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Stable nitrogen and carbon isotope ratios and related leaf properties
of four tree species at high and low nitrogen-deposition sites
in the Kanto district of Japan

Yoshiyuki INAGAKI"", Masahiro INAGAKI”, Toru HASHIMOTO? and Shinji KANEKO”

Abstract

We compared the leaf properties of four tree species (Japanese cedar, hinoki cypress, and two deciduous
hardwood species) at sites in Tsukuba (a high nitrogen-deposition area) and Katsura (a low nitrogen-deposition area)
in the Kanto district of Japan. Nitrogen concentration in fresh leaves of Japanese cedar did not differ between the
two sites, whereas those for the other three species were higher at Tsukuba than at Katsura. Leaf mass per area of
hinoki cypress and the two deciduous hardwood species was lower at Tsukuba than at Katsura, but the effects on leaf
nitrogen content per area varied among tree species. The nitrogen resorption efficiency of Japanese cedar was lower at
Tsukuba than at Katsura, but there was no clear difference in the other three species. The nitrogen isotope ratio in all
species was higher at Tsukuba than at Katsura, but the carbon isotope ratio did not differ between the two sites. These
results suggested that the effects of nitrogen deposition on leaf properties varied among tree species and that Japanese
cedar at Tsukuba was in a more nitrogen-saturated condition than were the other three species.
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1. Introduction

Recently, nitrogen deposition by precipitation or dry
deposition in forest ecosystems has been increasing because
of human activity. When the supply of ammonium and nitrate
exceeds plant and microbial demand, the presence of excess
nitrogen may result in higher soil nitrification rates, soil
acidification, greater nitrogen loss in stream waters, and a
decline in forest productivity. These conditions are considered
to constitute nitrogen saturation, which has been examined in
many studies in Europe and North America (Aber et al. 1989,
Gundersen et al. 2006). In Japan, several studies have reported
high rates of nitrogen loss in the stream waters in forests
along the periphery of the Kanto Plain; this is symptomatic of
nitrogen saturation (Mitchell et al. 1997, Ohrui et al. 1997, Itoh
et al. 2004, Yoshinaga et al. 2012).

The effects of nitrogen deposition on trees differ among
tree species (Gundersen et al. 2006), and the effects need
to be clarified for each of the major tree species in a region.
Nitrogen use by trees can be evaluated by examining leaf
properties. Fresh-leaf nitrogen concentration is used as an index
of photosynthetic ability (Evans 1989). Leaf-litter nitrogen
concentration is used as an index of nitrogen use efficiency
(Vitousek 1982) or nitrogen resorption proficiency (Killingbeck
1996). The natural abundance of nitrogen isotope in leaves
(8"N) reflects soil nitrogen availability (Craine et al. 2009),
nitrogen deposition (Pardo et al. 2006, Fang et al. 2013), and
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the form of nitrogen utilized by plants (Takebayashi et al.
2010). Therefore, leaf nitrogen isotope ratio would be a possible
indicator of nitrogen saturation of trees.

Decline of Japanese cedar trees is sometimes observed
on the Kanto plain (Sakata et al. 1996, Sase et al. 1998). This
decline is likely related to changes in water use associated
with dry deposition or decreasing humidity (Sase et al. 1998).
Nitrogen deposition can also be a factor affecting water use
by trees. In one experiment, nitrogen addition increased
transpiration by Japanese cedar seedlings (Nagakura et al.
2008). Information on tree water use is required to evaluate the
effects of nitrogen deposition in the Kanto district. The carbon
isotope ratio (3"C) is used as an index of water use efficiency,
because the leaf carbon isotope ratio is a function of both the
supply of CO, to sites of carbon fixation and photosynthetic
capacity (i.e. chloroplast demand for CO,) (Farquhar et
al. 1982). A high 8°C in leaves indicates a high water-use
efficiency (i.e. a high ratio of assimilation to conductance).

