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Abstract Nitrate (NO3
-) is an important form of

nitrogen (N) available to plants. The measurements of

NO3
- concentration [NO3

-] and isotopes (d15N and

d18O) in plants provide unique insights into ecosystem

NO3
- availability and plant NO3

- dynamics. This

work investigated the variability of these parameters

in individuals of a broadleaved (Aucuba japonica)

plant and a coniferous (Platycladus orientalis) plant,

and explored the applicability of tissue NO3
- isotopes

for deciphering plant NO3
- utilization mechanisms.

The NO3
- in washed leaves showed concentration and

isotopic ratios that were much lower than that in

unwashed leaves, indicating a low contribution of

atmospheric NO3
- to NO3

- in leaves. Current leaves

showed higher [NO3
-] and isotopic ratios than mature

leaves. Moreover, higher leaf [NO3
-] and isotopic

enrichments (relative to soil NO3
-) were found under

higher soil NO3
- availability for A. japonica. In

contrast, leaves of P. orientalis showed low [NO3
-]

and negligible isotopic enrichments despite high soil

NO3
-. Higher [NO3

-] was found in both fine and

coarse roots of the P. orientalis plant, but significant

isotopic enrichment was found only in coarse roots.

These results reflect that the NO3
- accumulation and

isotopic effects decreased with leaf age, but increased

with soil NO3
- supply. Leaves are therefore identified

as a location of NO3
- reduction for A. japonica, while

P. orientalis did not assimilate NO3
- in leaves but in

coarse roots. This work provided the first organ-

specific information on NO3
- isotopes in plant

individuals, which will stimulate further studies of

NO3
- dynamics in a broader spectrum of plant

ecosystems.

Keywords Denitrifier method � Nitrate reduction �
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Introduction

Nitrate (NO3
-) is a major form of nitrogen (N) sup-

porting plant growth and development (Högberg 1997;

Schimel and Bennett 2004), which also plays an

important signaling role for plants (Crawford 1995;

Tischner 2000). Therefore, great interest has prevailed

in plant NO3
- studies associated with plant physiol-

ogy and ecosystem N availability (Gebauer et al. 1988;

Atkin et al. 1993; Kahmen et al. 2008). In natural

forest soils, the net nitrification rate is known to be

generally low, but the actual availability of NO3
- for

plants is difficult to assess (Schimel and Bennett

2004). For example, studies of N-limited ecosystems
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in which soil NO3
- was seldom detected revealed

considerable reliance of plants on NO3
- (Nadelhof-

fer et al. 1996; McKane et al. 2002; Nordin et al.

2004; Tye et al. 2005). Insights from 15N-labeling

were straightforward, but the addition of 15NO3
- is

often large to guarantee plant uptake, by which the

soil N status and dynamics might be changed,

especially for N-limited systems. Therefore, deci-

phering the small NO3
- pool in a plant body might

greatly help in studying the availability of NO3
- for

natural plants.

In addition to soil NO3
- availability, the NO3

-

concentration in plant tissues is determined by the

NO3
- utilization, i.e., the uptake, translocation, and

assimilation (Granstedt and Huffaker 1982; Tischner

2000). Natural plants have continued to evolve with

varying characteristics of N utilization in response to

changing environments and N availability (Atkin et al.

1993). A major strategy is to regulate the pool size and

reduction site of NO3
- in a way that minimizes

differences in growth (Andrews 1986a, b; Lexa

and Cheeseman 1997). Therefore, differentiation of

shoot-localized versus root-localized NO3
- assimila-

tion is meaningful for elucidating plant biomass

partitioning and N usage strategies (Stewart et al.

1992; Scheurwater et al. 2002). The flexibility and

responsiveness of plant NO3
- assimilation has been

characterized using NRA measurements (e.g., Schmidt

and Stewart 1997; Scheurwater et al. 2002; Koyama

and Kielland 2011). The relative concentration of

NO3
- and reduced N in the xylem sap was also

examined to evaluate the partitioning of NO3
- assim-

ilation in shoots and roots (Andrews 1986a; Scheur-

water et al. 2002). However, most studies have been

conducted on N (15N)-fertilized plants, for which

substantial differences exist between lab and field

conditions in terms of NO3
- utilization strategies, even

for plants of the same species. Moreover, natural

plant canopies retain and incorporate atmospheric

NO3
- through foliar uptake, which has been shown by

15N-labeling and field-manipulation experiments

(Garten et al. 1998; Sparks 2009). However, neither

tissue NO3
- concentration ([NO3

-]) nor NRA can

differentiate NO3
- source(s) and assess atmospheric

contributions to leaf NO3
- utilization effectively. It

remains difficult for conventional methods to clarify

the extent of the leaf-surface NO3
- entering natural

plant leaves (Ammann et al. 1999; Sparks 2009).

