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Growth and nutrient responses of Betula platyphylla, Larix kaempferi, and
Chamaecyparis obtusa to different application methods of solid compound fertilizer
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Abstract: We investigated the effects of different placement methods of applying slow-release fertilizer on the growth and foliar nutrients
of three contrasting tree species (i.e., fast-growing Betula platyphylla and Larix kaempferi and slow-growing Chamaecyparis obtusa) to
provide implications for increasing their growth and survival in marginal forest lands. We applied 84 g pot–1 of solid compound fertilizer
(SCF) at different positions: no fertilization (CON), subsurface placement (SCFs), and bottom placement [35-cm depth (SCFb)] in a
greenhouse condition. Results revealed that the height and RCD (root collar diameter) of the three species had the highest growth
under SCFs. Total biomass across SCFs, SCFb, and CON ordered as follows 130, 72, and 28 g seedling–1 in B. platyphylla, 89, 38, and 27
g seedling–1 in L. kaempferi, and 61, 24, and 23 g seedling–1 in C. obtusa. In contrast, SCFb resulted in the highest root length across the
treatments in all species. The root biomass allocation was also higher in SCFb (28%–40%) than that of SCFs (12%–24%). SCFs had higher
N uptake in all species than the other treatments. In conclusion, SCFs has shown to be the most effective placement method of SCF
application for increasing aboveground biomass and nutrient (N) acquisition, while SCFb was the placement effective for increasing root
length and root biomass growth in all species. These results are relevant to the promotion of ecofriendly and cost-effective fertilization
approach of increasing growth and survival of economically important forest tree species, especially in steep slope and erosion-prone
areas or marginal forest lands.
Key words: fast-growing species, seedling growth, slow-release fertilizer, vector analysis

1. Introduction
Fertilization plays a crucial role in increasing nutrient
availability and plant productivity (Ryan, 2008; Ünlükara,
2019; Aung et al., 2020). However, the improper use of
chemical fertilizer can put our natural environments at
high risk due to leaching and surface runoff, especially in
high-rainfall areas (Castillo, 2010; Stipešević et al., 2019;
Nadkarni and Wheelwright, 2000). Fertilizer management
practices, such as the optimization of application placement
methods, have been proposed in many developed
and developing countries (Baker and Richards, 2002;
Kronvang et al., 2005: Zheng et al., 2017) as a response to
unsustainable fertilization. Innovative strategies including
the use of slow-release fertilizers (SRF), which release
nutrients into the environment in a slow or controlled
manner, have also been developed (Ramli, 2019).
Application of SRFs such as solid compound fertilizer
(SCF) reduces nutrient losses due to leaching and is,
therefore, an environment-friendly and economical
approach (Zareabyaneh and Bayatvarkeshi, 2015). For

