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Abstract: Exponential fertilization has been regarded as an important technique for improving
seedling quality at the initial plant-growth stage. In our study, containerized one-year-old Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook) rooted cuttings were reared at four nitrogen (N) fertilizer
levels (0, 0.5, 1.0, 2.0 g cutting−1 season−1 ) under two topdressing methods (conventional and
exponential) for a 210-day greenhouse rotation to evaluate growth and nutrient loading capacity
of seedlings. N fertilizer was applied 20 times at an interval of 10 days during the study period.
The results indicated that the schedule and rate of fertilization significantly affected the height, ground
diameter, and biomass of Chinese fir rooted cuttings. The nitrogen concentration of different plant
organs followed the order of leaves > root > stem. Compared to the CK, the N concentrations in
root, stem, and leaves increased by 39.6%, 16.6%, and 41.1% in the conventional fertilizer treatment,
and by 22.6% to 81.4%, 27.3% to 152.6%, and 73.6% to 135.5% in exponential fertilization treatments,
respectively. The N concentrations of root, stem, and leaves of Chinese fir rooted cuttings under
EF2 (1.0 N g cutting−1 ) were significantly higher than that of conventional fertilization (p < 0.05).
However, there was no significant difference of phosphorus and potassium concentrations among
different plant organs. Steady-state nutrition and superior growth performance were achieved by
rooted cuttings fertilized exponentially at the rate of 1.0 g cutting−1 yielding (EF2).
Keywords: Chinese fir rooted cuttings; exponential fertilization; chlorophyll fluorescence; nitrogen

