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Abstract: Age-related changes in water and nitrogen utilization of crop and understory vegetation
in a hinoki cypress plantation forest were investigated from the age of 21 to 46 years in Kochi City,
southern Japan. Nitrogen concentration in the leaf litter of hinoki cypress showed a decreasing trend
with forest age. The leaf δ15N of hinoki cypress was related to a quadratic function and increased
from the age of 21 to 26 years and then decreased to the age of 46 years. These results suggest that
older hinoki cypress trees utilize soil nitrogen sources with lower δ15N values, and the competition
for soil nitrogen with understory vegetation should be stronger. Carbon isotope discrimination (∆13C)
of hinoki cypress decreased from the age of 21 to 30 years and then increased to the age of 46 years.
In contrast, the intrinsic water-use efficiency (iWUE) of hinoki cypress increased from the age of 21 to
36 years and then decreased to the age of 46 years. These findings suggest that hinoki cypress trees in
the earlier time increased their iWUE by reducing stomatal opening. In the earlier time, the stomatal
opening of understory vegetation increased due to higher soil water availability with decreasing
stand density of crop trees. In the later time, the iWUE of hinoki cypress decreased due to lower
photosynthetic capacity with nitrogen limitation. These results suggest that the increase in the iWUE
of hinoki cypress in response to elevated atmospheric carbon dioxide levels should be smaller in the
later time because of stronger competition with understory vegetation for soil nitrogen resources.

Keywords: hinoki cypress; nitrogen; stable isotopes; understory vegetation; water-use efficiency

1. Introduction

The development of understory vegetation in conifer plantations is crucial for improv-
ing biodiversity and ecosystem services [1–7]. The method of forest management can affect
stream water chemistry [8–11]. Nitrogen concentration in stream water is often elevated by
atmospheric nitrogen deposition in Japanese evergreen coniferous plantations [10,12,13];
hence, it is necessary to evaluate the effects of forest management on stream water chem-
istry. Nitrogen cycling in forest ecosystems can vary in relation to forest age [14–19]. The
development of understory vegetation may increase the nitrogen retention capacity of
forest ecosystems; however, there is still limited information on the age-related changes of
nitrogen utilization in crop trees and understory vegetation [20,21].

The natural abundance of nitrogen isotope ratio (δ15N) is used as an index of plant
nitrogen sources [22,23]. Age-related changes in nitrogen sources have been evaluated in
forest ecosystems [14,24–27]. Within a forest ecosystem, some studies have demonstrated
the utilization of different soil nitrogen sources by dominant trees and understory veg-
etation [28,29]. However, information regarding age-related changes in the leaf δ15N of
crop trees and understory vegetation in Japanese conifer plantations is limited. The effect
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of understory vegetation on forest nitrogen cycling during stand development must be
clarified to conserve stream water quality.

Plant physiological properties such as water utilization are affected by elevated atmo-
spheric CO2 concentrations [30–32]. Studies on stable carbon isotope ratio in tree rings have
revealed a general increase in intrinsic water-use efficiency (iWUE), and their responses
were related to soil water conditions or nitrogen deposition [30,33,34]. Along a vertical
profile within a forest ecosystem, iWUE increases with increasing tree height [35,36], but
information about age-related changes in the iWUE of crop trees and understory vegeta-
tion in Japanese conifer plantations is limited. Leaf litterfall collected over a long-term
period can provide us information about the water utilization of crop trees and understory
vegetation.

This study investigated the changes in nitrogen and water utilization of crop trees and
understory vegetation in a hinoki cypress (Chamaecyparis obtusa (Sieb. et Zucc.) Endlicher)
forest in Kochi City, southern Japan. Hinoki cypress trees were planted in 1970, and litterfall
was collected for 26 years from 1991 to 2016. Stem growth and nitrogen concentration in the
leaves of hinoki cypress and understory vegetation were measured. The objectives of this
study were to determine whether (1) nitrogen limitation of hinoki cypress becomes severer
in later time because of stronger competition with understory vegetation for soil nitrogen
resources and (2) elevated CO2 concentrations increase the iWUE of hinoki cypress and
understory vegetation.

