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ABSTRACT

Slow growth rate restricts the development and growth of seedlings due to nutrients deficiency or nutrient imbal-
ance. Exponential fertilization can enhance the internal nutrient reserves in seedlings at the nursery-stage and
strengthen their resistance to adverse conditions. In this study, nitrogen requirements for producing Hydrangea
macrophylla ‘Hanatemari’ that robust seedlings, nutrient dynamics, biomass and growth, was examined utilizing
exponential fertilization. The potted seedlings were fertilized with urea under exponential regime at rates of 0.5,
1.5 and 2.0 g nitrogen/plant (EF1, EF2, and EF3), respectively. In addition, an unfertilized group treated with
equal volume of deionized water was used as control. The results showed that seedlings under 1.5 g N/plant
(EF2) had the highest plant growth index and total biomass. The nutrient concentrations of different organs var-
ied in different fertilization treatments. Based on the results of current study, it is concluded that 1.5 g N/plant
(EF2) is suitable exponential fertilization treatment for the culture of hydrangea seedlings. Our treatments results
showed that 2.0 g N/plant is not suitable for seedling culturing, because of serious nutrient toxicity. These findings
will help to improve seedling quality and strengthen the production of H. macrophylla for plantation.
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1 Introduction

Hydrangea macrophylla is a deciduous shrub which is native to South China and Japan [1]. Because of
the diversity of color and inflorescence shape, it has been widely used in the production of cut flowers and
landscaping [2]. ‘Hanatemari’ is an excellent variety of big leaf Hydrangea, with beautiful inflorescence
shape, bright flower color and strong resistance. It is commonly used in landscaping in Shanghai.
Seedling quality is one of the important indicators which influence the later ornamental quality of the
flower shrub [3]. Fertilization is an essential way to promote seedling growth and improve seedling
quality. Nitrogen is an essential mineral element which affects plant growth [4]. However, there is still no
report on the Hydrangea exponential fertilization experiment.
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The exponential fertilization technique is one of the three important ways to attain nutrient loading stage
in seedlings and improve plant quality [5]. In the exponential fertilization scheme, the nutrients are applied in
an exponential increasing way in order to adapt to the nutrient demand of plants in each growth stage [1]. The
nutrient loading strategy, which is based on exponential fertilization, aims to boost seedling nutrient reserves
by encouraging luxury nutrient consumption during nursery production [2]. Compared with the conventional
fertilization method, exponential fertilization is an effective way to improve seedling quality and enhanced
the N and P concentrations of different tree species such as black spruce (Picea mariana (Mill.) B.S.P.), white
spruce (Picea glauca (Moench) Voss), pedunculate oak (Quercus robur L.), Chinese fir (Cunninghamia
lanceolata (Lambert) Hooker), and others [6], and has become the first choice in containerized seedling
cultivation, especially large trees with different growth rhythms, in many countries [7].

Nitrogen is one of the most important mineral elements which affect plant growth. It also plays a vital
role in chlorophyll biosynthesis, so this element can promote the growth of the above-ground parts of the
plant and gives the leaves a deeper green color [8]. In the case of nitrogen deficiency, plant growth will
be suppressed, and the seedlings quality is poor due to the weakening of photosynthesis and enzyme
catalysis. Because of the mobility of nitrogen in plants, the nitrogen deficiency characteristics is initially
manifested in the old leaves, which is characterized by color changes from light green to light yellow [9].
Over-fertilization is uneconomical and may result in plant injury, pest and disease problems, and
environmentally damaging nutrient leaching [10]. Seedling wilt is a specific manifestation of nutrient
toxicity, and the biomass will no longer increase or even decrease as the amount of nutrients increases.
Studies have shown that the method of exponential fertilization can effectively improve the utilization
efficiency of plant nutrients, so the study of exponential fertilization of nitrogen is of great significance to
improve the nitrogen absorption and utilization efficiency and improve the quality of seedlings [11].

