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Abstract

Carbon, nitrogen and phosphorus transport within the fruit tree are complex processes involving
source-sink interactions. Understanding the difference of leaf stoichiometry between fruiting branches
and vegetative branches of winter jujube (Ziziphus jujuba Mill. cv. Dongzao) can provide sight into the
source-sink relationship. The study investigated the seasonal dynamics and the difference of the leaf
stoichiometry between vegetative branches and fruiting branches of winter jujube. The study investigated
the seasonal dynamics and the difference of the leaf stoichiometry between vegetative branches and
fruiting branches of winter jujube. The results showed that the leaf C content was significantly higher
(p<0.05) in the fruiting branch than in the vegetative branch in most growth stages except for the Full
flowering stage. The leaf N and P contents were both higher in vegetative branch than in fruiting branch
in most growth stages, but only in a few growth stages, these differences reached a significant level.
There was a significant correlation between the leaf stoichiometric indices examined such as N and
C/N, P and C/P, P and N/P, C/P and N/P. The result showed that N and P were the key factors to
determine the element ratio. The winter jujube trees incurred N and P co-limitation (14<N/P<16) in the
Initial flowering stage and P limitation (N/P>16) in other growth stages. Our study provides baseline
information for describing the changes in nutritional elements with jujube growth, which will facilitate
plantation management.
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Introduction

Winter jujube (Ziziphus jujuba Mill. cv. Dongzao) is
a fresh-eating and later-maturing cultivar of jujube of
China with good taste and rich nutrition such as vitamin
C, amino acids, carbohydrates and minerals [1-3]. The
winter jujube plantation is one of the leading industries
in Zhanhua County of Shandong Province (an eastern
Chinese province) and produces about 90% fresh winter
jujube fruit of the commercial market [4, 5].

However, the production of winter jujube fruit
has suffered a problem with great variations in its
palatability, nutrition, sweetness and crispness which
are closely related to soil fertility condition and tree
fertilization regime (e.g., timing, amount and proportion
of nutrients added). Ecological stoichiometry may be an
effective method for predicting plant nutrient status and
dynamics of natural plant or crop under varying soil
fertility conditions [6, 7].

Carbon(C), nitrogen(N), and phosphorus(P) are
the key elements of the living organisms, and their
concentrations and dynamics in plant tissues reflect
nutrient uptake, utilization efficiency and adaptation to
the environment during the different growth stages [8,
9]. For instance, the ratio of N and P of leaves (N/P)
has been suggested to be useful for indicating the shift
between N and P limitation [10, 11]. Previous studies
proposed low leaf N/P (<14) reflected N limitation,
while the high N/P (>16) likely reflected P limitation.
In between (14<N/P<16), N and P were co-limiting [12,
13].

Leaf nutrient contents are dynamic and often
depend on plant growth stage and soil condition [14,
15]. Whereas other previous studies have evaluated the
stoichiometry characteristics of C, N, and P in the leaves,
especially, the correlation between the photosynthetic C
fixation and N, P content of leaves during the growing
seasons in some annual species or perennial plant
cultivars [16-18]. However, previous studies have been
performed on NP stoichiometric characteristics and
dynamics to predict N or P limitations of horticultural
crops for fruit yield or quality [19-21]. Increasing
fruit load significantly decreased branch growth on
horticultural tree species, ring-barking the branches
further reduced their growth, and there is competition
for carbohydrates and nutrients between fruits and
shoots [22-24]. Considering all these points, the main
objective of this study is to analyze the dynamic of leaf
CNP stoichiometry in vegetative branches and fruiting
branches of winter jujube in different growth stages.

Materials and Methods
Plant Materials and Treatments

The study site of winter jujube (Z. jujuba Mill. cv.
Dongzao) plantation is located at the winter jujube
research station of Binzhou University in Zhanhua
County of Shandong Province, P. R. China, with a
warm-temperate continental monsoon climate. The
altitude is 7 m. The average annual temperature is about
to 12°C with a highest temperature of 40°C in July
and the lowest temperature of —15°C in January. The
precipitation is about 557.7 mm annually [25]. The soil
type is coastal saline tidal soil, and the soil properties
are shown in Table 1.

