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Nitrogen (N) emissions in Asian countries are pre-
dicted to increase over the next several decades.
An understanding of the mechanisms that con-
trol temporal and spatial fluctuation of N export
to forest streams is important not only to quan-
tify critical loads of N, N saturation status, and
soil acidification N dynamics and budgets in Japa-
nese forested watersheds is not clear due to the
lack of regional comparative studies on stream N
chemistry. To address the lack of comparative
studies, we measured inorganic N (nitrate and
ammonium) concentrations from June 2000 to
May 2001 in streams in 18 experimental forests
located throughout the Japanese archipelago and
belonging to the Japanese Union of University
Forests. N concentrations in stream water during
base flow and high flow periods were monitored,
and N mineralization potential in soil was mea-
sured using batch incubation experiments. Higher
nitrate concentrations in stream water were
present in central Japan, an area that receives
high rates of atmospheric N deposition. In north-
ern Japan, snowmelt resulted in increased nitrate
concentrations in stream water. The potential net
N mineralization rate was higher in surface soil
than in subsurface soil, and the high potential for
N mineralization in the surface soil partly contrib-
uted to the increase in nitrate concentration in

stream water during a storm event. Regional dif-
ferences in the atmospheric N deposition and sea-
sonality of precipitation and high discharge are
principal controls on the concentrations and varia-
tions of nitrates in stream water in forested wa-
tersheds of Japan.

KEY WORDS: nitrogen, stream chemistry, biogeo-
chemistry, regional comparison, nitrogen saturation, Japan,
forested watershed
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INTRODUCTION

Development of industrial and agricultural activities during the
20th century has increased atmospheric deposition of nitrogen
(N) worldwide. Although N is an essential nutrient for biota, an
excess of N deposition can cause degradation of natural ecosys-
tems and eutrophication of freshwater and coastal and marine
waters[1]. Numerous studies conducted over the past 2 decades
have shown the significant contribution of atmospheric deposi-
tion of N to nitrate concentrations in stream water, especially in
northern Europe[2,3,4]. N emissions in Asian countries are pre-
dicted to increase significantly over the next several decades[5].
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Predictions of future effects of atmospheric N deposition in Asia
are dependent on assessments of the current status of nitrate in
stream water in Asia; however, few regional surveys[6,7,8] have
been performed due to a lack of regional monitoring projects for
stream biogeochemistry in this region. The geology (dominated
by volcanic rocks) and climate (monsoon) in eastern Asia is very
different from that in the U.S. and northern Europe[9,10]. The
unique regional environmental factors may result in different char-
acteristics of N biogeochemistry in forested watersheds of east-
ern Asia than in northeastern America and Europe[10,11]. In this
study, we compared the nitrate concentrations in stream water in
18 Japanese forested watersheds located throughout the Japa-
nese archipelago. The main objective of this study was to clarify
the factors contributing to regional and temporal fluctuations in
nitrate concentrations in Japanese forest streams. This study was
conducted as part of a joint monitoring project by the Japanese
Union of University Forests.

METHODS

Study Sites

Eighteen watersheds located throughout the Japanese archipelago
were studied (Fig. 1). General information on each watershed is
given in Table 1. The basin area, annual precipitation, and an-
nual mean temperature in each watershed ranged from 0.008 to
4.8 km2, from 770 to 3010 mm year-1, and from 2.5 to 16oC,

respectively. Bedrock underlying the watersheds includes sand-
stone, slate, biotite, granite, diorite, shale, andesite, tuff breccia,
mudstone, quartzite, granodiorite porphyry, deposited pumice,
chert, and tuff. Five of the watersheds contain plantations of Japa-
nese cedar (Criptomeria japonica) and Hinoki cypress
(Chamaecyparis obtusa), which are common species for com-
mercial wood in Japan. Nine of the watersheds are covered by
natural forests of deciduous broad-leaved, evergreen broad-
leaved, and coniferous evergreen species. Some of the “natural”
forests were second-growth forests. Seven of the watersheds (HK-
M3, NG-SR, NK-SR, TB-KH, TK-DS, TK-FA, and MY-7N) are
gauged to measure the stream discharge, although the annual run-
off during the studied period was not available in most sites due
to data limitation.