2. Materials and Methods
2.1. Study Site

The site of this study was a hinoki cypress plantation forest in Shikoku Research
Center, Forestry and Forest Products Research Institute (33◦32′, 133◦29′). The mean annual
temperature of the site is 16.3 ◦C, and the mean annual precipitation is 2720 mm. The soil
was derived from sedimentary rocks of the Pleistocene and classified as Dystrudept in Soil
Taxonomy [37]. Seedlings of hinoki cypress trees were planted on the former cropland
in 1970. Precommercial thinning was conducted at the age of 22, 34, and 43 years. In
1991, a study plot with an area of 265 m2 was established, and the height, height at crown
base, and diameter at breast height (DBH) were measured with 2- or 3-year intervals. The
leaf biomass of hinoki cypress was estimated using an equation based on the pipe model
theory [38,39]. For understory vegetation, the number of plant species and coverage was
investigated in 2002 and 2017 [40] (Tables 1 and 2). The major understory species were
shrubs such as Symplocos glauca (Thunb.) Koidz. and Ficus erecta Thunb. There were more
than 80 plant species in both years, and the number of fern species was greater in 2017
than in 2002. Climate data were obtained from the Kochi Meteorological Station of Japan
Meteorological Agency, located approximately 9 km east of Shikoku Research Center.

Table 1. Number of plant species of understory vegetation in 2002 and 2017 [40].

2002 2017

n (%) n (%)

Tree 22 (28) 24 (28)
Shrub 17 (20) 14 (16)
Liana 15 (18) 12 (14)
Herb 17 (20) 14 (16)
Fern 11 (13) 21 (25)
Total 83 (100) 85 (100)
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Table 2. Height and cover classes of major understory vegetation species.

2002 2017

Species Name Height (m) Cover
Classes * Height (m) Cover

Classes *

Symplocos glauca 3.1 2 7.2 4
Daphniphyllum
macropodum 2.4 + 6.3 1

Eurya japonica 3.6 1 5.6 +
Cleyera japonica 2.6 + 5.1 1
Neolitsea sericea 1.2 + 5.3 1
Liquidambar formosana 4.5 1
Ficus erecta 2.9 2 4.0 2
Rubus buergeri 0.2 1 0.2 +
Ligustrum lucidum 2.8 1 4.0 1
Dryopteris erythrosora 0.6 1 0.8 1

* +; <1%, 1; 1–5%, 2; 6–25%, 3; 26–50%, 4; 51–75%.

2.2. Litterfall

Detailed information regarding litterfall collection has been described previously [41].
A total of 15 litter traps designed using a plastic basket covered with mesh clothes (0.14 m2)
were placed in the study plot. Litterfall was collected from July 1991 to June 2017 every
month. The collected samples were combined into one composite sample and separated
into leaves of hinoki cypress, leaves of understory vegetation, and others. The samples were
dried at 75 ◦C for 48 h, and dry weight was measured. Nitrogen and carbon concentrations
in the samples were measured using an NC-analyzer (NC-22F; Sumika Chemical Analysis
Service). Nitrogen and carbon isotope ratios were analyzed using an online elemental
analyzer (NC2500; Thermo Fisher Scientific) coupled with an isotope ratio mass spectrome-
ter (MAT252; Thermo Fisher Scientific). Results are expressed as δ values, defined as ‰
deviation from standard reference materials as follows:

δ13C or δ15N (‰) =

[ Rsample

Rstandard
− 1

]
1000 (1)

where R = 13C/12C or 15N/14N, and values for standards are 15N of atmospheric air = 0
and 13C of Pee Dee belemnite = 0 by definition. l-Alanine, glycine, and l-histidine were
used as the running standard. The precision of the measurement was less than 0.10‰ and
0.20‰ for C and N, respectively. The annual leaf fall biomass and nitrogen input were
calculated by summing the monthly leaf fall between July and June of the subsequent year.
The weighted average was calculated for nitrogen concentration and isotope ratios.

