (Ta-

usually overuse compound fertilizer containing 15%

ble 2). Soil OM has a particularly high CEC ranging

N, 15% P2O5 and 15% K2O and physiological acidic

from 250 to 400 cmol kg-1 DW, and can account for 30

fertilizers such as Mg2SO4, and seldom apply basic

- 60% or more of CEC (Loveland and Webb, 2003).

fertilizers such as lime and Mg(OH)2. In addition, the

Our results showed that soil CEC was positively cor-

environmental problems such as acid rain and some

related with soil OM (Table 2), and that only 13% of

agriculture practices also contribute to the acidifica-

soils had sub-optimum OM (Table 1). Thus, it is rea-

tion of these soils (Guo et al., 2010).

sonable to assume that the differences between soil
CEC and exchangeable Ca and Mg are caused mainly

4.2. Severe soil and leaf nutrient imbalance

by the relatively higher soil OM (Table 1).
Like that of the previous workers (Huang et al., 2001),

Organic manures were heavily applied in recent years.

our results showed that soil sub-optimum Mg and Ca

As expected, the average content of soil OM (23.2 g

were the two most widespread nutrient constraints

kg DW) was higher than the previous value (17.7 g

in pummelo orchard soils (Table 1). Soil exchange-

kg-1 DW), and the percentage of sub-optimum soils

able Ca and Mg were positively related with soil pH

(13.8%) was lower than the previous report (29.5%)

(Table 2). Thus, it is reasonable to assume that soil

(Table 1; Huang et al., 2001). Soil OM increases soil

acidification might be the major factor contributing

-1

fertility by providing cation exchange sites and act-

to low levels of soil exchangeable Mg and Ca. It is

ing as reserve of essential nutrients, especially N and

worth noting that sub-optimum Mg soils (77.4%) was

P, which are slowly released upon soil OM mineral-

higher than sub-optimum Ca ones (65.8%; Table 1).

ization (Tarrasón et al., 2007). This agrees with our

Poss and Saragoni (1992) showed that exchangeable

data that soil CEC, hydrolysable N, available P and

Mg was less adsorbed by the solid phase of the soil

exchangeable Ca were positively related with soil OM

(xoisol) than exchangeable Ca, and that exchangeable

(Table 2). It has been known that strong acidification

Mg was preferentially leached from the upper layers

can be buffered by OM (Aitken et al., 1990). The

of the soil than the exchangeable Ca. This can, at least

negative relationship between soil OM and pH (Table

in part, explain the higher percentage of sub-optimum

2) means that soil acidification caused by improper

Mg in ‘Guanximiyou’ pummelo orchards with heavy

fertilization and environmental problems can not be

application of Mg fertilizers.

completely buffered by increased OM.

The average content of soil hydrolysable N was 104.3

Our finding that soil CEC was negatively related with

mg kg-1 DW, which was lower than the previous re-

pH (Table 2) agrees with the view that as soil pH de-

port (121.0 mg kg-1 DW), and 48.6% of soils was sub-

creases, more H+ ions are attached to the colloids and

optimum in hydrolysable N, which was higher than

push other cations from the colloids and into the soil

the previous report (44.0%; Huang et al., 2001). This

solution (CEC decreases). The optimum soil CEC for

means that soil hydrolysable N sub-optimum status

citrus ranges from 12 to 16 cmol kg-1 DW (Li et al.,

was not improved over the last decade. According to
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our investigation, most of orchards were applied with

Although only 4.4% of and up to 82.1% of soils

sufficient N fertilizers (600 kg ha or more per year).

were sub-optimum and super-optimum in available

The observed increase in N sub-optimum soils might

P, respectively (Table 1), up to 32.3% of and only

be caused by low N use efficiency due to improper

0.9% of leaf samples were deficient and excess in P,

application such as broadcasting. Leaching of N in

respectively (Table 2). This agrees with our data that

the nitrate form is a very important factor leading to

leaf P was not related with soil available P (Table

soil acidity (Huang et al., 2014). Soil acidification in

7). Thus, leaf P-deficiency was not mainly caused by

recent years implies that N leaching may be increased,

lower soil available P and other factors might con-

which may contribute to the low availability of soil N.