example, Zareabyaneh and Bayatvarkeshi (2015) have
already shown that the use of SRFs can help mitigate
nitrate loss by up to 36% (Zareabyaneh and Bayatvarkeshi
2015). However, while much is known about the proper
methods of applying SRFs in many agricultural plants (e.g.,
; Rahman and Zhang, 2018; Ebrahimi et al., 2019; Nielsen
et al., 2019), such information is limited for economically
important forest tree species.
Appropriate fertilizer placement has been attributed to
improved root growth and nutrient uptake, and reduced
environmental pollution (Shen et al., 2013). Plant growth
can be considerably enhanced, especially during the early
growing stage, when the fertilizer is applied in defined soil
areas close to roots (Bittman et al., 2012). For example,
studies revealed that the surface banding of fertilizer at c.a.
2–3 cm depth, which refers to a placement of fertilizer in
a narrow strip running parallel to the crop row, produced
the highest growth compared to below root placement
and broadcast method (Alam et al., 2018). Furthermore,
it was reported that the broadcasting method of fertilizer
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2. Materials and methods
2.1. Experimental area
This experiment was carried out in the greenhouse
condition at Chungnam National University (36° 22’ 12”
N, 127° 21’ 17” E) in Yuseong-gu, Daejeon, Republic of
Korea from April 2018 (planting period) to October
2018 (harvesting period). The temperature and relative
humidity were measured at 12 pm and 6 pm daily in the
greenhouse, giving us an average temperature of 28.7 °C
and relative humidity of 52.7% (Figure 1).
2.2. Experimental materials
The experimental seedlings in the study were selected
based on potential growth rate characteristics (Table 1).
Betula platyphylla Suk. is native to Korea and Japan, which
is a fast-growing pioneer species widely distributed in
low-elevation regions and is usually a dominant species
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application (fertilizers are spread across the soil surface)
was very prone to inefficient fertilization, which increased
greenhouse gas emission by 60%1. In the agriculture sector,
majority of the applied fertilizer using the broadcast
method was lost to the environment (IFDC, 2013) due to
rain, irrigation, or sublimation by sun radiation (Bakhtiari
et al., 2014).
Here we investigated the effects of different placements
of fertilizer application on the growth and foliar nutrients
of three contrasting species [i.e., broadleaf and deciduous
fast-growing species Betula platyphylla Suk., needle-leaf
and deciduous fast-growing Larix kaempferi (Lamb.)
Carrière, and scale-like leaf and evergreen slow-growing
Chamaecyparis obtusa (Siebold & Succ.) Endl.] to provide
implications for increasing growth and survivability in
marginal forest lands. These species are economically
and ecologically important in a variety of ways, which
have been widely planted in temperate forest plantations
particularly in East Asia. Plants of different potential
growth rates respond differently to fertilizer (Hafsi et
al., 2011). For example, slowly growing spruce species
have lower plasticity in biomass allocation than fastgrowing conifers (Miller and Hawkins, 2007), and fastgrowing Pinus radiata D. Don prefers to allocate more
to the aboveground biomass under N and P fertilization
(Bown et al., 2009). However, while much is known about
the responses fast-growing and slow-growing species to
inorganic fertilizers, their responses on different placement
methods of applying slow or controlled release fertilizer
have not yet been investigated. Thus, we hypothesized
that the increase in growth and nutrient uptake is more
evident in the surface placement of SCF than the bottom
placement method in all species.
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Figure 1. Monthly mean temperature and humidity in the
greenhouse during the experiment (April–September 2018). Air
temperature and humidity in September were measured until
September 7, 2018.

in many temperate forest ecosystems even under normal
to poor soil conditions (Sato, 1986). Second, Larix
kaempferi (Lamb.) Carrière is a fast-growing deciduous
coniferous species with geographic and genetic origin in
Japan (Cáceres et al., 2018). The slow-growing species was
Chamaecyparis obtusa (Siebold & Succ.) Endl. which is
an evergreen coniferous species native also to Japan. The
species can grow in soil characterized by low pH and low
contents of exchangeable Ca (Sawata and Kato, 1991).
The pot used had a total volume of 35 L, depth of 46 cm,
and an inner surface diameter of 36 cm. Each pot received
four pieces (c.a. 84 g) of solid compound fertilizer (SCF,
KG Chemical, Ulsansi, Gyeongsangnam-do) with 10.08 g
pot–1 nitrogen (N), 2.10 g pot–1 phosphorous (P) and 3.36
g pot–1 potassium (K), which is a slow-release inorganic
granulated fertilizer.
The soil used in this study was sandy loam soil (74.70%
sand, 16. 70% silt, and 8.60% clay) with a pH and organic
matter content of 5.24 and 0.76%, respectively. Moreover,
the soil had the following characteristics: total N = 0.10
g kg–1, available P = 10.69 mg kg–1, exchangeable K+, Ca+,
and Mg+= 0.18, 1.79, and 1.78 cmolc kg–1, respectively, and
cation exchange capacity (CEC) = 3.79 cmolc kg–1.
2.3. Experimental design
Three fertilization placement methods for each species
were randomized as follows: no fertilization as control
(CON), applying four SCF granules at the subsurface (2–3
cm depth, SCFs) and covered by soil, and treating four