2.3. Plant Water Utilization

Carbon isotope discrimination, caused as a result of preferential use of 12C than 13C
during photosynthesis, was defined by the following equation [29]:

∆13C =
δ13Ca − δ13Cp

1 + δ13Cp/1000
(2)

where δ13Ca and δ13Cp are the isotopic values of atmospheric CO2 and plant, respectively.
The dependence of ∆13C on Ci/Ca, the ratio of intercellular to ambient CO2 concen-

trations, was described as follows [42]:

∆13C = a + (b − a) Ci/Ca (3)

where a (=4.4‰) is the fractionation associated with the diffusion of CO2 through the
stomata, and b (=27) is the fractionation resulting from enzymatic C fixation. iWUE is
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defined as the ratio of CO2 assimilation rate (A) to stomatal conductance for water vapor
(gw) and related to Ca and ∆13C in the following equation:

iWUE = A/gw = Ca
(

b− ∆13C
)

/(b− a)/1.6. (4)

Historical annual atmospheric CO2 concentration and carbon isotope value were
obtained from an ice-core study [31]. After 2004, they were estimated from linear functions
calculated for the 1974–2003 period.

2.4. Statistical Analysis

For mass and nitrogen of the litterfall, ln-transformed values were linearly related to
forest age. The annual rate of change was calculated. For other properties, the relationship
with forest age was analyzed by linear or quadratic functions. For quadratic functions,
the time for the maximum or minimum values was calculated. All statistical analysis was
performed with JMP software (version 11.0.0., SAS Institute Japan, Osaka, Japan).

3. Results
3.1. Climate

The mean temperature during the growing season from March to October ranged
from 19.7 ◦C to 22.2 ◦C and increased temporally with an annual increase of 0.03 ◦C
(r2 = 0.189, p = 0.0266, Figure 1a). Precipitation in the growing season ranged from 1400
to 4020 mm and showed no increasing or decreasing trend (Figure 1b). The maximum
wind speed during the storm season from August to October was high in the ages of 23, 24,
and 44 years. The maximum wind speed marginally decreased during the study period
(r2 = 0.140, p = 0.0594, Figure 1c).
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Figure 1. Mean air temperature (a) and precipitation (b) from March to October and maximum wind
velocity from August to October (c) during the study period (1991–2016) at the Kochi Meteorological
Station of Japan Meteorological Agency, located approximately 9 km east of the study site.
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3.2. Stem Growth and Leaf Litterfall

The stand density of hinoki cypress trees decreased with forest age, with the rate of
annual decrease being 4.4% (Table 3). The annual stem growth rate of hinoki cypress ranged
from 2.3 to 6.7 Mg ha−1 yr−1 and was lower just after the thinning practice during the ages
of 35–37 and 44–46 years. The leaf biomass in the crown of hinoki cypress was 17.7 Mg ha−1

at the age of 22 years and decreased to 11.9 Mg ha−1 at the age of 46 years. The proportion
of annual decrease in leaf biomass was 1.2%. The leaf litterfall of hinoki cypress decreased
during the study period, with the rate of annual decline being 1.8% (Figure 2a and Table 4).
The proportion of annual increase in the leaf litter of understory vegetation was 11.9%.
The sum of hinoki cypress and understory vegetation litterfall remained unchanged in
relation to forest age (Figure 2b). The ratio of leaf biomass to the leaf litter of hinoki cypress
represents an estimate of leaf life span and ranged from 4.1 to 7.9 years (Table 3).

Table 3. Stem and leaf properties of hinoki cypress trees in the study site.