1. Introduction
The quality of seedlings is one of the most important factors for maximizing post-planting tree
seedling survival and growth during the early stage of plantation establishment [1,2]. Non-target
vegetation competes with target-tree species for nutrients, water, and light, which could significantly
decrease tree seedling survival [3]. Previously, herbicides was applied to alleviate vegetation
competition. However, an increasing public concern is accompanying such vegetation management
due to the environmental risk caused by the use of herbicides [4]. An alternative approach of planting
“nutrient-loaded” seedlings has been regarded as a sustainable vegetation management practice [5].
Therefore, fertilizer application plays an important role in improving the quality of seedlings and
further provide a competitive advantage of seedlings over the competing plants after planting [6].
Nitrogen (N) is an essential element for plant growth as a key component in amino acid and protein.
Appropriate application of N fertilizer can promote plant growth, while excessive application can
cause non-point source pollution.
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Conventional fertilization measure provides fertilizer at a constant rate during the growth period,
which could cause the toxicity of small seedlings and result in excessive nutrient loss if the applied
nutrients are not fully absorbed by seedlings at the nursery stage [2,7]. Meanwhile, it can also lead to
nutrient deficiency in the late growth stages [8]. The theory of steady-state nutrition, characterized
by an increasing nutrient concentration in seedlings, is carried out through delivering nutrients at an
exponential rate during nursery production [9]. Exponential fertilization regimes can induce abundant
uptake and lead to more nutrient reserves for new tissue growth. Therefore, the steady-state mineral
nutrients of the plants are induced, the nutrient load in the seedlings is effectively increased, and the
competitiveness of the seedlings is enhanced, so that it can better adapt to the site conditions of the
afforestation sites [10–12]. Compared with conventional fertilization, the survival rate of seedlings
cultivated by exponential fertilization is higher and the growth effect is better [13]. It is widely used
in the European and American afforestation tree species mainly based on Taxodiaceae Warming and
Pinaceae Lindl. [14–19]. Since the introduction of steady-state nutrient theory and related technologies
in China, we have studied the broad-leaved tree species such as Paulownia elongata S. Y. Hu and
Robinia pseudoacacia Linn. [20–23], but there are few studies on the cultivation of fast-growing and
high-yield seedlings.
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) belongs to Cunninghamia R. Br. It is a unique
afforestation tree species in southern China, which is characterized by a fast-growing speed and a
high-yield wood output. In southern China, the reclamation of disturbed lands has being ongoing
since the 1980s. During this process, the rooted cuttings (phenotypical variation among seedlings are
very small that they look like the clone) of Chinese fir is generally applied since the 1990s, due to its
minor differences among individuals and uniform management of Chinese fir plantations, which can
lead to approximately 58.7% higher output of above-ground biomass [24]. Therefore, the high quality
seedlings are the basis for the successful construction of Chinese fir plantations. Xu et al. [25] reported
that exponential fertilization effectively promotes the growth of Chinese fir seedlings and improves
the nutritional status of seedlings. However, at present the effect of exponential fertilization on
rooted cuttings of Chinese fir is still unclear. We hypothesized that the exponential fertilization
could improve the growth and the nutrients in organs of Chinese fir rooted cuttings. To study this,
a pot experiment was carried out using one-year-old rooted cuttings of Chinese fir under different N
application methods and dosages, which could provide a rational N fertilizer application strategy for
the nutrient management of rooted cuttings of Chinese fir.
2. Materials and Methods
2.1. Study Area
The study site is located in the greenhouse of the Experimental Base of Zhejiang A&F University
in Lin'an City, Zhejiang Province (30◦ 160 N, 119◦ 440 E). Lin'an has a subtropical monsoon climate
with an annual average temperature of 16.6 ◦ C, ranging from −13.2 ◦ C to 41.6 ◦ C. The annual average
precipitation is 1628.6 mm. The annual daylight hours and frost-free days are 1774 h and 235 d,
respectively [25,26]. The temperature in the greenhouse ranged from 23 to 33 ◦ C during the experimental
period (March 2014 to October 2014), with relative humidity of 55%–75%.
2.2. Experimental Design and N Fertilization Regimes
The rooted cuttings named “Kai 4 × Na 11” (from one tree which is a cross between one tree called
“Kai 4” and another tree called “Na 11”) were from national forestry farmland of Kaihua County, Zhejiang
Province. A total of 300 one-year-old Chinese fir rooted cuttings (heights: 25.50 ± 0.30 cm and ground
diameters: 3.12 ± 0.05 mm) were selected. On 1 March 2014, a plastic pot of 23 cm × 24 cm × 28 cm
(bottom diameter × upper diameter × height) was used and one clonal seedling was planted in each
pot. The test soil was derived from granite and classified as Ferralsols in the Food and Agriculture
Organization (FAO) soil classification system [27]. The basic soil physico-chemical properties were
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2.3. Plant Sampling and Chemical Analysis
2.3.1. Determination of Chlorophyll Fluorescence Parameters
After 210 days of fertilization, the chlorophyll fluorescence parameters were carried out using
a portable chlorophyll fluorescence meter (PAM-2100, Walz, Germany) on 22 October (a sunny day)
from 9:00 to 14:00. The mature leaves at the middle and upper parts of Chinese fir (5 leaves per plant)
were selected, and 5 rooted cuttings were randomly selected for each treatment. After dark adaptation
for 20 min, the chlorophyll fluorescence parameters were determined. The values of each parameter
were automatically generated by the system under the selected mode.
2.3.2. Biomass Determination
After the chlorophyll fluorescence parameters were measured, 5 strains of different treated cuttings
were harvested, and the whole plant was harvested as a sample. The root-collar diameter and shoot
height were measured with a vernier caliper and a flexible rule. The whole plant was washed with fresh
water and then rinsed with deionized water. Their roots, stems, and leaves were obtained, respectively.
These samples were oven-dried at 105 ◦ C for 30 min, then at 70 ◦ C to constant weight.
Total biomass (g cutting−1 ) = root biomass + stem biomass + leaf biomass

(3)

2.3.3. Determination of Plant Nutrients
The weighed sample was pulverized through a 0.5 mm sieve, and the N content was measured
using an elemental analyzer (Elementer, VARIO Macro, Germany). After the sieved sample was
dehydrated by H2 SO4 –H2 O2 , the potassium (K) content was measured by flame photometer, and the
phosphorus (P) content was measured by molybdenum blue colorimetric-spectrophotometry.
2.4. Data Processing
The data are presented as average ± standard deviation (SD). Statistical differences were tested
using analysis of variance (ANOVA) for the completely randomized design and Duncan’s multiple
comparison test in SPSS version 19.0 (IBM, Armonk, NY, USA) [29]. The ANOVA analysis indicated a
significant difference, the Duncan’s multiple comparison test was used to separate the means. An alpha
level of 0.05 for significance was used in all statistical analyses. Before performing the ANOVA
analysis, the normality and homogeneity of raw data were tested, and data were log-transformed if the
homogeneity of the variance was not met [30–33]. The statistical graphs were produced by Origin 8
and the Excel 2003 software (Microsoft, Redmond, WA, USA).
3. Results
3.1. Effects of Different Fertilization Levels on the Height and Ground Diameter of Chinese Fir Rooted Cuttings
Compared with the CK, the rooted cuttings’ height and the ground diameter of the four
N-fertilization treatments significantly increased by 34.1%–60.5% and 20.5%–40.4%, respectively
(Figure 2). Compared with CF, the cutting heights and ground diameters of exponential fertilization
treatments (EF1, EF2, and EF3) increased by 4.1%–19.8% and 4.6%–19.8%, respectively. The largest
height and ground diameter was found under EF2.
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Table 1. Ratio of aboveground biomass and belowground biomass under different fertilization levels.