Here, we compared the leaf properties of tree species in
two areas of Ibaraki Prefecture in central Japan. The Tsukuba
study site receives high levels of nitrogen deposition, whereas
the Katsura study site receives moderate levels of nitrogen
deposition. We compared the leaf properties of four tree species
to determine species-specific response of water and nitrogen

utilization to atmospheric nitrogen deposition.
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2. Materials and methods
2.1 Study sites

The study was conducted in the Tsukuba and Katsura
areas of Ibaraki Prefecture. The Tsukuba site was located in
the Tsukuba Forest Experimental Watershed of the Forestry
and Forest Products Research Institute on the periphery of
the Kanto Plain, about 60 km northeast of Metropolitan
Tokyo (N36°10’, E140°10’, 320 to 390 m in altitude). The
mean annual temperature from 1980 to 2010 is 13.8 °C at
the nearest weather station of Japan Meteorological Agency
(Tsukuba station: N36°3’, E140°8', 25 m in altitude) and the
annual precipitation from 1979 t01990 at the study site was
1430 mm (Kabeya et al. 2014). The Katsura site was located
in the Katsura Headwater Catchment of the Forestry and
Forest Products Research Institute, about 120 km northeast of
Tokyo (N 36°32', E 140°18’, 210 to 270 m in altitude). The
mean annual temperature from 1980 to 2010 is 12.7 °C and
the annual precipitation is 1340 mm at the nearest weather
station of Japan Meteorological Agency (Hitachiomiya station:
N36°36, E140°20’, 95 m in altitude). The soil parent material is
a volcanic ash over biotite gneiss at Tsukuba and over Mesozoic
shale and sandstone at Katsura. The soils in the two areas are
classified as brown forest soils (Forest Soil Division 1976)
and are classified as Fulvudand or Dystrudept, depending on
the influence of the volcanic ash material at the site in US Soil
Taxonomy (Soil Survey Staff 2010).

The two sites receive different nitrogen depositions. Annual
nitrogen input by throughfall in Japanese cedar plantations
is 20.0 kg N ha ' year ' at Tsukuba and 8.8 kg N ha' year ' at
Katsura (Yoshinaga et al. 2012). Nitrogen loss in stream nitrates
from watersheds including Japanese cedar plantation was 11.0
kg N ha™' year ' in the Tsukuba area and 1.9 kg N ha' year'
in the Katsura area (Kobayashi et al. 2011). Rates of nitrogen
deposition and nitrogen loss in the Tsukuba area are relatively
high among Japanese forest ecosystems in Japan (Mitchell et al.
1997) ; the high rate of nitrogen loss indicates that forests in the

area are in a nitrogen-saturated condition.

2.2 Sample collection and analysis

At each site, we selected a Japanese cedar (Cryptomeria
japonica) plantation, a hinoki cypress (Chamaecyparis
obtusa) plantation, and a deciduous broad-leaved forest. In the
deciduous broad-leaved forest, Quercus serrata and Clethra
barbinervis were selected from the canopy and sub-canopy
layers of the forest, respectively. Mean diameters at breast
height (DBH) are given in Table 1. The ages of the trees in the
Japanese cedar and hinoki cypress plantations ranged from 34
to 55 years, but those of the hardwood species were not known
(Table 1). Fresh leaves of each species were collected from five

trees in August 2009. A slingshot was used to collect leaves

Table 1. Mean DBH of trees, and forest age.

Katsura Tsukuba
DBH Age DBH Age

(cm) (yr) (cm) (yr)

Hinoki cypress 21.8 34 18.9 40
Japanese cedar 26.3 43 23.8 55
Quercus serrata 21.1 - 17.6 -
Clethra barbinervis 6.4 - 4.9 -

from the Japanese cedar and hinoki cypress trees, whereas high-
branch scissors were used for Q. serrata and C. barbinervis.
Leaf litter of Japanese cedar and hinoki cypress was collected
by using litter traps (3-8 traps). Litterfall was collected at 1-
to 2- month intervals from July 2009 to June 2010. Collected
samples in each plot were combined into one sample and
divided into leaves and other parts. Leaf samples were analyzed
for nitrogen content. Freshly fallen leaf litter of Q. serrata and
C. barbinervis was collected from the forest floor in November
2009 (n=5).