Mature winter jujube trees grafted on Z. jujuba
Mill. var. spinosa (Bunge) Hu ex H. F. Chow. rootstocks
were used in this study. These jujube trees were planted
at a density of 4 m by 2.5 min 2002. The trees were
maintained following regional commercial production
practices. The winter jujube trees grew well and had
mean diameter of 13.6 cm.

Sampling and Elements Measurements

The leaf samples of winter jujube were collected
from May to October in 2016 from ten randomly selected
trees. According to the phenology of winter jujube, the
leaf samples were collected at five growth stages, the
specific sampling time included the Initial flowering
stage (May 25"), Full flowering stage (June 20™), Late
flowering stage (July 23™), Hardcore stage (August 28™)
and Mature stage (October 10™) [26]. The leaf samples
on the fruiting branches and the vegetative branches
were collected separately in each stage. The leaves were
selected in four directions (East, West, South, and North)
from a middle part of a crown of each sampling tree and
fully mixed for preparation for chemical analysis. The
dry leaves were ground through 60 mesh sieves. The
total C and N contents of leaf samples were measured
by element analyzer (Vario EL III, Elementar Inc.,
Germany). Total P of leaf was determined by the HCIO,-
H,SO, colorimetric method [27, 28].

Statistical Analysis

The indices including the contents of C, N, and P,
and the ratios of C/N, C/P, and N/P were calculated
based on leaf samples for the vegetative branches and
the fruiting branches of each of the ten sample trees
by each of the five growth stages. One-way ANOVA

Table 1. Average value of soil property indices of five random soil samples in study site.

Bulk Density | Soil Organic Matter | Salt Content Alkah-.hydrolyzed Available Phosphorus | Available Potassium
P (gem) (gke") (zke") Hitrogen (mg k) (mg k)
(mg kg
7.78 1.21 17.78 2.20 27.81 54.22 120.92
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(Analysis of variance) was conducted to compare the
means of all indices between the fruiting and vegetative
branches. Multiple comparisons of the means of all
indices by growth stage were conducted using the
LSD (Least significant difference) test to evaluate the
statistical significance. Pearson correlation was used
to analyze the correlation among the indices. All tests
were conducted using SPSS19.0 and OriginPro9.0 and
chose a statistical significance level of 0.05.

Results
Dynamics of C, N, and P Content

The average leaf C content of vegetative branch in
the growing season ranged from 440.76 to 463.02 g kg™,
while the mean leaf C content of fruiting branches
varied from 441.66 to 478.52 g kg (Fig. 1a). Temporally,
the leaf C content decreased from the Initial flowering
stage to Full flowering stage, and then increased
gradually from the Full flowering stage to Mature stage.
The leaf C content of both kinds of branches were
significantly higher in fruit stages than in the flowering
stages. The leaf C content was significantly higher in
fruiting branches than in vegetative branches in the
same stage except in the Full flowering stage (p<0.05).

The mean leaf N content of vegetative branches
during the growth stages varied from 31.43 to
4136 g kg', while the fruiting branches leaf N
content varied from 28.86 to 42.15 g kg! (Fig. 1b).
The leaf N content of vegetative branches decreased
gradually from the Initial flowering stage to the Mature
stage. However, the leaf N contents of fruiting branches
were significantly higher in the Initial flowering
stage than in the other stages. The leaf N contents of
vegetative branches were higher than that of fruiting
branches in the later stages except Initial flowering
stage. There was significant difference between the
leaf N contents of the two kinds of branches in the Full
flowering stage and Late flowering stage (p<0.05).