We hypothesized that the exponential fertilization could improve the growth and the nutrients reserves in
organs of Hydrangea seedlings. To evaluate this, a pot experiment was carried out under different dosages,
which could provide a rational N fertilizer application strategy for the nutrient management.

2 Material and Method

2.1 Study Area
The experiment was carried out at the nursery of Chen Shan botanical garden located in Songjiang

District, Shanghai (31.08N, 121.77E) (Fig. 1). It has a north subtropical maritime monsoon climate with
an annual average air temperature of 18.5°C, ranging from 0°C to 37°C in 2019. The annual average
precipitation is 1123 mm. The temperature in the nursery ranged from 8°C to 36°C during the
experimental period (from April 2019 to September 2019).

Figure 1: Experimental site
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2.2 Seedling Culture
The seedlings of H. macrophylla ‘Hanatemari’ propagated by tissue culture were taken from Hua Jing

horticulture company in Hangzhou, Zhejiang Province. In April 2019, the seedlings (height: 3.50 ± 0.9 cm
and canopy diameter: 13 ± 0.9 cm) were transplanted into plastic pots of 11 cm � 16 cm � 12.5 cm (bottom
diameter � upper diameter � height) filled with substrate composed of 10% perlite, 30% peat and 60%
compost in volume. The chemical properties were as follows: pH 6.5, EC 0.4 mS/cm, available nitrogen
230 mg/kg, available phosphorus 55 mg kg, available potassium 570 mg/kg. None basal fertilizer was
applied to the substrate at the beginning of the experiment.

2.3 Experimental Design and N Fertilization Regimes
The N fertilizer was delivered following the exponential fertilization model [10]:

r ¼ Ln NT=Nsþ 1ð Þ=t (1)

Nt ¼ Nsðert � 1Þ � Nt�1 (2)

where r is the relative addition rate required to increase N from Ns to NT, which is calculated with formula
(1). NT is the total N application according to the experiment design. NS is the initial N content of the
seedlings before fertilizer application. t is the fertilizer application time. Nt is the total amount of N
applicated at the tth time, and Nt−1 is the total N application at the (t−1)th time fertilization. N application
at tth time is calculated according to formula (2).

Before fertilizer application, the average initial N content of Hydrangea seedlings was 0.3 mg per
seedling. The total seasonal amount of N applied was 0.5, 1.5, and 2.0 g/seedling, denoted as EF1
(exponential fertilization), EF2, and EF3, respectively, and was divided into 12 applications. The plants
without fertilizer were the control treatments (CK). In the experiments, urea was used as N fertilizer, and
N amount was converted to urea dosage according to the N content in urea.

On 29 May 2019, the first fertilization was applicated. Since then, N fertilizer has been applied every
10 days for a total of 12 times (Tab. 1). The leakage water was collected and reused by placing the pots
on a plastic tray. There were 27 seedlings per fertilizer level. The pot experiments were performed with a
completely random manner.

Table 1: Nitrogen fertilizer application under exponential fertilization regime

Fertilization times Nitrogen dosage (mg/plant)

EF1 EF2 EF3

1 4.41 5.96 6.39

2 6.02 8.91 9.79

3 8.24 13.34 15.00

4 11.26 19.96 22.99

5 15.40 29.86 35.23

6 21.05 44.68 53.98

7 28.78 66.86 82.73

8 39.36 100.04 126.77

9 53.81 149.70 194.26

10 73.57 224.00 297.68
(Continued)
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2.4 Plant Sampling and Chemical Analysis
2.4.1 Growth Measurements

Ten days after the last fertilization, plant height and canopy diameters in two perpendicular directions,
one is the widest diameter, of each plant were measured every 10 days. To evaluate plant growth, the plant
growth index (PGI) was calculated as the average of the plant height and two canopy diameters [12,13].

2.4.2 Biomass Determination
At the end of the experiments, 9 seedlings of each treatment were harvested and washed with double-

distilled water to remove substrate, dust and urea residue from their surfaces. Roots, stems and leaves were
collected respectively. These samples were oven-dried at 105°C for 30 min, then at 70°C to constant weight,
dry weight was recorded for each organ.