Particularly in this regard, examination of isotopic

differences of NO3
- (especially d18O) in the leaf body,

soil, and the leaf surface of natural plants might help

greatly.

Dual N and oxygen (O) isotopes of NO3
- have been

widely used in constraining the sources and behaviors

of NO3
- in ecosystems (Kendall et al. 2007). Thereby,

d15N and d18O of NO3
- in plant tissues should be

explored to interpret the processing mechanisms of

NO3
- in plants (Evans et al. 1996; Yoneyama and

Tanaka 1999; Needoba et al. 2004). For most terres-

trial plants relying on soil NO3
-, given null isotopic

fractionations associated with root NO3
- uptake

processes (Kohl and Shearer 1980; Mariotti et al.

1982), tissue NO3
- isotopes are mainly influenced by

isotopic fractionations associated with NO3
- reduc-

tion (Ledgard et al. 1985; Tcherkez and Farquhar

2006). The effect was suggested to be greater under

high NO3
- availability because of the larger fractions

that undergo tissue NO3
- reduction (Evans et al. 1996;

Tcherkez and Hodges 2008). Therefore, both isotopic

signatures and isotopic effects of tissue NO3
- can

provide insights into the location of NO3
- reduction

(Yoneyama and Tanaka 1999) and elucidate the

relative importance of leaves and/or roots in NO3
-

uptake and assimilation (Mariotti et al. 1982; Evans

et al. 1996; Robinson et al. 1998). To date, d15N

studies of tissue NO3
- have been performed on some

fertilized plants (e.g., Mariotti et al. 1982; Ledgard

et al. 1985; Yoneyama et al. 2001) and phytoplankton

(e.g., Granger et al. 2004; Needoba et al. 2004).

Robinson et al. (1998) generalized the d15N correla-

tions of the main compartments in plant bodies.

Physiological and biochemical mechanisms in plant

NO3
- utilization have been strengthened by several

studies from isotopic perspectives (Evans 2001;

Yoneyama et al. 2003; Tcherkez and Farquhar 2006;

Tcherkez and Hodges 2008). However, d18O-NO3
- in

terrestrial plants has been reported only for wheat by

Olleros-Izard (1983). Neither d15N nor d18O of NO3
-

has been documented in natural vascular plants. The

variations of these parameters among organs with

different age and in different plant individuals have

not been assessed to date.

Because of the low [NO3
-] and high DOC in

extracts of natural plants, it is difficult for traditional

isotopic methods to measure the concentration,

d15N, and d18O of tissue NO3
-. However, the newly

developed denitrifier method enables measurements of

both d15N and d18O with 20–50 nmol NO3
- (Sigman
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et al. 2001; Casciotti et al. 2002). Furthermore, no

interference of DOC occurs during sample pretreat-

ment and bacterial conversion of NO3
- in plant

extracts (for a detailed review and methodology, see

Liu et al. 2012). The present study was targeted at: (1)

the isotopic differentiation of NO3
- in leaves and on

leaf surfaces, and their implications for atmospheric

NO3
- uptake; (2) whether the concentration and

isotopes of NO3
- in plant organs respond to soil

NO3
- availability or not, and whether they are useful

to identify the site of NO3
- reduction or not.

Materials and methods

Plant samples and treatment

This study was conducted in western Tokyo, Japan,

which has a temperate monsoon climate with respec-

tive annual average temperature and rainfall of

15.3 �C and 1,790 mm. The open bulk N deposition

measured in a field experimental station in this area

(Field Museum Tamakyuryo, 35�590N; 137�360E)

is nearly 17.9 kg N ha-1 year-1 (Takebayashi et al.

2010 and references cited). A broadleaved plant

(Aucuba japonica) and a coniferous plant (Platycladus

orientalis (L.) Franco) were selected. Both are ever-

green vascular plants.

For the examination of the difference between

NO3
- on the leaf surface and NO3

- in the leaf body,

current leaves of both species were sampled from two

single trees in a woodland area of Fuchu (35�400N;

139�280E). Parts of leaf samples were washed imme-

diately with deionized water to remove NO3
- that had

adsorbed onto the leaf surface. Washed and unwashed

leaves (n = 3 for each) were then dried at 55 �C for

about 48 h to constant weights. Then they were finely

ground using a ball mill (MM200; Retsch GmbH and

Co. KG).