Sampling Method

Stream water was collected at the outlet of each watershed every
other month during the base flow period from June 2000 to May
2001. Some streams were sampled during extended high flow
periods, especially during the early spring when snowmelt oc-
curs in northern Japan (HK-M3 and KS-KW). At KS-KW, stream
water was collected monthly. Water was collected in polyethyl-
ene bottles that were washed with ultrapure water before sam-
pling. The sampled water was immediately transported to the
laboratory of the Northern Forestry Research and Development
Office, Field Science Center for Northern Biosphere, Hokkaido
University. The temperature of the samples was kept below 4oC

FIGURE 1. Locations of the watershed study sites. See Table 1 for site codes.
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during transportation. In the laboratory, each sample was filtered
using a GF/F filter that had been heated in advance for 3 h at
450oC. Nitrate and ammonium concentrations in the stream wa-
ter were measured by ion chromatography (Dionex Co. Ltd, DX-
500) after filtering through a membrane filter (pore size: 0.2 µm).
The analytical detection limits for nitrate and ammonium con-
centration of the chromatography were 0.00056 and 0.0019 mg
N l-1, respectively. All samples collected every other month were
analyzed by the same analyzer using the same analytical proto-
col in order to eliminate possible errors due to different analyti-
cal processes used in the laboratories. The mean concentration
of nitrate in samples collected every other month was calculated
as the arithmetic average, because stream discharge data were
not available for all streams. Precipitation amount and air tem-
perature were measured continuously at some watersheds.

Potential Nitrogen Mineralization of Soil

Surface soil was collected in ten watersheds to determine the net
potential mineralization of N in the soil. Soil was collected at
three spots located in an unsaturated area at the lower part of a
slope in each watershed. After the removal of forest floor and
litter (O horizon), mineral soil was collected at depths of 0 to 10
cm and 10 to 20 cm and was mixed and sieved using a filter (4-
mm mesh) to remove coarse gravels, roots, and litter. The total
amount of soil collected at each depth was about 1 kg. The
sampled soil was incubated in glass beakers for 6 weeks at 25oC
in an incubator in the laboratory of Tokyo University of Agricul-
ture and Technology. The water content of the incubated soil was
kept at about 60% of maximum water capacity[12]. The N (ni-
trate and ammonium) contents of the soil were determined be-
fore and after the incubation[12]. The soil was extracted using

2 N-KCl (1 [soil]:5 [KCl]). Nitrate and ammonium concentra-
tions in the KCl extract were measured using an FIA analyzer
(Sanuki Co., Ltd., Tokyo, Japan). The potential net N mineral-
ization rate was calculated from the difference in N contents be-
fore and after the incubation. Total carbon (C) and N content of
the soil was measured before the incubation using a CN analyzer
(Yanako Co., Ltd., Tokyo, Japan).

Intensive Observation During a Storm Event

Temporal fluctuations in discharge and nitrate concentrations in
stream water during storm events were monitored at stream gauges
in three watersheds (NG-SR, TK-FA, and HK-M3). The water
level of the stream at a weir was recorded at time intervals of 10
min to 1 h using a data logger. The recorded water level (mea-
sured in cm) was converted into stream discharge (m3 s-1) using
an empirical equation that describes the relationship between
water table and discharge. Stream water was collected at each
weir at intervals of 10 min to 1 h using an autosampler (the inter-
val was different among the sites), and the nitrate concentrations
in the water samples were measured in each laboratory (Niigata
University, The University of Tokyo and Hokkaido University)
using ion chromatography after filtering.

RESULTS AND DISCUSSION

Regional Differences in Nitrate
Concentrations in Stream Water

There were large regional differences in mean nitrate concentra-
tions of stream water sampled every other month (Fig. 2). Mean

TABLE 1
General Information of Studied Watershed
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nitrate concentrations of stream water collected in NK-SR and
NK-TR were significantly higher than those in stream water col-
lected in other watersheds (ANOVA, p < 0.001). The nitrate con-
centrations in stream water collected in KS-KW, NG-SR, TK-DS,
TK-FA, SM-BPC, and EH-1L also tended to be higher than those
in stream water collected at the other watersheds. Ammonium
concentrations in each sample were very low compared to ni-
trate concentrations in all streams and were below the analytical
detection limit for some samples (data not shown). The mean
nitrate concentration in stream water was not related significantly
to basin area, the lowest or highest altitude of the basin, annual
precipitation, or annual mean temperature (using linear regres-
sion).

The net N mineralization rate of soil collected from a depth
of 0 to 10 cm was higher than that of soil collected from a depth
of 10 to 20 cm in all watersheds (Fig. 3). In most of the soils
collected from the surface and subsurface, most of the nitrate in
the incubated samples originated from nitrification, indicating
that nitrification occurred rapidly with the mineralization pro-
cess in these soils. Only in HK-M3 did mineralized N in incu-
bated soils consist mostly of ammonium (at both depths). The
C/N ratio of the soil ranged from 13 to 31, and soils from the
northern region had higher C/N ratios. The surface soil (0- to
10-cm depth) in NG-SR, in which the mean nitrate concentration
in stream water was slightly higher than that of other watersheds,

had a higher rate of potential N mineralization than in other wa-
tersheds. However, the spatial difference of mean nitrate con-
centration in stream water (Fig. 3) was not explained significantly
(using linear regression) by the C/N ratio or the net N mineral-
ization rate of collected soil.