International Fertililizer Development Centre (IFDC) (2013). Fertilizer Deep Placement (FDP); IFDC: Muscle Shoals, AL, USA. Website https://ifdc.
org/fertilizer-deep-placement/ [accessed on 08 May 2020].
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Table 1. Botanical and ecological description of the three tree species used in this study.
Betula platyphylla

Larix kaempferi

Chamaecyparis obtusa

Common name

Japanese white birch

Japanese larch

Hinoki cypress

Growth rate

Fast-growing

Fast-growing

Slow-growing

Mature tree height (m)

15–20

20–30

20–35

Mature DBH (cm)

> 60

~100

~ 100

Leaf functional type

Deciduous

Deciduous

Evergreen

Mycorrhizae

Ectomycorrhizae

Ectomycorrhizae

Arbuscular

SCF granules at a 35-cm depth from the surface of the pot
(SCFb), with nine replications each. Pots were then arranged
in three lines at the center of the greenhouse following
a 1-m distance between the lines and a 0.8-m distance
between the pots of each line. A total of 81 seedlings (3
treatments × 9 replicates/treatment × 3 species) were used
in the study. In this experiment, we used each pot as an
observational unit as well as an experimental unit.
We used one-year-old containerized seedlings of B.
platyphylla, L. kaempferi, and C. obtusa with 54.7 ± 1.4,
38.7 ± 0.4 and 38.3 ± 0.5 cm in height and 5.4 ± 0.1, 4.8
± 0.1, and 4.0 ± 0.1 mm in root collar diameter (RCD),
respectively. The roots of each seedling were cut to make
their length uniform (c.a. 10 cm) before planting. The
fertilizer under SCFb treatment was applied first before
planting the seedlings.
Shading of approximately 35% using knitted shade
cloth was set up in the greenhouse to protect the seedlings
from high temperature. Weeds growing in each pot were
removed manually (four times during the experiment
period). We also checked the presence of insects on
each seedling throughout the experiment period, and a
chemical insecticide with a mixing ratio of 2.5 or 5 g with
5 L of water was sprayed on the seedlings once a month.
2.4. Growth measurements
Seedling height and RCD of each species were measured
biweekly starting 2 weeks after planting to determine the
period in which the lowest and highest growth occurred.
At each measurement time until the end of the
experiment, relative height and relative RCD growth (%)
of each species were calculated based on the height and
RCD values relative to those at initial planting, respectively.
The use of relative values allows better comparison of
parameters measured among species and individuals
that differ in growth characteristics (i.e., fast- and slowgrowing species).
At harvesting time, we counted first the number
branches (i.e., all main and lateral branches attached on the
stem) before harvesting the aboveground parts, which was
done by dividing the total number of branches per seedling
by the plant height for all species. After carefully washing