Total biomass (g/seedlings) = leaf biomass + stem biomass + root biomass

2.4.3 Determination of Plant Nutrients
The samples were grounded with a Wiley mill (40 mesh) for chemical analysis. The samples were

digested with microwave digestion method.

To determine the N content, 0.1 g sample was digested with 10 ml of sulfuric acid, 3 g potassium
sulphate and 0.2 g copper sulphate at 230°C for 15 min, subsequently, 350°C for 15 min and 420°C for
60 min. Nitrogen was quantified by Kjeldahl method (ATN-100 Automatic Azotometer, Shanghai Hongji
Instrument Co., Ltd., China).

2.4.4 Measurement of Chlorophyll Content
Chlorophyll content was measured by ethanol method; the absorbance was measured with a microplate

analyzer (Tecan M200 pro, Austria). The absorbance values at 665 and 649 nm were measured and
calculation formula of chlorophyll a, chlorophyll b and total chlorophyll content is as follows: Ca is the
concentration of chlorophyll a (mg/L), Cb is the concentration of chlorophyll b (mg/L), CT is the
concentration of total chlorophyll (mg/L), n is the dilution factor, W is the fresh weight of weighing
leaves (g).

Ca ¼ 13:95A665� 6:88A649

Cb ¼ 24:96A649� 7:32A665

CT ¼ Ca þ Cb ¼ 18:08A649þ 6:62A663

Chl contentðmg=gÞ ¼ ðC� V� nÞ= W� 1000ð Þ

Table 1 (continued)

Fertilization times Nitrogen dosage (mg/plant)

EF1 EF2 EF3

11 100.58 335.17 456.16

12 137.52 501.54 699.02

Total 500.00 1500.00 2000.00
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2.4.5 Root Scan and Soluble Protein Concentration Test
Image analysis system (winRHIZO) was used to get the data of root morphological index data. The

soluble protein contents were determined by the soluble protein content determination kit (Coomassie
bright blue method).

2.5 Data Processing
The data were presented as average ± standard error (SE). Statistical difference was tested using analysis

of variance (ANOVA) for the completely randomized design and multiple comparison test by SPSS version
24.0 (IBM, Armonk, NY, USA). If ANOVA analysis indicated a significant difference, the Duncan’s multiple
comparison test was used to separate means. An alpha level of 0.05 for significance was used in statistical
analysis. The statistical graphs were produced by Excel 2010 software (Microsoft WA, USA).

3 Result

3.1 Seedling Height, Canopy Diameter and Plant Growth Index
N fertilizer promoted growth of ‘Hanatemari’ Seedlings. Compared with the CK, the height of seedlings

in EF1, EF2 and EF3 treatment increased 16.1%, 27.5% and 16.0%, respectively. While the seedling height
in EF2 treatment was significantly different from that of CK (p < 0.05). As the canopy diameter, another
important indicator of the plant growth, both EF1 and EF2 treatments significantly improved the canopy
as compared with the control group. However for the EF3 treatment (2.0 g/seeding), the canopy
diameters were significantly decreased by 23.6% as compared with the CK, and decreased by 35%
compared with EF1 and EF2 (Fig. 2).

The influence of different fertilization levels on the PGI varies (Fig. 3). The PGIs of EF1 and
EF2 treatments were significantly higher than that of CK, while there was no significant among these two
treatments. Among these three treatments, the optimal PGI appeared in EF2 treatment, which was 16.8%
higher than that of the control. However, the PGI in treatment EF3 was significantly lower than other
treatments. Compared with the CK group, it decreased by 10.8%. Therefore, EF2 was the most favorable
treatment for PGI, in other words this treatment was the most beneficial for the plant quality
improvement, while EF3 was not conducive to the quality of Hydrangea.