To investigate responses of leaf [NO3
-] and isotopes

to soil NO3
- availability, two A. japonica stands were

chosen in the woodlands of Fuchu and Mt. Takao

(35�380N; 138�140E) in western Tokyo, Japan. Current

leaves (n = 3), petioles (n = 3), mature leaves (n = 3),

and mineral soils (0–20 cm, n = 6) were collected from

one plant individual of A. japonica at each site. To

investigate NO3
- reduction between leaves and roots,

samplings of current leaves (n = 6) and mature leaves

(n = 3), fine roots (1–3 mm diameter, n = 5) and

coarse roots (5–10 mm diameter, n = 6), and mineral

soils (0–30 cm, n = 9) were conducted on a single tree

of the coniferous plant (P. orientalis) at the Fuchu site.

All these plant samples were washed carefully, dried at

55 �C, and ground using the method described above.

Soils were collected within 0.5 m from the tree trunk.

Each soil sample was composited in the field from 3 to

5 subsamples. Soils were passed through a 2 mm mesh

sieve to remove roots and coarse fragments. Sieved

soils were used to determine water contents. They were

extracted with 2 M KCl solution within 8 h after

sampling.

The main purpose of this study was demonstration

of the feasibility of using [NO3
-] and isotopic

compositions (d15N and d18O) in plant organs for

interpreting soil NO3
- availability and plant NO3

-

utilization. Although our sampling scheme for indi-

vidual plants cannot enable us to conclusively infer the

NO3
- utilizing characteristics of the studied species,

the scheme presents the advantage of showing what

parts of a tree individual (leaves or roots, current or

mature leaves, fine or coarse roots) are responsive to

NO3
- reduction under uniform external NO3

- (soil

NO3
- isotopes often varied among sites). Moreover, to

reveal the degree to which those parameters vary

among plant individuals will motivate subsequent

studies of broad plant communities.

Nitrate extraction and measurement

In 20 ml headspace vials, 0.25 g dried plant and 10 ml

deionized water were mixed. Then the vials were

evacuated in a vacuum desiccator for 30 min for

sufficient penetration of water into interstitial NO3
-.

The vials were crimp-sealed with Teflon-backed

silicone septa (20-AC-CBT3; Chromacol) before

shaking for 30 min. The denitrifier Pseudomonas

aureofaciens (ATCC# 13985) was incubated for

6–10 days in working medium of Tryptic Soy Broth

(Difco Laboratories) amended with KNO3, NH4Cl,

and KH2PO4 according to the method described by

Casciotti et al. (2002) and by Koba et al. (2010).

Before use, P. aureofaciens was concentrated by

centrifugation, washed with NO3
- free medium and

dispensed into new NO3
- free medium. Then samples

were purged with pure N2 for 2 h. The prepared plant

extract was purged with pure N2 gas for 1 h, then

2 ml of the NO3
- free medium with denitrifiers was

injected into the vials using disposable syringes
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(1–10 ml; Terumo Corp) and needles (26 gauge;

Terumo Corp). The samples were incubated over-

night on a horizontal shaker to allow for complete

conversion of NO3
- to N2O before the addition of

0.2 ml of 5 M NaOH to stop the bacterial activity

and to scavenge CO2. The septa were sealed using

silicone sealant (KE-42-T; Shin-Etsu Chemical Co.

Ltd.) and were inverted to prevent leakage after each

injection.

Concentrations of N2O in the headspace were

measured at 25 �C using a gas chromatograph

equipped with an electron capture detector (GC/

ECD, GC-14B; Shimadzu Corp., Kyoto, Japan). The

calibration curve between the measured N2O (peak

area) and [NO3
-] in extracted solution was prepared

using standards with known [NO3
-] (Binnerup and

Sørensen 1992; Højberg et al. 1994; Liu et al. 2012).

The [NO3
-] in blanks was less than 0.1 lmol N l-1.

The [NO3
-] in soil extracts was determined colori-

metrically using an autoanalyzer (TRAACS 800;

Bran-Luebbe, Tokyo, Japan). The KCl extracts were

frozen until isotopic analysis using the denitrifier

method described above (Koba et al. 2010).

The system used for isotopic measurement con-

sisted of an isotope-ratio mass spectrometer (Delta

XP; Thermo Fisher Scientific K.K., Yokohama, Japan)

coupled with Precon (Thermo Finnigan) and GC

(Agilent, HP6890; Hewlett Packard Co., Palo Alto,

CA, USA) equipped with Poraplot column (25 m 9

0.32 mm) and GC interface III (Thermo Fisher

Scientific K.K., Yokohama, Japan). Then N2O from

the vial was cryofocused twice using liquid N2.

Subsequently, purified N2O was introduced into the

GC-IRMS; N2O and CO2 were separated chromato-

graphically. The calibration curve between measured

isotopes of N2O and those of NO3
- was prepared using

USGS-32, USGS-34, USGS-35, and IAEA-NO3.