Forest
Age

Stand
Density Height DBH Stem

Biomass
Stem Pro-
duction

Leaf
Biomass

Leaf
Litterfall

Leaf
Biomass/

Leaf
Litterfall

yr n ha−1 m cm Mg ha−1 Mg ha−1

yr−1 Mg ha−1 Mg ha−1

yr−1 yr

21–22 4264 10.9 9.7 98.8 5.6 17.7 3.3 5.4
23–24 2528 12.1 11.4 82.1 6.5 13.7 2.3 5.8 Thinning
25–27 2528 12.9 12.3 99.9 5.9 15.6 2.8 5.6
28–30 2452 13.3 13 113.1 4.4 - 3.4 -
31–32 2302 14.4 13.6 124.3 5.6 14.5 2.9 5.1
33–34 2189 15.1 14.3 135.0 5.3 - 3.0 -
35–37 1774 15.7 15.3 129.4 2.9 - 2.4 - Thinning
38–39 1623 16.7 16.2 137.2 3.9 - 2.1 -
40–41 1547 17.3 16.9 148.4 5.6 12.5 3.0 4.2
42–43 1472 18.1 17.8 161.8 6.7 13.3 3.3 4.1
44–46 1057 19.5 19.6 147.9 2.3 11.9 1.5 7.9 Thinning
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Figure 2. Leaf litterfall of hinoki cypress and understory vegetation (a,b) and litter nitrogen input of
hinoki cypress and understory vegetation (c,d) in relation to forest age.
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Table 4. Linear and quadric models predicting litter properties. Forest age is used as an explanatory
variable.

Object Variable Category Equation R2 p Annual Rate of
Change (%)

Tipping
Point (yr)

Leaf litterfall Cypress Ln(y) = −0.018x + 1.54 0.183 0.0289 −1.8
Understory Ln(y) = 0.113x − 4.82 0.884 0.0001 11.9
Total Ln(y) = 0.001x + 1.09 0.003 0.798 0.1

Leaf litter N Cypress Ln(y) = −0.022x + 1.25 0.265 0.0071 −2.2
Understory Ln(y) = 0.104x − 4.45 0.858 0.0001 11.0
Total Ln(y) = 0.004x + 0.64 0.026 0.435 0.4

Leaf N concentration Cypress y = −0.027x + 7.31 0.121 0.0815
Cypress * y = −0.040x + 7.60 0.507 0.0001
Understory y = −0.0152x2 + 0.926x − 2.14 0.438 0.0013 30
Total y = 0.021x + 6.35 0.059 0.229

δ15N Cypress y = −0.0037x2 + 0.187x − 5.38 0.871 0.0001 26
Understory y = 0.0036x2 − 0.332x + 5.60 0.813 0.0001 45
Total y = −0.002x2 + 0.098x − 4.19 0.401 0.0027 28

δ13C Cypress y = −0.003x2 + 0.125x − 28.62 0.885 0.0001 25
Understory y = 0.006x2 − 0.459x − 21.70 0.745 0.0001 41
Total y = −0.003x2 + 0.141 − 28.54 0.898 0.0001 21

∆13C Cypress y = 0.003x2 − 0.159 + 22.07 0.652 0.0001 30
Understory y = −0.006x2 + 0.451x + 14.86 0.620 0.0001 39

iWUE Cypress y = −0.028x2 + 2.013x + 39.89 0.582 0.0001 36
Understory y = 0.057x2 − 4.266x + 115.9 0.516 0.0002 38

* data of high N concentration caused by storms in 2004 and 2014 were excluded.