Leaf area of the collected hinoki cypress, Q. serrata,
and C. barbinervis samples was determined by using LIA32
software (http://www.agr.nagoya-u.ac.jp/~shinkan/LIA32).
Leaf area of Japanese cedar was not determined, as it was
difficult to measure because of the needle shape of the leaf. The
leaf samples were dried at 70 °C for 72 h and weighed. Leaf
mass per area (LMA) was calculated as leaf mass divided by
leaf area. The nitrogen concentration of fresh leaves and leaf
litter was measured with an NC analyzer (NC 22F; Sumika
Analytical Center). The carbon and nitrogen isotope ratios were
measured with an on-line C and N analyzer (NC 2500; CE
Instruments) coupled with an isotope ratio mass spectrometer
(MAT252; Thermo Electron). Results are expressed as 6 values

with %o deviations from standard reference materials, where
8]3C or SISN (%0) = ( Rsample / Rslandard - 1) X 1000

where R="C/"C or "N/"N and appropriate standards were
PeeDee Belemnite (PDB) and atmospheric nitrogen for carbon
and nitrogen, respectively.

We analyzed the differences in these parameters between
the Tsukuba site (high nitrogen deposition) and the Katsura site
(low nitrogen deposition) by using a t-test. Because the litterfall
in Japanese cedar and hinoki cypress was combined into one
sample in each collection, we calculated the weighted mean
for the leaf-litter nitrogen concentration. Nitrogen resorption

efficiency was calculated as
Nitrogen resorption efficiency (%) = ( Ngesn — Niier) / Nregn X 100

where N, and Ny, are the nitrogen concentrations in fresh

leaves and leaf litter, respectively.
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3. Results and Discussion
3.1 Leaf nitrogen concentration and nitrogen resorption

The nitrogen concentration in the fresh leaves of Japanese
cedar did not differ between the two sites (P = 0.17, Table 2),
whereas those in the other three species were higher at Tsukuba
(high nitrogen deposition) than at Katsura (low nitrogen
deposition) (P < 0.05). LMA was not determined for Japanese
cedar but LMA for other three species was lower at Tsukuba
than at Katsura (P < 0.01). The pattern of leaf nitrogen content
per area differed among the three species, namely the leaf
nitrogen content per area at Tsukuba was higher in hinoki
cypress (P < 0.01) and lower in Q. serrata (P < 0.02), whereas
there was no clear difference in the case of C. barbinervis (P =
0.09). The leaf-litter nitrogen concentration of the three species
was higher at Tsukuba than at Katsura (Table 3). The nitrogen
resorption efficiency of Japanese cedar was lower than those
of the other three species. Moreover, the nitrogen resorption
efficiency of Japanese cedar was lower at Tsukuba (5.5%) than
at Katsura (14.7%).

A previous study reported that the mean (range) nitrogen
concentration in fresh leaves of hinoki cypress in Kinki and
Shikoku districts was 10.3 (7.4 to 13.7) mg g’ (Inagaki et
al. 2011a). We found that the nitrogen concentration in fresh
leaves of hinoki cypress was relatively high at Tsukuba (12.7
mg g') and moderate at Katsura (9.4 mg g '). A previous study
reported that the mean nitrogen concentration in leaf litter of
hinoki cypress forests in Kanto, Kinki and Shikoku districts
was 8.1 (5.7 to 10.9) mg g ' (Inagaki et al. 2010). The nitrogen
concentration in the leaf litter of hinoki cypress was moderate at
Tsukuba (9.0 mg g ') and relatively low at Katsura (5.7 mg g ).

A previous study reported that the mean nitrogen resorption

efficiency of hinoki cypress in Kinki and Shikoku districts was
32% (5% to 46%) (Inagaki et al. 2010). Nitrogen resorption
efficiency of hinoki cypress in this study was moderate at
Tsukuba (29%) and relatively high at Katsura (39%). Thus the
rate of nitrogen cycling in hinoki cypress forests was low at
Katsura and moderate at Tsukuba. If the hinoki cypress trees
were nitrogen saturated, then one would expect high nitrogen
concentrations in the leaf litter and low nitrogen resorption
efficiency. However, the leaf-litter nitrogen concentrations and
nitrogen resorption efficiency in the hinoki cypress at Tsukuba
were moderate and not indicative of nitrogen saturation. The
fact that leaf-litter production in the Tsukuba hinoki cypress
forest was very high compared with that in other hinoki cypress
forests in Japan (Inagaki et al. 2012) likely indicated that there
was a high rate of leaf production in response to high levels
of nitrogen deposition. Stem production of hinoki cypress
plantation at Tsukuba was larger than that of Japanese cedar
plantations at Tsukuba and Katsura (Inagaki et al. 2011b, 2012).
These findings suggest that nitrogen deposition promotes
forest growth in hinoki cypress and that the degree of nitrogen
saturation of the hinoki forest was not extreme.