the roots, the total length of the taproot was measured
from RCD to the longest root tip before harvesting the
belowground parts. Roots with < 2 mm diameter were
classified as fine root (FR) and coarse root (CR) for those
with ≥ 2 mm root diameter. Thereafter, we harvested
the seedlings and separated them into different plant
components (i.e., root, stem, branch, and leaf). All plant
samples (by component) were then oven-dried at 70 °C for
72 h to a constant weight. The total biomass production
and the proportion of biomass by plant component were
measured following the procedures in Sestak et al. (1971).
Due to the differences in leaf morphology, the number of
branches and branch biomass were not measured for C.
obtusa.
2.5. Foliar nutrient and soil analysis
To analyze the nutrient uptake (N, P, and K) at the end of
the experiment, we collected ten fully mature and healthy
broadleaves of B. platyphylla, all needle leaves of seedlings
of L. kaempferi, and all scale-like leaves (including
modified green twigs) of C. obtusa from the third and/
or fourth foliage around the seedling. Leaf samples were
oven-dried at 70 °C for 48 h, weighed, and then ground
using a Wiley mill to pass through a 1-mm screen mesh. To
digest the organic matter, a block digester (BD-46, Lachat
Instruments, USA) with a combination of H2SO4 and
HClO4 was used. An automated ion analyzer (Quik Chem
AE, Lachat Instruments, USA) was used to determine the
total N and P levels in the leaf samples. Lastly, the K was
determined using an atomic absorption spectrometer
(AA280FS, Varian, USA).
The physical and chemical properties of the soil
samples (n = 3) used in the study were analyzed before the
fertilization treatment. The following methods were used
for the soil analysis: pH by the pH-meter (1:5 soil-water)
method, organic matter (OM) and total nitrogen (TN)
by the dry oxidation (utilizing C-N analyzer equipment)
method, and available phosphorus (P) with the Lancaster
method. The other soil properties such as cation exchange
capacity (CEC), electrical conductivity, and exchangeable
K+, Ca2+, and Mg2+ were analyzed using the 1N-ammonium
acetate replacement leaching method, EC-meter (1:5 soil-
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water) method, and 1N-ammonium acetate leaching
with the atomic absorption spectrophotometry method,
respectively.
2.6. Vector analysis
Vector analysis was used to simultaneously compare plant
growth, nutrient concentration, and nutrient content
in response to nutrient addition by the fertilization
treatments in an integrated graphics format, following the
procedures and interpretations presented in Haase and
Rose (1995) (Figure 2). A vector diagram was constructed
by which nutrient content (x-axis) was plotted against
nutrient concentration (y-axis). Because nutrient content
was a function of concentration and weight, the plotted
data represented foliar weight as the z-axis.
2.7. Statistical analysis
All the statistical analyses were run in R Statistical Package
Software (version R-3.5.1) at α = 0.05 and all data passed
the test for the normality and equality of variance or
were transformed properly before statistical analyses.
One-way analysis of variance (ANOVA) followed by
Duncan’s multiple comparison tests was conducted to
determine the effects of SCF treatments on height and
RCD growth, biomass growth, number of branches,
root length, and nutrient concentrations. To analyze the
treatment effects on height and RCD growths across time,

repeated measures analysis of variance (RM ANOVA)
was also employed. Linear regression analysis was used to
investigate the growth tendency of height and RCD in each
SCF placement treatment for all species.
3. Results
3.1. Height and root collar diameter growth
Significant time and treatment effects on the height and
RCD growth was detected in three species (Table 2, Figure
3 and Figure 4). The effect of SCFs treatment on the height
and RCD growths was generally faster to occur than that
in SCFb and control for all species (Table 3, Figure 3 and
Figure 4). The fastest growth occurred between 42nd and
56th day periods for both parameters in three species, but
the amount of growth was significantly different among
the treatments. B. platyphylla grew the fastest at SCFs with
94% in height and 80% in RCD, but at SCFb with 25% in
both parameters, and at CON with 36% in height and 15%
in RCD. L. kaempferi also grew the fastest in SCFs with
65% in height and 102% in RCD, but with only 18% in
height and 35% in RCD at SCFb, and only 12% in height
and 25% in RCD at CON. Although the huge increase in
the growth parameters of C. obtusa was also recorded in
the same periods, this increase was the lowest among the
three species with 44% in height and 35% in RCD at SCFs
and with 19% in both parameters at SCFb and CON.