Natural abundances of 15N and 18O were calculated

as d15N and d18O values in per mil (%) units, as

dX ¼ Rsample=Rstandard

� �
� 1

� �
� 103

where X = 15N or 18O and R = 15N/14N or 18O/16O.

The analytical precision for d15N was better than

0.2 % and 0.5 % for d18O.

Statistics

To examine differences in [NO3
-], d15N-NO3

- and

d18O-NO3
- among treatments and organs, one-way

analysis of variance (ANOVA) was conducted with

the sample treatment and organ as the main effects.

Replicates of plant tissues from single trees were

pseudo in the strict sense of ecological studies. For that

reason, they can only be used to compare specific

differences among organs under the same soil context.

Therefore, statistical results in this study cannot

elucidate features of each species, but can only reflect

that of the single tree we studied. Tukey’s HSD

procedure was used to make pairwise comparisons.

Independent sample t tests were conducted to assess

differences in soil [NO3
-] among sites. Linear corre-

lation analysis was used to examine the relations

between [NO3
-] and isotopic variables. Values are

means ± SD. Statistically significant difference was

inferred for P \ 0.05. Statistical analyses were con-

ducted using software (SPSS 13.0 for Windows; SPSS

Inc.).

Results

Washed and unwashed leaves

Unwashed leaves showed remarkably higher [NO3
-]

(0.40 ± 0.00 lmol N g dw-1 for A. japonica and 0.27

± 0.01 lmol N g dw-1 for P. orientalis; as means ±

SD) than corresponding washed leaves (0.05 ± 0.00

lmol N g dw-1 and 0.08 ± 0.01 lmol N g dw-1,

respectively) (Fig. 1a). The d15N and d18O of NO3
-

determined from unwashed leaves (A. japonica:

5.1 ± 0.1 % for d15N and 63.3 ± 0.2 % for d18O;

P. orientalis: 4.8 ± 0.0 % for d15N and 67.0 ± 0.4 %
for d18O) were apparently higher than those of

washed samples (A. japonica: -0.4 ± 0.3 % for

d15N and 36.1 ± 1.5 % for d18O; P. orientalis:

0.3 ± 0.1 % for d15N and 54.1 ± 0.2 % for d18O)

(Fig. 1b, c). Furthermore, species-dependent differ-

ences in NO3
- isotopes were observed among

washed leaves (P \ 0.05), although unwashed leaves

showed similar NO3
- isotopes between the two plants

(Fig. 1b, c).

Leaves of A. japonica under different soil NO3
-

availability

The means [NO3
-] in leaves and petioles of

A. japonica were 0.05–0.07 lmol N g dw-1 under

low soil [NO3
-] (0.12 lmol N g dw-1), reaching
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0.11–0.41 lmol N g dw-1 under higher soil [NO3
-]

(0.35 lmol N g dw-1) (Fig. 2a, b). In general, the

d15N and d18O of leaf NO3
- were enriched relative

to soil NO3
- isotopes (except for d15N of mature

leaves). Furthermore, the isotopic enrichment was

more apparent under higher soil NO3
- availability

(Fig. 2d, f). Moreover, under higher soil [NO3
-],

current leaves and petioles showed significantly higher

[NO3
-] and isotopes than mature leaves did (Fig. 2).

Positive correlations were found between leaf [NO3
-]

and isotopes (Fig. 3a). However, such differences in

[NO3
-] and isotopes between current and mature

leaves as well as concentration–isotope correlations

were not pronounced for the plant with lower NO3
-

availability (Figs. 2, 3b).

Leaves and roots of P. orientalis

The site chosen for P. orientalis has higher soil

[NO3
-] (0.45 ± 0.04 lmol N g dw-1, Fig. 4a) than

those of A. japonica (0.12–0.35 lmol N g dw-1,

Fig. 3a, b). However, P. orientalis had generally

lower leaf [NO3
-] than those of A. japonica, and

showed no substantial difference between current

leaves (0.09 ± 0.00 lmol N g dw-1) and mature

leaves (0.08 ± 0.01 lmol N g dw-1) (Fig. 4a). Leaf

d15N–NO3
- of the P. orientalis (-0.1 ± 0.5 % for

current leaves and -1.9 ± 0.1 % for mature leaves)

did not differ from that of soil (-1.8 ± 1.4 %)