Aboveground
biomass/Belowground
biomass

CK

CF

EF1

EF2

EF3

0.76 ± 0.05 c

1.44 ± 0.11 b

1.40 ± 0.12 b

1.90 ± 0.17 a

1.67 ± 0.13 ab

Different letters in the same row indicate significant difference at 0.05 level.

3.3. Effects of Different Fertilization on the Characteristics of Chlorophyll Fluorescence Parameters of Chinese
Fir Seedlings
The results (Table 2) of photochemical quenching coefficient (QP ), apparent electron transport
rate (ETR), and effective quantum yield of PSII (Yield) of the leaves of Chinese fir seedlings at the
exponential fertilization levels, were significantly higher than that of CF and CK, respectively. When the
N exponential fertilization amount reached 1.0 g seedling−1 , the maximum QP , ETR, and Yield values
were found. While the N fertilization application increased to 2.0 g cutting−1 , the QP , ETR, and
Yield values decreased. Therefore, the exponential N application is beneficial to the formation of
photosynthetic products, but excessive N application can inhibit electron transport ability.
Table 2. Chlorophyll fluorescence of Chinese fir cuttings under different fertilization levels.
Fertilization Treatments

QP

ETR

Yield

CK
CF
EF1
EF2
EF3

0.79 ± 0.00 c
0.88 ± 0.02 ab
0.85 ± 0.012 b
0.89 ± 0.10 a
0.87 ± 0.01 ab

32.53 ± 0.19 d
32.70 ± 0.37 d
33.72 ± 0.07 c
35.79 ± 0.16 a
35.13 ± 0.24 b

0.65 ± 0.00 c
0.66 ± 0.01 bc
0.67 ± 0.00 b
0.71 ± 0.00 a
0.70 ± 0.01 a

QP : The photochemical quenching; ETR: PSII electron transport rate; Yield: photochemical efficiency of PSII.
Different letters in the same column indicate significant difference at 0.05 level.

3.4. Effects of Different Fertilization Levels on Nutrient Contents of Chinese Fir Rooted Cuttings
Overall, the N concentration of Chinese fir cutting-seedlings was in the order of leaf > root > stem
(Figure 4). For leaves, the N concentration of CF treatment was 41.1% higher than control and the N
concentration of EF treatments were 73.6%–135.5% higher than control. The N concentration of EF3
was significantly higher than for EF1 and EF2. Compared with the control, the N concentration of CF
treatment increased by 39.6%, and the EF treatment increased by 22.6%–81.4%. The N concentrations
of roots under EF2 and EF3 were significantly higher than that of CF and EF1. Compared with the
control, EF2 and EF3 increased significantly, with EF3 more than EF2.
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Figure 4. Organ N-concentration of Chinese fir at different fertilization levels. (Different letters in the
same histogram of organs indicate significant difference at 0.05 level).
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Figure 5. Organ phosphorus (P)-concentration of Chinese fir at different fertilization levels. (Different
letters in the same histogram of organs indicate significant difference at 0.05 level).
Figure 5. Organ phosphorus (P)-concentration of Chinese fir at different fertilization levels. (Different
letters in the same histogram of organs indicate significant difference at 0.05 level).