Relative dry weight (%) z

Relative nutrient concentration (%) y

E

C
D

R

B

F
G
A
Relative nutrient content (%) x

Figure 2. Schematic relationships among nutrient concentration, nutrient content, and
foliar dry weight of an element at different treatments. Reference point (R) is normalized
to 100% representation of control. Vector shifts (A–G) indicate increase (+), decrease
(–), or no change (0) in relative dry weight and nutrient status to the reference point
(adapted from Timmer and Stone 1978).
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Table 2. The p-values derived from one-way ANOVA for growth parameters and foliar nitrogen (N),
phosphorus (P) and potassium (K) concentrations of Betula platyphylla, Larix kaempferi, and Chamaecyparis
obtusa subjected to different SCF placements treatments.
Betula platyphylla

Larix kaempferi

Chamaecyparis obtusa

Height

< 0.001

< 0.001

< 0.001

RCD

< 0.001

0.002

< 0.001

CoH

< 0.001

< 0.001

< 0.001

CoD

< 0.001

< 0.001

< 0.001

CR

< 0.001

0.014

< 0.001

FR

0.001

0.719

0.714

Root length

0.025

0.070

0.036

Root biomass

< 0.001

0.314

0.012

Leaf biomass

< 0.001

< 0.001

< 0.001

Branch biomass

< 0.001

< 0.001

< 0.001

Stem biomass

< 0.001

< 0.001

< 0.001

Total biomass

< 0.001

< 0.001

< 0.001

Growth parameters

Foliar nutrient concentrations
N

0.001

< 0.001

< 0.001

P

0.070

0.220

0.570

K

0.420

0.770

0.710

CoH and CoD are coefficients in the linear regression equation of relative seedlings height and root collar
diameter growth, respectively; CR: coarse root biomass, FR: fine root biomass. Significant p-values are written
in bold.

At the end of the experiment period, the height and
RCD of all the studied species also showed the highest
growth under SCFs for all species (Figure 3 and Figure
4). For example, the height under SCFs was higher than
that of SCFb and CON by 112% in B. platyphylla, 79% in L.
kaempferi, and 29% in C. obtusa.
3.2. Biomass growth and allocation
The effect of the SCF placement treatments on total
biomass growth and allocation between aboveground
and belowground of the three species were significantly
different (p < 0.001) across the treatments (Figure 5).
The highest total biomass growth was observed at SCFs
(130.3 g seedling–1 for B. platyphylla, 89.2 g seedling–1 for
L. kaempferi, and 60.5 g seedling–1 for C. obtusa), while the
lowest growth was observed at CON for all species (22.8
g seedling–1 to 27.7 g seedling–1). There was no significant
difference detected between SCFb and control in all species,
except for B. platyphylla.
Generally, the leaf biomass proportion increased as
the root biomass proportion decreased in all species and
treatments (Figure 5). The root biomass allocation was
higher in SCFb (28%–40%) than that of SCFs (12%–24% of

total biomass). CON and SCFb had a very similar pattern
of biomass allocation to leaf and root in all species.
The root length of the three species varied significantly
(p < 0.05) across the fertilizer placement treatments
(Figure 6). Generally, root length of all species grown in
SCFb was significantly higher than those at CON (except
for C. obtusa, Figure 6c) and SCFs. The SCFs produced
a significantly higher number of branches compared
to control and SCFb for L. kaempferi and B. platyphylla
(Figure 6).
3.3. Foliar N, P, and K response
The foliar NPK responses to fertilizer placement treatment
showed similar pattern by element in all species, but a
significant difference was detected only in N concentration
across the treatments for B. platyphylla and L. kaempferi
(Table 4). SCFs resulted in a significantly higher foliar N
content than SCFb and CON in all species.
Vector analysis showed different responses of foliar
nutrients on fertilization placement treatments in each
species (Figure 7). The general pattern is that the SCFs was
a more responsive treatment to change in N compared to
the control than the SCFb. In B. platyphylla, the foliar dry
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Figure 3. Relative seedling height growth trends (a, c, e) of Betula platyphylla, Larix kaempferi, and Chamaecyparis obtusa, and
the significant differences in relative height growth across the treatments at the end of the experiment (b, d, f). CON, SCFs, and
SCFb indicate control (no fertilizer), surface placement of fertilizer, and bottom placement of fertilizer, respectively. Vertical bars
represent standard errors (n = 9). Different lower case letters denote statistically significant differences among treatments (α = 0.05;
Duncan’s multiple range test).
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Figure 4. Root collar diameter (RCD) growth trends (a, c, e) of Betula platyphylla, Larix kaempferi, and Chamaecyparis obtusa, and
the significant differences across the treatments at the end of the experiment (b, d, f). CON, SCFs, and SCFb indicate control (no
fertilizer), surface placement of fertilizer and bottom placement of fertilizer, respectively. Vertical bars represent standard errors
(n = 9). Different lower case letters denote statistically significant differences among treatments (α = 0.05; Duncan’s multiple range
test).
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Table 3. Coefficients of relative height and root collar diameter (RCD) growth rates of each species and
treatment across time (day) based on the simple linear regression model (f(x) = ax, x is day (time) after
treatment).
Species