In the case of Japanese cedar, a previous study reported
that the mean nitrogen concentration in fresh leaves was 14.0
mg g ' (Shigenaga et al. 2008). The nitrogen concentrations
in fresh leaves in our study were relatively low (7.5 mg g ' at
Katsura and 8.7 mg g ' at Tsukuba). A previous study reported
that the mean of nitrogen concentration in leaf litter was 8.1 (5.3
to 12.7) mg g (Inagaki et al. 2012). The leaf-litter nitrogen
concentration in Japanese cedar in our study was low at Katsura
(6.4 mg g ") and moderate at Tsukuba (8.2 mg g') compared

with reported values. The nitrogen resorption efficiency of

Table 2. Nitrogen concentrations, nitrogen content per area, and leaf mass per area (LMA) in four tree

species at Katsura and Tsukuba.

Katsura(a) Tsukuba(b)

Mean (SD) Mean (SD) (b)/(a) P (t-test)
Leaf N concentration (mg g™)
Hinoki cypress 9.4 0.7) 12.7 (1.5) 1.36 0.01
Japanese cedar 7.5 (1.4) 8.7 (1.1) 1.16 0.17
Quercus serrata 19.8 0.9) 22.6 (1.9) 1.14 0.03
Clethra barbinervis 16.2 (1.8) 21.7 (1.2) 1.34 0.01
Leaf mass per area (g m”~)
Hinoki cypress 250.9 (11.3) 210.1 17.7) 0.84 0.01
Japanese cedar - -
Quercus serrata 70.7 (5.6) 53.1 4.1 0.75 0.01
Clethra barbinervis 72.0 9.4) 43.9 (5.2) 0.61 0.01
Leaf N content per area (g m”)
Hinoki cypress 2.35 (0.14) 2.65 (0.12) 1.13 0.01
Japanese cedar - -
Quercus serrata 1.40 (0.08) 1.20 (0.11) 0.86 0.02
Clethra barbinervis 1.17 (0.22) 0.95 (0.10) 0.81 0.09
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Table 3. Leaf-litter nitrogen concentration and nitrogen resorption efficiency in four tree species at

Katsura and Tsukuba.

Katsura(a) Tsukuba(b)

Mean (SD) Mean (SD) (b)/(a) P (t-test)
Litter N concentration (mg g
Hinoki cypress 5.7 9.0 1.58
Japanese cedar 6.4 8.2 1.28
Quercus serrata 7.3 0.2) 8.5 0.4) 1.17 0.01
Clethra barbinervis 9.2 (1.3) 13.5 (1.6) 1.47 0.01
N resorption efficiency (NRE) (%)
Hinoki cypress 39.2 29.3 0.75
Japanese cedar 14.7 5.5 0.37
Quercus serrata 63.5 (1.4) 62.2 (3.3) 0.99 0.44
Clethra barbinervis 42.9 9.7 37.2 9.9) 0.87 0.39

Table 4. Stable nitrogen (8'°N) and carbon isotope ratios (8°C) in four tree species at Katsura and Tsukuba.

Katsura(a) Tsukuba(b)

Mean (SD) Mean (SD) (b) — (a) P (ttest)
8" N(%o)
Hinoki cypress -6.4 (0.6) -3.3 0.4) 3.1 0.01
Japanese cedar -4.9 (0.8) -2.4 (0.2) 2.5 0.01
Quercus serrata -5.5 0.5) -3.7 (1.0) 1.8 0.01
Clethra barbinervis -6.6 (1.2) -4.9 (0.6) 1.8 0.03
3"C(%o)
Hinoki cypress -27.0 0.8) -27.1 (1.0) -0.1 0.90
Japanese cedar -30.1 (0.8) -29.6 (0.9) 0.5 0.37
Quercus serrata -29.2 (1.0) -30.2 (0.6) -0.9 0.16
Clethra barbinervis -30.3 2.1 -31.2 (0.6) -0.9 0.41