Figure 2: Plant height and canopy diameter of H. macrophylla ‘Hanatemari’ seedlings at different
fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: Control (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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3.2 Biomass of Seedlings
The average biomass of H. macrophylla leaves ranged from 2.18 to 8.38 g/seedling (Fig. 4). The

seedlings of EF2 treatment exhibited the highest biomass which was 87.2% higher than that of the CK. In
contrast, in treatment EF3, it was significantly lower than the other three treatments, and its leaves
biomass decreased 30.1% as compared with the CK. The differences of root biomass among EF1,
EF2 and CK were not significant, while the EF3 treatment was significantly lower than the control.

Figure 3: Plant growth index (PGI) under different fertilization levels
Notes: Different letters in the same row indicate significant difference at 0.05 level.
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).

Figure 4: Organ biomass of H. macrophylla ‘Hanatemari’ seedlings at different fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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Among all the treatments the highest biomass of leaf, stem, and whole plant was found in EF2 treatment,
while the lowest biomass of all the different organs was observed in EF3. In treatments CK, EF1 and EF2,
increasing N fertilization rate increased the biomass of leaf, stem and total plant, whereas the root biomass
decreased slightly with the increase of nitrogen application rate.

Furthermore, the ratios of above ground biomass and below ground biomass of EF1 and EF2 fertilization
levels were significantly higher than that of control. Whereas, among all these treatments EF2 attained the
better ratio, while in EF3 it was lowest (Fig. 5). This parameter varies from 2.18 to 5.38, the highest ratio
was 143.8% higher than that of CK and in EF3 treatment it was just slightly lower than CK treatment
with no significant difference. The trend of changes in this indicator indicated that the above ground
biomass increases quicker than root biomass within a suitable fertilizer amounts. Excessive fertilization
may damage the roots and may have negative effects on the accumulation of aboveground biomass.

3.3 Root Parameters of H. macrophylla ‘Hanatemari’
From Fig. 6 we can easily see the changes in the morphological indexes of root. The four morphological

indexes showed a downward trend as a whole. Root surface area, volume and length slightly increase from
CK to EF1 and then had a sharp drop when the nitrogen application rates exceeds EF1 level. When the
application level attained to EF3 the average surface area and the length of root was declined about
70.7%, 72.5% and 68.5% separately as compared with CK. Different from other three parameters root
average diameter kept a decline trend from CK to EF3, it started dropping significantly when the
application rate exceeds EF2. Our results suggested that compared with CK, the average diameter of roots
significantly declined about 68.5%. According to the analysis of four morphological parameters of roots,
we speculated that EF1 treatment was the optimal treatment for root growth.

Figure 5: Organ biomass of H. macrophylla ‘Hanatemari’ seedlings at different fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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3.4 Nutrient Concentration of H. macrophylla ‘Hanatemari’
Overall, fertilization promoted the increase of nutrient concentration in plant. The N concentrations of

H. macrophylla seedlings were in the order of leaf > stem > root (Fig. 7). For the above ground organs, the N
concentrations of fertilization treatments were increased with the increasing of fertilization level. The N
concentration EF3 efficiently increased the nutrient concentration (95.8%) than the control group. The
EF2 treatment’s roots nutrition concentration was the highest among all four treatments. Although the N
concentration in EF3 was lower than EF2, it did not reach a significant level.

3.5 Chlorophyll Concentration of H. macrophylla ‘Hanatemari’
The chlorophyll a, b and the total chlorophyll contents were increasing first and then decreasing with the

increasing of fertilizer application rates. There were significant differences among different treatments, all the
three parameters reached the maximum value in EF1 treatment. Except in EF3, the chlorophyll contents in
other two treatments were significantly higher than CK treatment, while the total contents of chlorophyll in
leaves of EF3 was 51.5% lower than control treatment. This indicates that EF3 seriously exceeding the
nutrient requirements of ‘Hanatemari’ (Fig. 8).