Treatment

Relative height growth

Relative RCD growth

coefficient (a)

R2

coefficient (a)

R2

Betula

CON

0.53b

0.85

0.43c

0.84

platyphylla

SCFs

1.53

0.92

1.33a

0.93

b

b

a

SCFb

0.69

0.90

0.74

0.82

Larix

CON

0.21b

0.91

0.59b

0.91

kaempferi

SCFs

a

0.95

0.97

a

1.44

0.93

SCFb

0.40b

0.84

0.87b

0.89

Chamaecyparis

CON

b

0.29

0.90

b

0.38

0.77

obtusa

SCFs

0.54a

0.93

1.11a

0.87

SCFb

0.29

0.95

0.48

0.67

b

b

The significance of the model and coefficient is p < 0.001 (n = 9). Different lowercase letters denote
statistically significant differences between treatments within species at α = 0.05.

weight did not change but the NPK concentrations and
contents increased in SCFs, indicating luxury consumption
of N nutrients (vector D in Figure 2); in SCFb, foliar
dry weight and N nutrient contents and concentrations
increased, indicating deficiency or limiting (vector C in
Figure 2). The NPK in L. kaempferi was also diagnosed as
deficient or limiting in all fertilizer placement treatments.
In C. obtusa, nutrient N and P were diagnosed as limiting
in both SCFs and SCFb, but element K reflected sufficiency
in SCFs and dilution in SCFb treatments (vector B and A in
Figure 2, respectively).
4. Discussion
4.1. Effects of different SCF placement application
methods on growth and foliar nutrients
As our expectation, the relative height and RCD growth
and total biomass of all species grown in SCFs (subsurface
placement) were significantly higher than those grown in
the bottom-applied fertilizer (SCFb) and CON, which can
generally be attributed to the slow-release characteristic
of the fertilizer used. In some studies, it has been
reported that the application of slow-release fertilizers
can reduce nutrient leaching and improve water use
efficiency (Gholamhoseini et al., 2013; Zareabyaneh and
Bayatvarkeshi, 2015), thereby increasing plant uptake.
Another factor that can elucidate the effectiveness of SCFs
is nutrient volatilization. For example, Ribeiro et al. (2016)
reported that the application of a slow-release N fertilizer
at 2–3 cm deep on the surface resulted in lower ammonia
volatilization (i.e., 13.9% loss) compared to the other
treatments (i.e., 19.6% loss). A 50% loss of applied N due
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to volatilization was also observed when the fertilizer was
spread on the soil surface but tended to decrease when the
fertilizer was covered or incorporated with soil (Rochette
et al., 2013).
The lower growth performance observed from the
bottom-applied SCF fertilizer can also be explained by the
slow release property of the SCF. Although volatilization
is less evident at deep-applied fertilizer (Ribeiro et al.,
2016) compared to the shallow-incorporated ones, the
uptake of nutrients in SCFb may have occurred much
slower than that in SCFs due to the distance of the SCF
granules from the root system of the planted seedlings. In
this study, we applied the SCF granules at 35 cm deep for
SCFb, which seemed to have been too far from the root
system of seedlings in early phase of planting compared
to those at subsurface-applied fertilizer treatment. This
can explain the longer root length observed at SCFb than
those at SCFs at the end of the experiment period in all
species, which can be ascribed to the re-direction of
root growth toward a nutrient-rich part of the soil, also
known as chemotropism of roots (Deng et al., 2017; Dao
et al., 2020; Muthert et al., 2020). The observed higher
belowground biomass growth and allocation of seedlings
grown in SCFb exemplifies developmental plasticity of
root architecture, which is a form of nutrient acquisition
strategy or a chemotropism response of plants (Niu et al.,
2013). In contrast, seedlings grown under SCFs need not
make their roots longer and larger because nutrients are
readily available for plant uptake. In the case of the slowgrowing C.obtusa, root length at SCFb was similar to that
of CON, which can support the theory on plant growth
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Figure 5. Biomass growth (a, b, and c) and proportion of each component (d, e, and f) of Betula platyphylla, Larix kaempferi, and
Chamaecyparis obtusa applied with solid compound fertilizer. CON, SCFs, and SCFb indicate control (no fertilizer), surface placement of
fertilizer, and bottom placement of fertilizer, respectively. Vertical bars represent standard errors (n = 9). Different upper (total biomass)
and lower (leaf, branch, stem, coarse root, fine root biomass) case letters denote statistically significant differences among treatments (α
= 0.05; Duncan’s multiple range test).