(Fig. 4b). However, the d18O–NO3
- in leaves

(52.1 ± 1.7 % for current leaves and 45.8 ± 0.8 %
for mature leaves) was significantly greater than

that of soil (7.2 ± 0.4 %) (Fig. 4c). Intriguingly,

roots of P. orientalis showed much higher [NO3
-]

than leaves, with the highest accumulation in the fine

roots (1.04 ± 0.06 lmol N g dw-1) (Fig. 4a), in

which d15N–NO3
- (-5.2 ± 2.0 %) and d18O–NO3

-

(-11.6 ± 6.0 %) were depleted compared with that of

soil (Fig. 4b, c). Enriched d15 N–NO3
- values were only

found in the coarse roots, in which both d15N and d18 O

showed a tendency of isotopic enrichments (relative to

soil NO3
-) with the decrease in [NO3

-]. In contrast, the

variation of [NO3
-] caused no substantial isotope effects

on either N or O isotopes of leaf NO3
- (y = -0.8ln x

- 1.0, R2 = 0.007, P = 0.83 for d15 N; y = -2.2lnx ? 48.1,

R2 = 0.003, P = 0.87 for d18O) (Fig. 5b).

Discussion

NO3
- on and in leaves

Significantly higher [NO3
-] of unwashed leaves

indicates that the leaf-surface NO3
- is a much larger

pool than that in the leaf body. The d15N and d18O of

NO3
- extracted from unwashed leaves were close to

isotopic values of atmospheric NO3
- (Kendall et al.

2007), but they did not differ between broadleaved and

coniferous species (Fig. 1), showing the dominance of

atmospheric NO3
- on leaf surfaces irrespective of the

0.0

0.1

0.2

0.3

0.4

0.5
[N

O
3- ] (

μ m
ol

 N
 g

 d
ry

 w
t-1

)
(a)

a

b

c

d

P. orientalisA. japonica

(b)

P. orientalisA. japonica

(c)

P. orientalisA. japonica
δ15

N
-N

O
3-

(‰
)

δ18
O

-N
O

3-
(‰

)

-2

0

2

4

6

30

40

50

60

70

80

a
a

b

c

a
a

b
c

Fig. 1 (a) Concentration, (b) d15N, and (c) d18O of NO3
- of washed and unwashed leaves of A. japonica and P. orientalis (n = 3 per

treatment). Values (mean ± SD) not sharing the same letter are significantly different (P \ 0.05)
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species. A large body of evidence has been gained

from 15N tracer and field simulations for the canopy

retention of atmospheric N, from which the retention

was estimated variously as 0–50 % of plant N demand

(for a review, see Sparks 2009). However, this does

not mean that atmospheric N entered into leaves. It is

difficult to quantify the leaf uptake of atmospheric

NO3
- in field conditions. In this study, the leaf-surface

NO3
- was differentiated and calculated according

to the [NO3
-] between washed and unwashed

leaves, accounting for averages of 87 % and 71 %,

respectively, for A. japonica and P. orientalis leaves.

The d15N and d18O of the leaf-surface NO3
- is

calculable using the following equations:

d15Nunwashed-NO�3 ¼ fwashedd
15Nwashed-NO�3

þ fsurfaced
15Nsurface-NO�3 ;

d18Ounwashed-NO�3 ¼ fwashedd
18Owashed-NO�3

þ fsurfaced
18Osurface-NO�3 :

Results showed that the average d15N and d18O of

leaf-surface NO3
- were 6.5 % and 73.8 % for the

A. japonica, and 7.0 % and 68.7 % for the P. oriental,

respectively. These values showed integrated isotopic
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Fig. 2 Concentration (a, b), d15N (c, d), and d18O (e, f) of

NO3
- in petioles, current and mature leaves of A. japonica at

sites with low and high soil NO3
- availability (n = 3 for plant

tissues, n = 6 for soils). Values (mean ± SD) not sharing the

same letter are significantly different (P \ 0.05)
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information of atmospheric NO3
- available for leaf

uptake, which might be different from those obtained

from throughfall and deposition samples. Given the

difficulties in measuring wet and dry deposition, NO3
-

analysis of unwashed leaves constitutes a quick and

simple method to assess the in situ canopy retention of

NO3
- deposition. Moreover, because of the additional

fractionation by NRA causing 15N-enrichment of

the residual NO3
- pool, leaf NO3

- isotopes are

expected to be similar or enriched compared to those

of atmospheric NO3
- if the leaf cellular NO3

- is

dominated by atmospheric-derived NO3
-. Oppositely,

NO3
- in washed leaves was isotopically depleted

compared to unwashed leaves and wet deposition,

reflecting a much low contribution of atmospheric

NO3
- to NO3

- in the leaves. Furthermore, d15N values

might be overlapped for NO3
- on and in leaves (from

atmospheric and soil respectively) because of 15N

fractionation of assimilation, whereas d18O is still

straightforward because of much lower d18O of soil

NO3
- than that of atmospheric-derived NO3

- (Ken-

dall et al. 2007). Similar with our recognition, the

direct uptake of N from deposition was estimated as

1–5.8 % of N in field coniferous leaves (Garten et al.