3.3. Plant Nitrogen Utilization

The leaf litter nitrogen input of hinoki cypress decreased with forest age, with the
rate of annual decrease being 2.2% (Figure 2c). In contrast, that of understory vegetation
increased with forest age, with the rate of annual increase being 11.0%. The total leaf litter
nitrogen input remained unchanged in relation to forest age (Figure 2d). The leaf litter
nitrogen concentration of hinoki cypress was high in trees aged 34 and 44 years (Figure 3a
and Table 4). During these years, leaf fall occurred earlier than the usual year due to the
attack of strong typhoons. If these two years were excluded, the nitrogen concentration
of hinoki cypress leaf litter was found to decrease with forest age. The leaf litter nitrogen
concentration of understory vegetation was related to a quadratic function and increased
from the age of 21 to 30 years and then decreased to the age of 46 years. The leaf litter
nitrogen concentration of total leaf litter was not related to forest age (Figure 3b). The
leaf litter δ15N of hinoki cypress was lower than that of understory vegetation (Figure 3c).
The leaf litter δ15N of hinoki cypress was related to a quadric function and increased from
the age of 21 to 26 years and then decreased to the age of 46 years. The proportion of
decrease in leaf litter δ15N from the age of 26 to 46 years was 1.5‰. The leaf litter δ15N of
understory vegetation decreased from the age of 21 to 45 years. The leaf litter δ15N of total
leaf litter increased from the age of 21 to 28 years and then decreased to the age of 46 years
(Figure 3d). The proportion of decrease in δ15N from the age of 28 to 46 years was 0.5‰.
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Figure 3. Leaf litter nitrogen concentration (a,b), leaf δ15N (c,d), and leaf δ13C (e,f) of hinoki cypress
and understory vegetation in relation to forest age.

3.4. Plant Water Utilization

The leaf litter δ13C of hinoki cypress increased from the age of 21 to 25 years and then
decreased, whereas that of understory vegetation decreased from the age of 21 to 41 years
(Figure 3e). The ∆13C of hinoki cypress decreased from the age of 21 to 30 years and then
increased to the age of 46 years, whereas that of understory vegetation increased from the
age of 21 to 39 years and then decreased (Figure 4a). The iWUE of hinoki cypress increased
from the age of 21 to 36 years and then decreased, whereas that of understory vegetation
decreased from the age of 21 to 37 years and then increased (Figure 4b). Leaf litter δ15N was
linearly and negatively related to ∆13C in each vegetation type (Figure 5a). The leaf litter
δ15N of hinoki cypress was not related to iWUE, whereas that of understory vegetation
was linearly and positively related to iWUE (Figure 5b).
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4. Discussion
4.1. Forest Productivity

In the study site, leaf biomass and leaf litterfall of hinoki cypress decreased with
forest age. Although the leaf biomass of each tree increased [21,43], the leaf biomass per
stand area decreased due to the high decrease rate of stand density. Previous studies have
demonstrated that the leaf biomass or leaf litterfall of Japanese coniferous plantations
was constant or increased with forest age [18,44,45], and the result of the present study is
different from these findings. The reduction of leaf biomass observed in this study is not
common for Japanese plantations but is presumably caused by repeated thinning practices.
The ratio of leaf biomass to leaf litterfall is an index of leaf life span and ranged from 3.9 to
6.8 years in some hinoki cypress forests [46]. The ratio derived in this study ranged from
4.1 to 7.9 years and is consistent with the previous study [46]. The percentage of annual
decrease in the leaf biomass of hinoki cypress was 1.2%, but that of leaf litterfall was 1.8%;
these results suggest longer leaf life span in older ages.

The leaf litterfall of understory vegetation increased rapidly, and the proportion of
understory vegetation to total leaf litter was 40% from the age of 44 to 46 years (Figure 2a).
The mean proportion for understory vegetation was 15% in some hinoki cypress forests
in western Japan [47]. This result suggests that the amount of leaf litter of understory
vegetation in the present study is higher among hinoki cypress forests in Japan. The lower
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stand density of hinoki cypress trees due to thinning is presumably a primary factor for the
development of understory vegetation in this study.

4.2. Plant Nitrogen Utilization

Leaf litter nitrogen input and nitrogen concentration of hinoki cypress decreased
with forest age. Similar results were reported in previous studies [16,18]. The nitrogen
concentration of total leaf litter did not change with forest age, suggesting that understory
vegetation compensated the lower nitrogen uptake of hinoki cypress trees. The nitrogen
concentration of understory vegetation increased from the age of 21 to 30 years and then
decreased. During the early period of the study, the nitrogen uptake of understory vegeta-
tion should increase in response to higher availability of soil nitrogen after the thinning
practice [48], and in the later period, competition for soil nitrogen became stronger due to
greater biomass of understory vegetation.