strategy of slow-growing species. This group of species
produce less roots with lower absorptive capacity than
that of fast-growing species (Comas et al., 2002). This can
be seen in the descending order of root length observed
across the three studied species, that is, B. platyphylla (fastgrowing) > L. kaempferi (fast-growing) > C.obtusa (slowgrowing). Slow-growing seedlings also have lower rates of
nutrient requirements and steady sate of uptake regardless
of nutrient availability in the soil than fast-growing ones
(Chapin 1980, Funk 2008).
In terms of nutrient uptake, SCFs resulted in the highest
N content in leaves of all species across the treatments.
Vector analysis also showed that nutrient status in SCFb
treatment was generally diagnosed as nutrient deficient. In
addition to the general characteristics of a slow-release type
of fertilizer, results on nutrient response can be due to the

watering events which may have facilitated the solubility of
the SCF fertilizer in the subsurface, thereby improving the
N-mineralization and adsorption rates. This can be seen
in the observed foliar nutrient level of seedlings under
SCFs, that is, luxury consumption of NPK nutrients of
B. platyphylla but still within the sufficiency range and is
non-toxic. It was also reported that N-mineralization rates
decreased not only with increasing soil depths but also with
increasing soil moisture, that is, half and fully-saturated
soil resulted in significantly higher N-mineralization than
that in control (Fu-Sheng et al., 2005).
4.2. Implications for increasing tree growth and
survivability
In general, the observed improved growth and N uptake of
seedlings grown under SCFs for all species are important
findings relevant not only to improving growth but also
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Figure 6. Root length (cm) and number of branches (m–1) of Betula platyphylla, Larix kaempferi, and Chamaecyparis obtusa applied with
solid compound fertilizer. CON, SCFs, and SCFb indicate control (no fertilizer), surface placement of fertilizer, and bottom placement of
fertilizer, respectively. Number of branches were not measured for C. obtusa. Vertical bars represent standard errors (n = 9). Different
upper (root length) and lower (number of branches) case letters denote statistically significant differences among treatments (α = 0.05;
Duncan’s multiple range test).
Table 4. Nitrogen (N), phosphorus (P), and potassium (K) concentrations (%) in leaf of Betula platyphylla, Larix
kaempferi, and Chamaecyparis obtusa applied with solid compound fertilizer at different positions. CON, SCFs, and
SCFb indicate control (no fertilizer), and surface and bottom placements of fertilizer, respectively. Standard errors are
in parentheses (n = 3). Different lower case letters denote statistically significant differences among treatments within
species (α = 0.05; Duncan’s multiple range test).
Species

Treatment

N

Betula platyphylla

CON

1.29

(0.06)b

1.75

(0.80)