tribute to the exacerbation of leaf P-deficiency. Also,

Available S content in 99.6% of soils was higher than

no significant relation was observed between leaf

the optimum range (Table 1). This might be mainly

P and soil available P on ‘Guanximiyou’ pummelo

caused by the long-term and heavy application of

(Huang et al., 2001), C. sinensis (Tang et al., 2013)

MgSO4. Application of 2 kg MgSO4•7H2O tree-1

and Ponkan (Yu et al., 2007). This demonstrates the

year is very common for most of orchards. In addi-

complexes of citrus P uptake.

tion, the application of fungicides containing S (i.e.,

We found that leaf K was not related with soil avail-

lime sulphur) may contribute to the accumulation of

able K (Table 7), as previously reported on Ponkan

soil available S.

(Yu et al., 2007), ‘Guanximiyou’ pummelo (Huang

Available P content in 82.1% of soils was higher

et al., 2001) and C. sinensis (Tang et al., 2013). In

than the optimum range (Table 1), which was higher

our study, 11.0% and 18.2% of orchard soils were

than the previous result (70.5%). Also, the average

sub-optimum and super-optimum in soil available K,

content of soil available P (184.1 mg kg-1 DW) was

respectively (Table 1), while up to 22.3% and only

much more than the previous report (112.3 mg kg

-1

0.3% of leaf samples were deficient and excess in

DW; Huang et al., 2001). The observed increase in

leaf K, respectively (Table 3). Therefore, soil avail-

soil available P might be caused by the heavy ap-

able K level was not the major factor affecting leaf

plication of compound fertilizer containing 15% N,

K content.

15% P2O5 and 15% K2O.

In China, leaf Mg-deficiency is frequently observed

We found that 46.8% of leaf samples were deficient

in citrus plantations, including ‘Guanximiyou’ pum-

in N, which were much higher than the previous re-

melo orchards (Huang et al., 2001; Zhuang, 1994).

sult (7.0%), and that the average content of leaf N

As expected, 35.6% of leaves were deficient in Mg

(25.1 g kg DW) was lower than the previous re-

(Table 3). Regressive analysis showed that soil ex-

sult (28.6 g kg-1 DW) (Table 3; Huang et al., 2001).

changeable Mg was positively related with soil pH

Obviously, N-deficiency was becoming more and

(Table 2), and that leaf Mg was positively related

more widespread. Although the degrees of soil N

with soil exchangeable Mg (Table 7). This drove us

sub-optimum (48.6%) and leaf N-deficiency were

to conclude that soil acidification lowered soil ex-

basically similar (Tables 1 and 3), the relationship

changeable Mg level, thus reducing Mg2+ uptake,

between leaf N and soil available N was poor (Table

eventually resulting in leaf Mg-deficiency. However,

7). However, Yu et al. (2007) reported that Ponkan

only 4.8% of leaf samples were deficient in Ca (Ta-

(Citrus reticulata) leaf N was positively related with

ble 3), although 65.8% of soils were sub-optimum in

soil hydrolysable N.

soil exchangeable Ca (Table 1). Furthermore, 13.4%

-1

-1

-1
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of leaf samples were excess in Ca (Table 3), although

that S content was higher in granulated juice sacs of

only 0.6% of soil samples were super-optimum in ex-

‘Guanximiyou’ pummelo fruits than in normal ones

changeable Ca (Table 1). The antagonism between Ca

(Wang et al., 2014). This suggests that S might play

and Mg for uptake has been known in citrus (Moss

a role in the juice sac granulation of pummelo fruits.

and Higgins, 1974). This is also supported by our

However, no relationship was found between leaf

data that leaf Ca and Mg were negatively related with

S and the incidence of granulation in sweet orange

leaf Mg/Ca and Ca/Mg ratio, respectively (data not

(Awasthi and Nauriyal, 1972).