The leaf δ15N of hinoki cypress in this study was within the range reported in previous
studies on hinoki cypress (−7.1–0.4‰) [49,50]. The leaf δ15N of hinoki cypress was lower
than that of understory vegetation. Similar results were found in a Japanese cedar forest [28].
These results suggest that the nitrogen sources of crop trees were different from those of
understory vegetation. Plant δ15N is affected by soil nitrogen sources and mycorrhizal
infection [22,23]. The leaf δ15N of hinoki cypress was decreased by higher uptake of soil
nitrate in the high-nitrogen-deposited forests [49]. In an experiment using 15N tracer, it was
observed that hinoki cypress preferred soil ammonium to nitrate [51]; the results suggested
that the preference of nitrate is promoted in forests with high soil nitrate availability. Lower
accumulation and rapid decomposition of organic horizon have been reported in hinoki
cypress forest soils [47,52,53]; the results suggested rapid nitrogen release from organic
horizon with a lower δ15N value. These findings indicate that nitrogen released from
organic horizon and soil nitrate are the two possible nitrogen sources of the lower 15N
value of hinoki cypress trees.

The leaf δ15N of hinoki cypress decreased in the later period, and the changes in the
leaf δ15N of hinoki cypress were greater than those of total leaf. Previous studies have also
evaluated the changes in leaf δ15N [24–27]. The leaf δ15N was found to decrease by the
utilization of nitrogen sources from nitrogen deposition with lower δ15N [24,54,55]. In this
study, the rate of nitrogen deposition was not high (8.1 kg ha−1 yr−1) [56]. Furthermore, the
changes in total leaf δ15N were relatively small. These findings suggest that the contribution
of nitrogen deposition toward the leaf δ15N of hinoki cypress and understory vegetation is
of minor importance. In Japanese cedar plantations, the leaf δ15N of crop trees decreased
from the age of 4 to 41 years, which corresponded to the changes in percent nitrification
to mineralization [26]. In the study site, the infection rate of arbuscular mycorrhizal fungi
increased with forest age [57]. Therefore, it is difficult to evaluate the effects of soil nitrate
and mycorrhizal infection in the study site. Hinoki cypress has shallow fine roots in soil
profiles [58]. The leaf δ15N of hinoki cypress was very low in nitrogen-limited forests [50].
These findings indicate that in nitrogen-limited forests, hinoki cypress would utilize soil
nitrogen released from organic horizon and the contribution of soil nitrate should be of
minor importance. In this study, the leaf litter nitrogen concentration of hinoki cypress
decreased with forest age, and nitrogen limitation increased with forest age. This finding
implies that a higher uptake of nitrogen derived from organic horizon would be a primary
factor for the lower leaf δ15N of hinoki cypress.

4.3. Plant Water Utilization

During the early time of this study, the ∆13C of hinoki cypress decreased, whereas
iWUE increased, suggesting that stomatal opening decreased during this time. In general,
the iWUE of forest ecosystems has been reported to increase with elevated atmospheric CO2
concentrations [32–34]. The extent of increase was greater in ecosystems with high nitrogen
deposition and lower soil water availability [33,34]. The increase in iWUE observed in this
study was relatively small because the area receives modest nitrogen deposition [56] and
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has high soil water availability with high precipitation. In the later time of the study, the
∆13C of hinoki cypress increased, whereas iWUE decreased. Moreover, negative relation-
ships were found between leaf δ15N and ∆13C (Figure 5a). Increased water availability
with lower stand density can cause greater ∆13C, but there was no clear pattern of ∆13C in
thinned hinoki cypress forests [52]. In Japanese red pine forests, the presence of understory
vegetation was found to decrease ∆13C compared with understory-excluded forests [59],
and the ∆13C of dominant trees would not increase with understory vegetation. These
results suggest that the increase in ∆13C is caused by lower photosynthetic activity with
severer nitrogen limitation as discussed in the previous section rather than by changes in
stomatal opening. The leaf δ13C of understory vegetation was greater than that of hinoki cy-
press. Along a vertical profile of forest ecosystems, ∆13C decreased with tree height [35,36],
and the result of the present study is consistent with these results. During the early time
of the study, the ∆13C of understory vegetation increased, whereas iWUE decreased, with
forest age. A decrease in ∆13C is expected with increasing plant height [35,36], but the
result indicated an opposite trend. The ∆13C of understory vegetation is expected to in-
crease with greater soil water availability. The water content of hinoki cypress forests
increased after thinning [48], and stomatal opening would increase with decreasing stand
density during forest development. Nitrogen availability is also a factor for the increased
∆13C of understory vegetation as discussed for hinoki cypress. However, the leaf litter
nitrogen concentration of understory vegetation increased during this time (Figure 3a).
Therefore, nitrogen limitation is not a factor for the increase in the ∆13C of understory
vegetation. These results suggest that crop trees and understory vegetation compete for
soil water resources and the reduction of stand density of crop trees can increase the ∆13C
of understory vegetation in the earlier time of the study.