1998). Dail et al. (2009) also found that less than 5 %

(3–6 %) of 15N was recovered in living foliage and

wood after a 2-year 15NH4
15NO3 addition to the canopy,

showing very low N contributions directly from N

deposition.
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and (b) low soil NO3
- availability
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are significantly different (P \ 0.05)
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Leaf [NO3
-] and isotopes of A. japonica-in

response to soil NO3
- availability

Enhanced leaf [NO3
-] under higher soil [NO3

-]

(Fig. 2a, b) reflected increased foliar NO3
- uptake

with soil NO3
- availability (Fenn and Poth 1998).

Higher d15N and d18O of leaf NO3
- than those of soil

NO3
- resulted from isotopic fractionations during leaf

NO3
- reduction. The isotopic fractionation during

plant NO3
- utilization has been shown to be deter-

mined by the fractions of NO3
- assimilation. If larger

fractions of NO3
- were assimilated, greater isotopic

enrichment in residual substrate NO3
- would be found

(Mariotti et al. 1982; Robinson et al. 1998; Evans

2001). Experimentally, the d15N fractionation of plant

bulk N was shown to be smaller under lower external

[NO3
-]. Stronger 15N enrichment in residual NO3

- in

supplied solutions can occur simultaneously because

more NO3
- is assimilated at lower NO3

- supplies

(Kohl and Shearer 1980; Mariotti et al. 1982; Yoney-

ama and Kaneko 1989; Evans et al. 1996). Different

from previous studies, we measured residual NO3
- in

plant tissues. Results showed greater isotopic enrich-

ment in leaf NO3
- under higher soil [NO3

-] (Fig. 2).

Results of this measurement indicated that the isotopic

fractionating mechanism observed for tissue NO3
-

differed slightly from that observed from measuring

d15N of plant bulk N and residual NO3
- in supplied

solutions (Evans et al. 1996). Regarded in terms of the

mechanism, higher soil NO3
- availability induced

higher uptake (the rate of uptake often exceeded

assimilation; therefore, tissue NO3
- can always be

detected in plant organs; Evans 2001), NRA, and

allocation of more NO3
- according to the distribution

of NR (Bloom et al. 1992; Crawford 1995; Tischner

2000). Under high soil NO3
- availability, higher

isotopic signatures of tissue NO3
- resulted from larger

fractions of tissue NO3
- assimilation, but the residual

[NO3
-] in plants with high soil [NO3

-] remained high

because of higher uptake. Also for that reason, residual

[NO3
-] in plant tissues was observed being responsive

to soil NO3
- availability. Under low soil NO3

-

availability, the plant had low NO3
- uptake and lower

fractions of NO3
- assimilation, and therefore lower

isotopic enrichment. A similar relation between N

availability and N demand in controlling isotopic

discriminations has also explained the observed intra-

plant d15N variation in plants with different genotypes

(Evans et al. 1996; Högberg et al. 1999). Our study

revealed that leaf [NO3
-] (uptake), the fraction of

NO3
- assimilation (relative to uptake) and associated

isotopic effects increased with soil NO3
- availability

(Tischner 2000; Evans 2001; Yoneyama et al. 2001).

For the first time, the effect of NO3
- availability on

tissue NO3
- isotopes in natural plants and the

responsiveness of leaf d18O–NO3
- were documented.

Moreover, larger pool size and isotopic enrich-

ments of NO3
- were found in current leaves than in

mature leaves (Fig. 2), reflecting intra-plant differ-

ences of NO3
- uptake and assimilation. With the same
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NO3
- availability, NO3

- uptake and allocation are

expected to be higher in organs with higher N demand

and reduction ability (such as current leaves), reflect-

ing the specific demand-driven reduction mechanism

(Imsande and Touraine, 1994; Tischner 2000). Older

leaves usually have lower NR levels. Therefore, they

contain less NO3
- and lower isotopic signatures. With

higher NRA, current leaves assimilated larger fractions

of NO3
- relative to the uptake. Thereby greater isotopic

enrichment (compared with the soil NO3
- source)

occurred in current leaves than in mature leaves (Fig. 2).

Furthermore, [NO3
-] in petioles and in current and

mature leaves of A. japonica showed positive correla-

tion with d15N and d18O values (Fig. 3). Different from

the tendency of isotopic enrichments with the decrease

in [NO3
-] in the same organ (e.g. Fig. 5) or d15N

enrichments (relative to plant d15N) in NO3
- solutions

supplied to the same plant (Evans et al. 1996), the

positive correlation here reflected different abilities

among these organs to uptake and assimilate NO3
- (i.e.,

the regulation of soil NO3
- on tissue [NO3

-], whereas

organ-specific NRA on the fraction of NO3
- reduction

and isotopic signatures). All these results suggest that

soil NO3
- can be reduced in the leaves of A. japonica,

and that the pool size and isotopic effects of tissue NO3
-

increase with soil NO3
- availability and organ-specific

N demand.