Japanese cedar at the two sites (5.5 to 14.7%) was lower than
that in the other three species. The mean nitrogen concentrations
in previous studies were 14.0 mg g ' in fresh leaves (Shigenaga
et al. 2008) and 8.1 mg g ' (Inagaki et al. 2012) in leaf litter. The
nitrogen resorption efficiency calculated from these values was
42%. The nitrogen use efficiency of Japanese cedar in our study
was likely lower among Japanese cedar forests. The nitrogen
resorption efficiency of Japanese cedar was lower at Tsukuba
than at Katsura. In contrast to our expectation, the nitrogen
concentration in fresh leaves of Japanese cedar at Tsukuba was
not high. The low nitrogen resorption efficiency at Tsukuba was
caused mainly by the low fresh-leaf nitrogen concentration.
These findings suggest that the increase in nitrogen uptake by
Japanese cedar in response to nitrogen deposition is very small.
A previous study has suggested that stem growth of tall trees in
Japanese cedar forests in the Tsukuba site is inhibited (Inagaki
et al. 2012). These results suggested that trees at Tsukuba did
not show increased growth and nitrogen uptake in response
to nitrogen deposition, indicating that conditions in the cedar
forest were nitrogen saturated.

The nitrogen concentrations in the deciduous hardwood

species in our study were similar to those in previous studies of

Q. serrata (Migita et al. 2007) and C. barbinervis (Nagakura
et al. 2009). Nitrogen concentrations in the fresh leaves were
higher at Tsukuba than at Katsura, but nitrogen content per leaf
area was not higher owing to a decrease in LMA at Tsukuba
(Table 3). The nitrogen use efficiency of the two species did not
differ between the two sites (P > 0.05) (Table 3). These results
suggest that, in these hardwood species, nitrogen deposition
strongly decreases leaf thickness and may not increase nitrogen
uptake as much as in hinoki cypress. The decrease in leaf
thickness may reduce leaf production (on a mass basis) if the
leaf area of a forest remains constant. To evaluate nitrogen
uptake in response to nitrogen deposition, leaf production
should be clarified in a future study.

3.2 Nitrogen isotope

Fresh leaf 8"°N of four tree species ranged from —6.6%o to
—2.4%o (Table 4). This is within the range in previous studies of
Japanese cedar and hinoki cypress (—7.1%o to —2.1%o; Koba et
al. 2003, Tateno et al. 2009, Takebayashi et al. 2010). Leaf §"°N
was higher at Tsukuba than at Katsura for all tree species (P
< 0.05). This result is consistent with the report of Pardo et al.

(2006), which showed a positive correlation between nitrogen
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Table 5. 3"°N (%o) in soil at depths of 0 to 10 cm in a hinoki
cypress plantation. Values are means with SE (n=3).
Data are from the work of Hayashi (2014).

Total N NH," NO;
Katsura 2.4(0.9) 4.4(0.5) -2.0(0.3)
Tsukuba 1.4(0.2) 1.9(0.6) -4.1(1.2)

deposition and leaf 3"°N in a large data set from the United
States and Europe. On the other hand, Fang et al. (2013) reported
very low leaf 8N values in heavily nitrogen-saturated forests in
China. In the Kanto and Chubu districts of Japan, Takebayashi et
al. (2010) found a decreasing trend in leaf 3"°N content in hinoki
cypress with increasing nitrogen deposition. Takebayashi et al.
(2010) also found that leaf 8N in a nitrogen-saturated forest
was close to soil nitrate 3"°N; they suggested preferential uptake
of soil nitrate as a reason for the low leaf 3"°N.