4.4. Implication for Forest Management

This study revealed the age-related changes in nitrogen and water utilization of crop
trees and understory vegetation using carbon and nitrogen isotope ratios as an index of
resource utilization. The competition of hinoki cypress and understory vegetation for soil
nitrogen resources was stronger in the later time as indicated by leaf nitrogen concentration
and utilization of different soil nitrogen sources. For understory vegetation, with limitation
of light, water and nitrogen resources decreased with forest age due to the lower stand
density of hinoki cypress trees. The abundance of understory vegetation in this study was
relatively high due to the frequent thinning practice in the site. To reduce the nitrogen
limitation of hinoki cypress, it is necessary to reduce the intensity of thinning. From
a viewpoint of nitrogen retention in forest ecosystems, the development of understory
vegetation can lead to stronger competition for soil nitrogen resources by hinoki cypress
and understory vegetation. This situation results in higher capacity of nitrogen retention
in forest ecosystems and lower nitrogen loss from stream water. These findings suggest
that a trade-off exists between the nitrogen retention capacity and productivity of hinoki
cypress trees. The amount of understory vegetation can be controlled by thinning intensity
for optimizing the balance between timber production and stream water conservation.
Further research is required for monitoring nitrogen leaching from soil in different thinning
intensities. In this study, the long-term investigation of crop trees and understory vegetation
provided us valuable information about their resource utilization. However, this study was
conducted in a single site with no replications, but we consider this information highly
valuable for other research. The area has a warm climate and high precipitation, which
are probably suitable for the development of understory vegetation. The development of
understory vegetation can vary with climate and soil conditions [5], and further studies are
required to investigate the competition between crop trees and understory vegetation in
different climate and soil conditions.
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5. Conclusions

Nitrogen and water utilization of crop trees and understory vegetation was investi-
gated using nitrogen and carbon isotope ratios in leaf litter. In the earlier time, the ∆13C
of hinoki cypress trees decreased with forest age as affected by elevated atmospheric CO2
concentrations, whereas the ∆13C of understory vegetation increased as affected by higher
water availability after thinning practice. In the later time, the ∆13C of hinoki cypress
increased with forest age, whereas the leaf δ15N of hinoki cypress decreased. The lower
leaf δ15N of hinoki cypress than that of understory vegetation and the lower leaf litter
nitrogen concentration suggest that hinoki cypress utilizes soil nitrogen released from
the organic horizon. Therefore, the increase in the ∆13C of hinoki cypress in the later
time should be caused by lower photosynthetic capacity with low nitrogen availability.
Information on isotope ratio in leaf litter could provide insights into the long-term changes
of resource limitation and competition between crop trees and understory vegetation in
a forest ecosystem. The competition between crop trees and understory vegetation can
vary with different climate and soil conditions. Further research is needed to examine
the age-related changes of isotopic ratio in diverse forest ecosystems in this region for
optimizing the balance between timber production and stream water conservation.
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