Reduction of NO3
- in coarse roots of P. orientalis

The P. orientalis plant showed lower leaf [NO3
-] than

that of A. japonica although the former had higher

soil [NO3
-] (Figs. 2b, 4a). This difference reflects the

genotypical characteristics of NO3
- accumulation,

which differ among different plant taxa (Högberg et al.

1999; Malagoli et al. 2000; Evans 2001). Low leaf

[NO3
-] and non-significant d15N enrichment (relative

to the soil NO3
-) suggested low assimilation in leaves

of the P. orientalis (Fig. 4), and/or a low NO3
- use by

this coniferous species with a preference for NH4
? or

organic N (Fig. 5a). Moreover, [NO3
-] and isotopes

in current and mature leaves did not mutually differ,

confirming low uptake and reduction even in current

leaves of the P. orientalis. Accordingly, leaves

were not the main site of NO3
- assimilation in the

investigated P. orientalis.

Higher root [NO3
-] indicated a higher ability of

NO3
- accumulation in roots than in leaves of the

P. orientalis (Fig. 4a). Previously, higher efficiency of

NO3
- utilization in roots than in leaves was also

reported for other coniferous species (e.g., Ponderosa

pine; Bassirirad et al. 1997). However, root NO3
-

assimilation is not always coupled to a plant’s NO3
-

uptake. Reduction activities in roots can be unaffected

by NO3
- uptake and soil [NO3

-] (Breteler and Nissen

1982; Andrews 1986a, b). In this case, a greater

proportion of absorbed NO3
- would remain unassim-

ilated in roots. Thereby, root NO3
- isotopes would

not be enriched compared with those of soil NO3
-

(Robinson et al. 1998; Comstock 2001). According to

this principle, the fine root appears not as a location

of NO3
- reduction in the P. orientalis because of

lower isotopic ratios than those of soil NO3
- (Dd15

N-nitrateroot–soil = -3.4 %, Dd18O-nitrateroot–soil =

-18.8 %; Figs. 4b, c). Principally, the transportation

of NO3
- into and out of root cells would not

discriminate 15N (e.g., by pearl millet, Mariotti et al.

1982; Shearer et al. 1991) because of the lack of

bonding breakage during the diffusion of NO3
- in a

hydrated form through the membrane carriers (Werner

and Schmidt 2002; Granger et al. 2004; Needoba et al.

2004). For example, d15N depletion of -5 % was

observed in plant bulk N relative to substrate NO3
-

supplied hydroponically (Kohl and Shearer 1980),

which was interpreted as being caused by the efflux of
15N-enriched residual NO3

- from roots, not by the

uptake process. However, the residual NO3
- in fine

roots should have assembled those of soil NO3
- even

if the reduction of NO3
- and the accumulation or

excretion of non-converted NO3
- did not occur (Evans

2001; Tcherkez and Hodges 2008; Cernusak et al.

2009). Probably, the observed lower NO3
- isotopes in

fine roots than soil NO3
- resulted from the uptake of

15N-depleted NO3
- from other parts of soil profiles.

Significant isotopic enrichment occurred in NO3
-

of coarse roots (Fig. 4), suggesting the reduction of

NO3
- in coarse roots of the studied P. orientalis

(cypress species). Similarly, root NO3
- assimilation

was found to predominate in some coniferous species

such as Vigna unguiculata and Zea mays (Andrews

1986a, b). Higher NRA in roots than in leaves is also

normal in coniferous species such as Pinus sylvestris

and Larix deciduas (Seith et al. 1994; Malagoli et al.

2000). Recently, we found that NO3
- is a major N

source for Hinoki cypress (Chamaecyparis obtusa) at

N-rich sites (Takebayashi et al. 2010). However, our

evidence shows only that coarse roots did reduce a

large part of the NO3
- imported into them. Because
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of distinct differences between coarse roots and

aboveground biomass, the evidence does not neces-

sarily reflect that they are the major site of NO3
-

assimilation in this plant. Based on the organ-specific

pattern of NO3
- isotopes, the utilization of NO3

-

entering into the P. orientalis can be explained as a

two-pool model: (1) NO3
- is partly exported to coarse

roots where it is assimilated and stored as organic N,

and (2) the largest fraction of NO3
- is exported to

aboveground tissues, although the assimilation has not

occurred temporarily. Measuring NO3
- in xylem sap

is necessary to interpret conclusively whether NO3
- is

reduced in roots, not in leaves.