Figure 6: Root parameters of Hydrangea macrophylla‘Hanatemari’ seedlings at different fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05). (a) Root Surface Area, (b) Root Average
Diameter, (c) Root Volume, (d) Root Length.
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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3.6 Soluble Protein Concentration of H. macrophylla ‘Hanatemari’
As evidence from Fig. 9, it was concluded that fertilization had no significant effect on the concentration

of soluble protein in plant leaves, this parameter varied from 604 to 909 μg/ml. The lowest concentration was
found in EF1, and by increasing the concentration of fertilizer the concentration of soluble protein just
increased slightly.

Figure 8: Chlorophyll concentration of Hydrangea macrophylla ‘Hanatemari’ seedlings at different
fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).

Figure 7: Nitrogen concentration of Hydrangea macrophylla ‘Hanatemari’ seedlings at different
fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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4 Discussion

Vegetative growth (plant height, canopy diameter) increased linearly with corresponding increase in
nitrogen doses in a suitable range. This may be attributed to the fact that nitrogen is an essential part of
chlorophyll and nucleic acids, which might have played major role in promoting plant growth.
Furthermore, it encourages the above ground growth of plant. The canopy diameter increased with the
increasing of nitrogen rate which may cause by increasing number of shoots and leaves.

The results in general were in agreement with the findings of Cabrera who observed significant increase
in plant height in chrysanthemum cv. ‘Chandrama’ with application of 30 g N/m2 in comparison with the
lower doses of nitrogen [14]. Similarly, Ahmad recorded the maximum plant height in Zinnia elegans
supplied with higher dose of nitrogen at the rate of 100 kg/ha [15]. The results also got support from the
findings of Garhwal et al. [16] who had reported that higher doses of nitrogen helped in better vegetative
growth, such as plant height number of leaves per plant etc.

Plant growth index (PGI) is important indicators for estimating the quality of ornamental plants which
are commonly used in landscape architecture application. The PGI is significantly related to plant height and
canopy diameter, and these two parameters are important indicators for estimating the quality of seedlings
[17]. In this study these two indicators of fertilized seedlings at EF1 and EF2 treatments were
significantly higher than those under the CK treatment. The EF2 treatment had the best PGI, indicating
that proper N application could promote the growth of H. macrophylla. ‘Hanatemari’ seedlings, while
excessive application of N could be toxic to the plant growth. From our research we can easily conclude
that PGI increased with increasing N rate from 0 to 1.5 g N/plant which is similar to the research result
of Li et al. [18], in which ‘Merritt’s Supreme’ hydrangea was used as material [18].

Biomass is an important indicator to measure the productivity of seedlings. The total plant biomass
increased with the increasing rate of nitrogen among 0, 1.0, 1.5 g N per plant, the relationship between
biomass and fertilization rate also got support from the findings of Bi et al. [19] who worked in Florists’
hydrangea in their experiment in 2005 that increasing N fertilization rate significantly increased plant
biomass by 26%. The root biomass decreased slightly as the N application rate was increased in the
exponential fertilization. This is because when N is deficient, plants increase the proportion of root

Figure 9: Soluble protein concentration of Hydrangea macrophylla ‘Hanatemari’ seedlings at different
fertilization levels
Notes: Different letters indicate significant differences between treatments (p < 0.05).
CK: (0 g N/seedling); EF1: (0.5 g N/seedling); EF2: (1.5 g N/seedling); EF3: (2.0 g N/seedling).
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biomass to increase the N uptake capacity of the roots. The biomass of stems, leaves, and whole plants
treated with exponential fertilization showed a trend of increasing first and then decreasing with the
increase of total N application rate, indicating that proper fertilization promoted the growth of rooted
cuttings [20], significantly increased the accumulation of dry matter in seedlings [21,22], while excessive
N application caused slight poison to seedlings [23–28], further impeded the seedling growth and
biomass accumulation [29,30]. It was found that from EF1 to EF2, even though the biomass was
increasing, but not significantly. This finding showed that from 1.0−1.5 g N/plant nutrient supply reached
adequate levels. When the nutrition supply rate reached to EF3, the biomass of total plant decreased
significantly compared with all other treatments. This result indicated that the EF3 fertilization treatment
seriously exceeded the optimal fertilization level of hydrangea. These biomass variation regulation was
summarized in Timmer’s research in 1996 [1]. In the researches of Li et al. [18] and Bi et al. [19] they
found that 25−65 mg/plant was a suitable fertilizer using rage for Pinus resinosa, when the fertilization
amount was greater than 65 mg/plant, it caused nutrient toxicity, which indicated that 65 mg/plant was
the optimum nitrogen given level [18,19]. The root biomass decreased slightly with the increase of N
application rate. Our results were similar to the reports of Wang et al. [31] which showed the same root
biomass variation trend of Chinese fir [8,31]. This may be because the plants need to increase the
proportion of root biomass to increase the N uptake ability of root under the situation of N deficiency.