The mean leaf P contents of vegetative branches
of winter jujube during the growth stages varied from
1.80 to 3.07 g kg, while the fruiting branches leaf P
contents varied from 1.71 to 2.95 g kg' (Fig. Ic). The
leaf P contents of both kinds of branches of winter
jujube decreased gradually from the Initial flowering
stage to the Mature stage. The leaf P contents of both
kinds of branches in the Initial flowering stage were
significantly higher than that in other growth stages.
The leaf P contents of vegetative branches were all
higher than that of fruiting branches in all the growth
stages, but all the difference in each stage didn’t reach
significant level (p<0.05).

Dynamics of C, N, and P Ratios

The mean leaf C/N ratios of vegetative branches of
winter jujube in each stage ranged from 10.74 to 14.74,
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Fig. 1. Leaf C a), N b), and P c) content of fruiting branch and
vegetative branch in different growth stages. Note: GA, GB,
GC, GD, GE indicated Initial flowering stage, Full flowering
stage, Late flowering stage, Hardcore stage, and Mature stage,
respectively. fb indicated fruiting branch leaves, and vb indicated
vegetative branch leaves. Different uppercase letters indicated
significant difference among different growth stages for the same
type of branch leaves (p<0.05),and different lowercase letters
indicated significant difference among two types of branch
leaves in the same stage (p<0.05).The same definitions are used
throughout this paper.
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Fig. 2. The leaf C/N a), C/P b), N/P ¢) ratio of fruiting branch and
vegetative branch in different growth stages. Note: GA, GB, GC,
GD, GE indicated Initial flowering stage, Full flowering stage,
Late flowering stage, Hardcore stage, and Mature stagegrowth
stages respectively. fb indicated fruiting branch leaves, and vb
indicated vegetative branch leaves. Different uppercase letters
indicated significant difference among different growth stages for
the same type of branch leaves(p<0.05),and different lowercase
letters indicated significant difference among two types of branch
leaves in the same stage(p<0.05).The same definitions are used
throughout this paper.

while the fruiting branches leaf C/N varied from 10.64
to 15.93 (Fig. 2a). The leaf C/N of vegetative branches
increased gradually during the five different growth
stages, and the leaf C/N ratios in the Initial flowering
stage and Full flowering stage were significantly lower
than other three growth stages (p<0.05). The leaf C/N
ratios of fruiting branches in the Initial flowering
stage were significantly lower than that of the latter
four growth stages (p<0.05). The leaf C/N ratios of
vegetative branches in the growth stages except the
Initial flowering stage were all significantly lower than
that of fruiting branches.

The mean leaf C/P ratios of vegetative branches
during the growth stages ranged from 145.79 to 258.24,
while the fruiting branches leaf C/P ratios varied
from 152.94 to 281.29 (Fig. 2b). The leaf C/P ratios of
vegetative branches increased gradually during the five
growth stages. The leaf C/P ratios of fruiting branches
in the Initial flowering stage were significantly lower
than that of the other four growth stages (p<0.05).
The leaf C/P ratios of vegetative branches in each
stage were lower than that of fruiting branches, but the
difference was significant only in the Full flowering
stage (p<0.05).

The mean leaf N/P ratios of vegetative branches in
the whole growing season ranged from 13.56 to 17.60,
while the fruiting branches leaf N/P ratios varied from
14.36 to 17.36 (Fig. 2¢). While, most of the mean leaf
N/P ratios from the Full flowering stage to the Mature
stage were in the range of 16 to 17.60. The leaf N/P of
vegetative branches in the Initial flowering stage were
significantly lower than that of other stages. The leaf
N/P ratios of fruiting branches in the Initial flowering
stage were significantly lower than that in the Hardcore
stage or Mature stage. There was no significant
difference observed between the leaf N/P ratios of the
two kinds of branches in each stage (p<0.05).

The Correlation of C, N, P and Their Ratios

The relationship between all the leaf C/N/P and
their ratios of both kinds of branches in each growth
stage was analyzed by pearson’s correlation coefficient
(Table 2). The leaf C and the leaf N had significant
positive correlation in the Initial flowering stage, Full
flowering stage and Hardcore stage (p<0.05). The leaf
C and the leaf P had significant positive correlation
only in the Initial flowering stage. The leaf N and the
leaf P had significant positive correlation in the Initial
flowering stage and Hardcore stage.