Preliminary framework of NO3
- isotopes

in natural plants

The variation of tissue NO3
- isotopes relative to soil

and atmospheric NO3
- sources was discussed further

in the N–O isotopic framework (Fig. 6; typical values

of atmospheric NO3
- were cited from Kendall et al.

2007). Overall, the distribution of plant NO3
- isotopes

tended to differ between belowground and above-

ground organs (Fig. 6). Root NO3
- isotopes differed

from those of soil NO3
-, but they were distributed

roughly along the 1:1 line (Fig. 6), yielding a slope of

1.3 in the d15N–d18O plot. This distribution reflected

that root NO3
- isotopes were controlled mainly by the

NO3
- assimilation or other NO3

--consuming pro-

cesses, during which O isotope effects were similar to

those of N isotope (Granger et al. 2004). The d15N

variations of leaf NO3
- were explainable in relation

to soil NO3
- availability, leaf age, and genotypical

features. The NO3
- isotopes in current leaves are

generally more enriched than those of mature leaves.

For that reason, they are more advantageous for

identification of the reduction of NO3
- in leaves of

plant species.

Different from d15N, the distribution of d18O–

NO3
- in aboveground organs was clearly inclined to
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Fig. 6 Distributions of d15N and d18O of NO3
- in plant organs

and soils (rectangles in solid lines). The typical range of

atmospheric NO3
- (rounded rectangle in the dashed line) was

cited from Kendall et al. (2007). Open and filled circles

respectively represent data of A. japonica at high and low soil

NO3
- availability; filled inverted triangles for P. orientalis.

Regression analyses were conducted separately on belowground

organs (y = 1.27x - 4.79, R2 = 0.96, P \ 0.0001) and above-

ground organs (y = 2.37x ? 49.07, R2 = 0.54, P \ 0.0001).

The 1:1 line is expected during NO3
- assimilation based on a

previous study of phytoplankton (Granger et al. 2004), whereas

the 2.5:1 line was based on our data of aboveground organs to

show a possible mixing of atmospheric NO3
- with soil NO3

-
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the range of atmospheric NO3
-, yielding a slope of

2.4 in the d15N–d18O plot (Fig. 6). This slope reflected

the mixing of atmospheric NO3
- into plant leaves.

However, because the dominance of NO3
- uptake

from soils was evidenced by leaf [NO3
-] and d15N

signatures (Figs. 2, 4) as well as lower isotopes of

NO3
- in leaves than on leaf surfaces (Fig. 1), it can be

concluded that a low incorporation of atmospheric

NO3
- did not influence the responses of leaf NRA and

[NO3
-] to soil NO3

- substantially. However, because

of distinctly higher d18O of atmospheric NO3
-and the

isotopic effects of NO3
- reduction, d18O of leaf NO3

-

are expected to be elevated significantly even though

the uptake of atmospheric NO3
- was very low. The

framework therefore revealed the complexity of d18O

variation during NO3
- utilization in leaves of natural

plants. Measurement of NO3
- in leaf extracts for D17O

is necessary (Michalski et al. 2004).

Conclusions

This report described the first dataset of d15N and d18O

of NO3
- in natural vascular plants. The NO3

- pools in

a leaf body and on a leaf surface can be differentiated

isotopically, showing the retention of atmospheric

NO3
- on leaf surfaces and low incorporation into

the leaf body. Isotopic ratios of leaf NO3
- of the

A. japonica were found to be more enriched, gener-

ally, than those of soil NO3
- sources, reflecting the

isotopic effects of NO3
- reduction. The isotope effects

of leaf NO3
- reduction generally follow the pattern

of increasing with external NO3
- availability, but

decreasing with leaf age. Therefore, leaf NO3
-

concentration and isotopes can respond to soil NO3
-

availability, and current leaves are more sensitive than

mature leaves as indicators for identifying the leaf

as a NO3
- reduction site. However, leaf NO3

- of the

studied P. orientalis was generally low; its isotopic

ratios resembled those of soil NO3
-. Isotopic enrich-

ment of tissue NO3
- and correlation with [NO3

-]

provided keys to interpretation of NO3
- reduction,

through which the reduction site of NO3
- in the

P. orientalis was identified as the coarse roots, not

leaves. The preliminary isotopic framework of plant

NO3
- suggests that future works should differentiate

isotopic effects of leaf NO3
- reduction from the

uptake of high-d18O NO3
- from the atmosphere.
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Högberg P, Högberg MN, Quist ME, Ekblad A, Näsholm T
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