shown). Thus, the difference between leaf Ca and

We observed a positive relationship between leaf Cu

soil exchangeable Ca can be explained in this way.

and juice sac granulation of ‘Guanximiyou’ pum-

Although 43.6% of soils were sub-optimum in soil

melo fruits (Table 9), which agrees with the reports

water-soluble B (Table 1), up to 74.8% of leaf sam-

that leaf Cu increased as the fruit granulation devel-

ples were excess in B (Table 3). This agrees with the

oped in two sweet orange cultivars (Munshi et al.,

previous result obtained on ‘Guanximiyou’ pummelo

1978), and that granulated juice sacs of ‘Guanxi-

(Huang et al., 2001). Our results showed that there

miyou’ pummelo fruits had higher Cu content com-

was a positive between leaf B and soil water-soluble

pared with normal ones (Wang et al., 2014). Thus,

B (Table 7). However, Huang et al. (2001) showed

Cu might be involved in the juice sac granulation of

that leaf B did not correlate with soil water-soluble

‘Guanximiyou’ pummelo fruits. However, juice sac

B. Based on these results, we concluded that the ob-

granulation was not significantly related with leaf

served higher leaf B excess might be mainly caused

Cu in ‘Guanximiyou’ pummelo (Xie et al., 1998)

by overuse of B fertilizer through frequent foliar ap-

and sweet orange (Awasthi and Nauriyal, 1972). In

plication rather than by high soil water-soluble B.

addition, no significant difference was found in Cu

Similarly, leaf Cu excess was more pronounced than

content between normal and granulated juice sacs of

soil super-optimum in available Cu (Tables 1 and 3).

‘Guanximiyou’ pummelo fruits (Xie et al., 1998).

The observed higher leaf Cu excess might be mainly

Juice sac granulation was positively related with

due to application of fungicides containing Cu (i.e.,

leaf Mg. This agrees with the previous reports that

Bordeaux mixture).

Mg content was higher in granulated juice sacs than

To conclude, severe nutrient imbalance existed in

in normal ones of ‘Guanximiyou’ pummelo (Wang

‘Guanximiyou’ pummelo orchard soils and leaves.

et al., 2014; Xie et al, 1998) and ‘Valencia’ orange

Leaf content of mineral elements did not highly cor-

(Sinclair and Jolliffe, 1961) fruits. However, no sig-

relate with the available content of the corresponding

nificant relationship was found between leaf Mg

soil elements, respectively.

content and juice sac granulation in sweet orange
(Awasthi and Nauriyal, 1972).

4.3. Effects of mineral nutrients on fruit quality

Our finding that juice sac granulation was positively
related with leaf Mn (Table 9) disagrees with the

Previous studies showed that the nutritional status

previous result obtained on sweet orange (Awasthi

of plants played a role in citrus granulation (Wang

and Nauriyal, 1972; Munshi et al., 1978). In addi-

et al., 2014). Our result showed that the degree of

tion, Mn content did not significantly differ between

juice sac granulation was positively related with leaf

normal and granulated juice sacs of ‘Guanximiyou’

S (Table 9). This agrees with our previous report

pummelo fruits (Wang et al., 2014).

Journal of Soil Science and Plant Nutrition, 2015, 15 (3), 615-628

626

Li et al.

Fruit edible rate was negatively related with leaf N,
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agrees with the previous reports that N increased citrus peel thickness (Chapman, 1968; Zhuang, 1994),
and that Mg decreased citrus rind thickness (Zekri
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positivily related with leaf Ca respectively (Table 9),
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caused by increasing juice sac granulation.
5. Conclusion
Soil acidification is a major problem in ‘Guanximiyou’ pummelo orchards. Soil acidification affected the
availability and uptake of mineral nutrient elements,
thus inducing severe soil and leaf nutrient imbalance, eventually impairing fruit quality parameters
such sac granulation.
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