Figure 5. Organ phosphorus (P)-concentration of Chinese fir at different fertilization levels. (Different
letters in the same histogram of organs indicate significant difference at 0.05 level).
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Figure 6. Organ potassium (K)-concentration of Chinese fir at different fertilization levels. (Different
letters in the same histogram of organs indicate significant difference at 0.05 level).
Figure 6. Organ potassium (K)-concentration of Chinese fir at different fertilization levels. (Different
letters in the same histogram of organs indicate significant difference at 0.05 level).
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biomass
of shoot
western
hemlock
(Tsuga
BoivinHawkins
et al. [46]etindicated
that that
the root
growth increased
much more
than
growth
during
the
heterophylla
(Raf.)
Sarg.)
did
not
differ
greatly
among
exponential
or
constant-rate
fertilization
late season fertilization process. The probability of the above difference could be related to different
treatments
in the
greenhouse.
Boivin et
al. [46] indicated that the root growth increased much more
experimental
species
and fertilization
process.
than shoot
growth
during
the
late
season
fertilization
process.
The probability
of the above
difference
Photosynthesis is the basis of biomass
production
of seedling.
The chlorophyll
fluorescence
is a
could
be
related
to
different
experimental
species
and
fertilization
process.
probe for photosynthesis [47], in which QP reflects the share of photochemical electron transport in the
Photosynthesis
the basis ofTo
biomass
production
seedling.
The chlorophyll
fluorescence
is a
PSII antenna
pigmentisabsorption.
a certain
extent, QP of
reflects
the openness
of the PSII
reaction center.
probe
for photosynthesis
[47], in which
QP reflects
the share of photochemical
transport
in
The relative
ETR of PSII indicates
the ability
of a photosynthetic
mechanism toelectron
absorb light
energy,
the
PSII
antenna
pigment
absorption.
To
a
certain
extent,
Q
P reflects the openness of the PSII reaction
which generates charge separation and electrons that passes down the electron transport chain. Yield
center. The relative ETR of PSII indicates the ability of a photosynthetic mechanism to absorb light
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is the effective quantum yield of photo-chemistry. EF treatments were significantly higher than of the
control and CF treatments, and showed a trend of increasing first and then decreasing with the increase
of nitrogen application rate. This phenomena indicated that proper nitrogen application improved
the photosynthetic performance of Chinese fir leaves, increased the PSII activity and the maximum
photochemical efficiency of PSII, increased the openness of the PSII reaction center, and improved the
apparent electron transport rate and the total photochemical quantum yield of PSII. The radiant energy
is dissipated so that the light absorbed by the leaves is more fully used for photosynthesis [48], but a
large amount of N inhibits the ability of electron transport. Exponential fertilization is beneficial to the
formation of photosynthetic products, and the amount of fertilizer applied should be controlled at
1.0 g cutting−1 .
Fertilization can increase the N concentration of roots, stems, and leaves of cuttings, and the
increase of N content can promote the growth and competitiveness of cuttings, thus increasing the
possibility of successful afforestation. Exponential fertilization significantly increased the N content of
roots, stems, and leaves of Chinese fir cuttings. After 210 days of fertilization, the N content of roots,
stems, and leaves treated with exponential N application of 1.0 and 2.0 g cutting−1 was significantly
higher than that of CF and CK, and increased with the increase of N application rate, which is consistent
with the findings in another study [6]. While Timmer et al. [9] and Salifu et al. [10] found that when
the nutrient supply is in short or sufficient, the nutrient concentration of seedlings increases with
the increase of nutrient supply; when the nutrient supply exceeds the optimal demand for seedlings,
the nutrient content will not continue to increase or even decrease. The reason for contradictory results
may be related to the test materials and test methods [21].
P concentration after N-fertilization tended to be higher than without using N-fertilizer, suggesting
that N application was beneficial for accumulation of P in Chinese fir cuttings. It may be that the
supply of N promotes the growth of Chinese fir cuttings and causes a relative higher demand of P [49],
which increases the P absorption and the concentration of P in Chinese fir cuttings after N-fertilizer
application. After 210 days of N-fertilization, the differences of K concentrations in organs among
different treatments were not significant, implying that P and K had different absorption characteristics
by Chinese fir rooted cuttings.
5. Conclusions
Fertilization application significantly increased the biomass and nutrient concentration of Chinese
fir cuttings. The Chinese fir cuttings with exponential application of 1.0 g cutting−1 had the highest
biomass accumulation and nutrient loading. Considering the growth traits, chlorophyll fluorescence
characteristics, N, P, and K concentrations of cuttings, the N application rate of 1.0 g cutting−1 is the
critical point to satisfy the growth of Chinese fir rooted cuttings, and can obtain higher biological
characteristics of Chinese fir. This can obtain suitable N application in greenhouse cultivation of
Chinese fir rooted cuttings.
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