Soil 3"°N has been investigated in the hinoki cypress
forests at Tsukuba and Katsura in another study by Hayashi
(2014) (Table 5). The leaf "N of hinoki cypress at Tsukuba
(—3.3%o) in our study was between the soil ammonium 8"°N
(1.9%0) and nitrate 8'°N (—4.1%o) in the study by Hayashi (2014).
Isotope discrimination during plant uptake is generally very
small when the soil inorganic nitrogen pool in forest ecosystems
is small (Nadelhoffer and Fry 1994). If we assume that there is
no isotope discrimination during plant uptake and that plants
absorb nitrogen from the two above-mentioned sources, the
contribution of each nitrogen source can be calculated as mixing
ratio of the two 8"°N sources (Takebayashi et al. 2010). The
contribution of nitrate to plant nitrogen uptake in hinoki cypress
at Tsukuba is 87% and that of ammonium is 13%. This result
and the findings of Takebayashi et al. (2010) suggest that hinoki
cypress has a strong ability to utilize soil nitrate when nitrogen
deposition rates are high.

Leaf 3"°N of hinoki cypress at Katsura (—6.4%o) in this
study was lower than the soil ammonium 8"°N (4.4%o) or
nitrate 8°N (~2.0%o) in Hayashi (2014). Therefore, leaf 8N
cannot be explained by these two nitrogen sources only.
Nitrogen deposition is a possible factor in low leaf 3"°N, as
suggested by Fang et al. (2013), but its contribution would not
be substantial at Katsura because nitrogen deposition in the
area is low. Another possible nitrogen source at Katsura is the
soil organic horizon. Accumulation of the soil organic horizon
in the hinoki cypress forest at Katsura is very small (Inagaki
Y, personal observation). This suggests that there is very rapid
decomposition and nitrogen release from this horizon. The
organic horizon should have a 5" N close to that of fresh leaves;
efficient uptake of nitrogen from this horizon may maintain the
low 5"N values in the leaves.

Therefore, from these findings, leaf 8"°N in the two sites

cannot be explained only by the 8"°N of ammonium and nitrate,
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but the analysis of soil nitrogen sources revealed the presence of
an unknown nitrogen source. Our results suggest that leaf 8N
is not a simple index of nitrogen saturation but may provide
valuable information about nitrogen sources. The role of nitrogen

from the organic horizon should be clarified in future research.

3.3 Carbon isotope

Leaf 8"C was higher in hinoki cypress than in the other
three species. There was no clear difference in leaf 8"°C between
the two areas (P > 0.05) (Table 4). The lack of increase in leaf
8"C at Tsukuba suggests that reduced transpiration through
stomatal closure did not occur. In contrast, Sakata et al. (1996)
found an increase in leaf 8"°C in Japanese cedar trees on the
Kanto plain that were in decline. They suggested that stomatal
closure caused by water stress was the primary reason for the
decrease in 8"°C in Japanese cedar trees. However, their results
differed from those of our study. There are two interpretations
of this: first, low leaf 8°C at Tsukuba is indicative of lower
water stress at a site, and second, low leaf 8"°C indicates a
lack of response to water stress. It is difficult to distinguish
which is the case from our data. However, because a previous
study showed that stem growth of tall trees was inhibited at
the Tsukuba study area (Inagaki et al. 2012), lack of stomatal
control could be one of the factors negatively affecting tree
growth at the site. Sase et al. (1998) showed that decline in
Japanese cedar is associated with a decrease in leaf wax content
and an increase in transpiration due to dry deposition. Loss of
stomatal control is harmful, because humidity levels in Kanto
district have recently been decreasing (Sase et al. 1998). These
results suggest that factors other than nitrogen deposition can
negatively affect stomatal control. Future research is required
to reveal the combined effects of climate change, nitrogen

deposition, and other substances derived from human activities.

4. Conclusion

Analysis of leaf properties revealed species-specific
responses to nitrogen deposition. For hinoki cypress, nitrogen
deposition increases nitrogen uptake indicated by large nitrogen
content in litterfall, and no symptoms of decline were observed.
Soil 8N analysis suggested that hinoki cypress in the nitrogen-
saturated area had a strong ability to absorb soil nitrate. In the case
of Japanese cedar, nitrogen deposition did not increase nitrogen
uptake and stem growth was reduced among the taller trees. The
lack of change in leaf 5"°C at the nitrogen-saturated site indicated
a lack of stomatal control in response to nitrogen addition or other
factors. In the case of deciduous trees, nitrogen deposition did not
increase leaf nitrogen content per area. These results suggest that
the effects of nitrogen deposition on leaf properties vary among
tree species and that the Japanese cedars at Tsukuba were in more

nitrogen-saturated condition than were the other three species.
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