The leaf C had significant positive correlation
with the leaf C/P in the Full flowering stage and later
flowering stage (p<0.05). While, the leaf C and leaf N/P
had highly significant positive correlation in the Full
flowering stage and Later flowering stage (p<0.01). The
leaf N and the leaf C/N had always highly significant
negative correlation in each stage. The leaf N and the
leaf C/P had significant negative correlation only in the
Initial flowering stage. The leaf N and the leaf N/P in
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Table 2. Correlation analysis of leaf CNP contents and their ratios of winter jujube.
Growth stage Leaf C Leaf N Leaf P Leaf C/N Leaf C/P
Leaf N 0.342"
Leaf P 0.352" 0.475
Initial flowering stage Leaf C/N 0.206 -0.847" -0.291
Leaf C/P -0.140 -0.430" -0.968" 0.363"
Leaf N/P -0.252 -0.058 -0.897" -0.089 0.895™
Leaf N 0.305
Leaf P -0.297 0.077
Full flowering stage Leaf C/N -0.143 -0.977 ™ -0.104
Leaf C/P 0.387" -0.151 -0.953" 0.206
Leaf N/P 0.483™ 0.460 ™ -0.795 ™ -0.401® 0.796 ™
Leaf N 0.200
Leaf P -0.228 0.266
Late flowering stage Leaf C/N 0.177 -0.926 ™ -0.339°
Leaf C/P 0.347 -0.164 -0.956™ 0.282
Leaf N/P 0.401™ 0.210 -0.883™ -0.071 0.946™
Leaf N 0.392"
Leaf P -0.002 0.316
Hardcore stage Leaf C/N -0.024 -0.924™ -0.344"
Leaf C/P 0.207 -0.263 -0.950™ 0.366"
Leaf N/P 0.234 0.159 -0.860"™ -0.084 0.896"™
Leaf N 0.050
Leaf P 0.011 0.220
Mature stage Leaf C/N 0.213 -0.962" -0.214
Leaf C/P 0.155 -0.204 -0.979" 0.242
Leaf N/P 0.041 0.344" -0.832" -0.325" 0.837"
Note: ", ™ denote significance at the 0.05, 0.01 test level, respectively. In this text, the “significant™ and “highly

significant”correlations refer to significance at the 0.05 and 0.01 test level, respectively.

the Full flowering stage and Mature stage had highly
significant positive and significant positive correlation,
respectively. The leaf P and the leaf C/N had significant
negative correlation in the Late flowering stage and
Hardcore stage. The leaf P and the leaf C/P had highly
significant negative correlation in all the five stages, and
the correlation coefficient varied from -0.950 to -0.979.
The leaf P and the leaf N/P also had highly significant
negative correlation in all the five stages.

Discussion

Generally, the leaves of different tree species
have different nutrient contents and stoichiometric
characteristics as a result of their different nutrient
requirements and use efficiencies [29]. Leaf C, N and

P stoichiometry have certain indicative effects on the
growth rate, adaptation strategy, nutrient limitation, and
community function of plants [30].

The average leaf C content (440.76-478.52 g kg")
of winter jujube in each growth stage of the growing
season was lower than the average leaf C content
(480.10 g kg') from 102 dominant species in forest
ecosystems along the North-South Transect of East
China [31] and slightly higher than the mean value
(438.00g kg™ from 126 plant species in loess plateau of
China [32], and similar to apple with the mean leaf C
ranging from 454.2 to 471.9 g kg [33].