0.45

(0.02)

SCFs

2.84

(0.02)

2.51

(0.56)

0.60

(0.10)

SCFb

1.39

b

(0.07)

2.17

(0.41)

0.54

(0.08)

CON

0.93

(0.07)c

1.60

(0.19)

0.42

(0.06)

SCFs

2.02

a

(0.04)

2.36

(0.46)

0.48

(0.12)

SCFb

1.24

(0.03)b

2.48

(0.32)

0.53

(0.11)

CON

1.22

b

(0.03)

2.45

(0.32)

0.58

(0.16)

SCFs

1.88

(0.07)a

2.78

(0.31)

0.58

(0.02)

SCFb

1.39

(0.08)

2.85

(0.13)

0.47

(0.09)

Larix kaempferi

Chamaecyparis obtusa

to increasing survival of seedlings, especially in marginal
lands. For example, the illustrated good performance of the
three species in SCFs is relevant to fertilizing trees or newlyplanted seedlings in steep slope and soil erosion-prone areas.
Using such a placement method can provide more binding
sites for nutrients in the soil, thereby reducing exposure
to surface runoff and nutrient loss, especially during
high rainfall events. Also, because SCF generally releases
nutrients into the environment in a slow or controlled
manner, SCFs placement can, therefore, be employed in
areas with high porosity soils and high irrigation to improve
fertilizer retention over a long period of time.

262

P
a

b

K

The observed higher belowground biomass or higher
root length of all species grown in SCFb compared to
subsurface-applied ones is an interesting result of the
study. In a forest setting, mechanical forces acting on
steep slopes tend to overturn plants, which respond by
developing asymmetrical root architecture that increases
the plant’s stability and root efficiency (Chiatante et al.,
2003). Moreover, the ability to exhibit plasticity or redirection in root growth toward the nutrient-rich zone
of the soil, through chemotropism, can be considered an
important adaptive mechanism of all species grown in the
bottom-applied fertilizer. This mechanism can further help
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Figure 7. Vector diagnosis for nitrogen (a, b, and c), phosphorus (d, e, and f), and potassium (g, h, and i) in leaf of Betula platyphylla,
Larix kaempferi, and Chamaecyparis obtusa applied with solid compound fertilizer. CON, SCFs, and SCFb indicate control (no fertilizer),
surface placement of fertilizer, and bottom placement of fertilizer, respectively.

in nutrient acquisition, especially in poor soil conditions
typical of marginal lands.
The branch production was also higher in SCFs for
both L. kaempferi and B. platyphylla, suggesting that
such placement tended to increase aboveground growth
while reducing the belowground growth. However,
from a silviculture viewpoint, significantly higher
aboveground growth relative to belowground growth
does not always exemplify better plant growth; hence,
operational cutting of branches may also be done to
improve the root: shoot growth of the fast-growing
species under SCFs fertilization.
Lastly, the fastest RCD and height growth occurred
between the 42nd and 56th day periods (i.e., offset

of spring to early summer) in three species. This
information is important for forest managers to
efficiently calendar their fertilization activities for the
three studied species to insure that application of SCF
is effective for tree growth and survival. This is because
plants of different growth rates respond differently to
fertilizer due to differences in nutrient demands and
fertility targets (Salifu et al., 2009).
5. Conclusion
The different placement methods of SCF application all
resulted in improved plant growth and foliar N uptake,
but the magnitude of the effect varied significantly
across the treatments in all species. Under a greenhouse
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experiment, SCFs has shown to be the most effective
placement method of SCF application for increasing
aboveground biomass and nutrient (N) acquisition,
while SCFb was the placement effective for increasing
root length and root biomass growth in all species.
Results are relevant to the promotion of ecofriendly and
cost-effective approach of increasing the growth and
survival of economically important forest tree species,
especially in steep slope and erosion-prone areas or
marginal forest lands. Moreover, our findings can help
forest managers synchronize the release of nutrients with
the demands of forest tree species and site conditions.
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