N, P, K concentrations among different organs showed different relationships with variations of
fertilization rates. Increasing nitrogen fertilization rate could almost increase the N concentration of leaf
and stem, the similar results of nutrition concentration of some other plants and other cultivations of
hydrangea had been reported [32,33].

In conclusion, 1.5 g N/plant was the most suitable amount for potted ‘Hanatemari’ seedling growth. Too
low or too high fertilizer application could not promote plant growth effectively. In our study, 2.0 g N/plant
was already exceeding the seedling’s N requirement which resulted in nutrient toxicity, so it was not suitable
for cultivation of H. macrophylla. Perhaps in future research, we will set more detailed fertilizer gradients to
find more accurate fertilization amount for the plant.
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Supplementary File

Table S1: Summary of different parameters of H. macrophylla ‘Hanatemari’

Treatment

Root Parameters Nutrient concentration (g/kg) Total
chlorophyll
contents
(mg/g)

Surface
area
(cm2)

Average
diameter
(cm)

Volume
(cm3)

Length
(cm)

Nitrogen (N) Phosphorous (P) Potassium (K)

Leaf Stem Root Leaf Stem Root Leaf Stem Root

CK 567.03
±
44.62 ab

1.78 ±
0.31 a

6.31 ±
0.73 a

4102.91
±
191.91 a

2.14 ±
0.16 c

1.20 ±
0.02 c

1.14 ±
0.05 c

4.50 ±
0.29 a

2.39
±
0.19 a

3.13 ±
0.40 a

25.36
±
1.61 a

18.92
±
2.03 a

13.57
±
1.94 ab

0.62 ± 0.02 c

N1 (EF1) 611.83 ±
15.20 a

1.72 ±
0.21 ab

7.23 ±
0.48 a

4157.47
±
91.94 a

2.58 ±
0.14 bc

2.16 ±
0.05 b

1.74 ±
0.19 b

2.05 ±
0.08 b

2.61
±
0.12 a

2.55 ±
0.20 ab

19.1 ±
0.83 b

16.31
±
0.72 a

14.46
±
1.32 a

0.82 ± 0.02 a

N2 (EF2) 466.88
±
39.30 b

1.65 ±
0.17 ab

5.29 ±
0.61 a

3289.21
±
175.31 b

3.29 ±
0.28 ab

3.26 ±
0.14 a

2.40 ±
0.10 a

2.39 ±
0.26 b

3.24
±
0.15 a

1.77 ±
0.23 bc

19.77
±
1.26 b

15.58
±
0.24 a

7.88 ±
1.56 bc

0.69 ± 0.01 b

N3 (EF3) 166.41
±
83.52 c

0.71 ±
0.31 b

1.73 ±
0.83 b

1292.71
±
671.61 c

4.19 ±
0.66 a

3.40 ±
0.43 a

2.27 ±
0.10 ab

3.14 ±
0.82 b

3.48
±
0.89 a

1.40 ±
0.03 c

22.38
±
2.93 ab

13.42
±
0.89 a

5.62 ±
1.86 c

0.30 ± 0.01 d

Note: Values within a column followed by different lowercase letters indicate the significant difference (P < 0.05).
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