The mean leaf N content (28.86-42.15g kg') of
winter jujube during the growing season was higher
than the mean leaf N content (21.12g kg') of 156
deciduous woody species in east China [34], and also
higher than the leaf N content (8.40-30.50 g kg')
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of 102 dominant species in forest ecosystem along the
North-South Transect of East China [31]. The leaf N
content (21.88- 28.80 g kg") of apple in different area of
China was also slightly lower than that of winter jujube
[33]. The leaf N content of winter jujube in this study
was similar with the leaf N content (24.95-31.22 g kg')
of Zizyphus jujuba CV. Tongxinyuanzao [35], and also
similar with the leaf N content (27.13-49.54 g kg') of
Zizyphus jujuba CV. Junzao during the growth stages
[36].

The leaf P content (1.71-3.07 g kg') of winter jujube
was higher than the mean leaf P content (1.55 g kg')
of 182 deciduous woody plant species in east China
[28], and also higher than the mean leaf P (1.60 g kg™)
of 126 plant species in loess plateau of China [26].
The leaf P content (1.35-1.67 g kg™') of apple in different
area of China was also slightly lower than that of
winter jujube [33]. The leaf P content of winter jujube
from the Full flowering stage to the Mature stage
was similar to the mean leaf P content (2.21-2.76 g kg™")
of Zizyphus jujuba ‘Tongxinyuanzao’ [35].

By comparison, the mean leaf N and P content of
winter jujube were higher than that of many natural
plant species, and also the value was higher than that
of apple in China. Leaves of winter jujube had higher
concentration of leaf N and P than natural tree species,
indicating an greater dependence of the tree on soil
nutrient in the growing season. Whether the jujube
plants (Ziziphus Mill) in the cultivation environment
have relatively high nitrogen and phosphorus content is
worthy of further study in the future.

The leaf C/N ratio (10.64-15.93) of winter jujube
during the five growth stages was much lower than the
mean leaf C/N ratio (29.10, in the range from 14.10 to
64.10) of 102 dominant species in forest ecosystems of
east China [31], and also lower than the mean leaf C/N
ratio (17.30) of 358 plant species in Beijing of China and
the leaf C/N ratios (16.44-21.44) of apple in different
area of China [33, 37].

The leaf C/P ratio (145.79-281.29) of winter jujube
was lower than the average leaf C/P ratio (313.90) of
102 dominant species in forest ecosystems of east China
[31] and the mean leaf C/P ratio (312.00) of 126 plant
species in loess plateau of China [32], and also lower
than the mean leaf C/P ratio (281.24-354.28) of apple
trees in different area of China [33].

The leaf N/P ratio (13.56-17.60) of winter jujube
during all the growth season was higher than the mean
leaf N/P ratio (12.76) of 154 deciduous woody plant
species in east China [34], and slightly higher than
the mean leaf N/P ratio (13.90) of 358 plant species in
Beijing of China [37].

Previous study showed that the leaf N/P ratio was
lower than 14 often indicated N limitation, on the
other hand N/P ratio that was higher than 16 showed P
limitation, in between (14<N/P<16), N and P were co-
limiting [14, 38]. Compare all these numerical range, the
winter jujube plantation had N and P co-limitation in

the Initial flowering stage, while there was P limitation
in other growth stages [39, 40].

Conclusion

The leaf C content of fruiting branch was all higher
than that of the vegetative branch in the each growing
stage, and significant differences were observed
between different growth stages except for Full
flowering stage (p<0.05). Whereas, the mean leaf N and
leaf P contents of vegetative branches were both higher
than that of fruiting branches in most growth stages.

Comparing the results of previous studies, the
winter jujube plantation had N and P co-limitation in
the Initial flowering stage, while there was P limitation
in other growth stages.

The correlation analysis showed that some indices
pairs including leaf N and leaf C/N, leaf P and leaf C/P,
leaf P and leaf N/P, leaf C/P and leaf N/P had closely
relationship. The correlation between leaf N and leaf
C/N was much more strongly than that between leaf C
and leaf C/N, and the correlation between leaf P and
C/P was also much more strongly than that between
leaf C and C/P. In the future research, the relationship
among fertilization, leaf stoichiometric characteristics
and fruit quality should be focused on.
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