Fig. 4 shows the annual mean rate of atmospheric N deposi-
tion in Japan from 1993 to 1997 as a function of latitude. The
data were provided by the Japanese Environment Agency and
Acid Deposition and Oxidant Research Center[13]. High rates
of atmospheric N deposition were observed mainly in central
Japan (from 33 to 38 oN ), where most large cities and industrial
centers are located. Since high concentrations of nitrate in streams
were also found in central Japan near Tokyo (Gunma Prefec-
ture), the high flux of atmospheric N deposition appears to have
contributed to the high nitrate concentrations in streams in this
region. Mitchell et al.[6] reported that analysis of annual budgets
using reported data showed that N concentrations in stream wa-
ter from forest watersheds in central Japan were close to a state
of N saturation. Although our data suggest that the regional dif-
ference of the N deposition primarily caused the regional differ-
ence of the mean concentration of nitrate in stream water during
a base flow, the roles of many other factors (such as forest type,
management history, and climate) on the formation of nitrate
concentration in stream water are needed for a more detailed
interpretation of the geographical comparison[6,7].

FIGURE 2. Mean nitrate concentrations in stream water sampled every other month from June 2000 to May 2001 in each watershed.
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Seasonal Fluctuation in Nitrate
Concentrations in Stream Water

Fig. 5 shows the seasonal fluctuations in monthly precipitation,
monthly mean temperature, and nitrate concentration in stream
water in KS-KW, NK-TR, and KY-KG. These areas cover a large
geographical range, with KS-KW being in a northern island
(Hokkaido) and NK-TR and KY-KG being in central and west-
ern Japan (Honshu islands). These areas also cover a large range
of nitrate concentration in stream water (NK-TR: high concen-
tration, KS-KW: medium concentration, and KY-KG: low con-
centration, see Fig. 2). There were large amounts of precipitation
during the warm period from July to September at all three sites.

Only in KS-KW did significant snowfall occur in winter, and
some soil was frozen due to insufficient snowpack (data not
shown). The peak flow of stream discharge due to snowmelt in
KS-KW occurred from late March to April. The increase in the
nitrate concentration in stream water at KS-KW in April was re-
lated to the flushing of nitrate from the soil due to melting snow.
This phenomenon of increased nitrate export to streams during
snowmelt has often been reported in the northeastern U.S.[4,14,
15]. The increase of nitrate concentrations in stream water dur-
ing snowmelt was also observed in HK-M3, which is also lo-
cated in a cold and snowy region. In general, N mineralization
and nitrification occur mainly during warm periods, because most
microbiological processes are temperature dependent. Even
though N mineralization rates are low in winter, biological up-

FIGURE 3. Net mineralization rates of N in soil (6 weeks, 25oC) in the watersheds.

FIGURE 4. Annual mean atmospheric N deposition from 1993 to 1997 (Japanese Environmental Agency and Acid Deposition and Oxidant Research Center, 1999).
Closed and open circles represent wet deposition of nitrate and ammonium, respectively. Closed and open triangles represent dry deposition of nitrate and ammonium,
respectively.
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FIGURE 5. Monthly precipitation (top), monthly mean temperature (middle), and nitrate concentration in stream water (bottom) in KS-KW, NK-TR, and KY-KG
from June 2000 to May 2001.

take of N is also low, so it appeared that more of nitrate produced
under snowpack is available for leaching into the water during a
snowmelt period. In this study, there was no significant seasonal-
ity of stream nitrate concentration in NK-TR and KY-KG during
the year. The high concentrations of nitrate in stream water and
their absence of seasonality were also observed by Ohrui and
Mitchell[16] at forested catchments in Gunma Prefecture (the
same region for NK-TR). They suggested that the high N output
to the stream in the studied watershed in the same region of NK-
TR was related to high N deposition, high N mineralization rate
of soil, and low N increment of wood. A large amount of precipi-
tation during a warm period will increase the potential of signifi-
cant nitrate leaching from the surface soil to deeper soil and
groundwater. Ohte et al.[11], who compared nitrate concentra-

tions in forest streams in Japan and the U.S., pointed out that
meteorological and hydrological seasonality can affect temporal
fluctuations in nitrate concentrations in stream water. The nitrate
concentration in stream water at KY-KG was much lower than at
KS-KW and NK-TR, even though there was a relatively large
amount of atmospheric N deposition at KY-KG. A surface satu-
rated zone located near the outlet of KY-KG appears to retain
some nitrate in the subsurface. Cirmo and McDonnell[17],
Groffman et al.[18], and Konohira et al.[19] revealed that deni-
trification in the riparian saturated zone significantly contributed
to removal of nitrate in the saturated ground in the near-stream
zone. However, it was unclear which specific characteristics of
the topography and hydrological process contributed to the N
retention in the basin at KY-KG. More detailed studies will be
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needed, including the analysis of the water flow pass and the
pattern of supplies of nitrate and organic C in the subsurface
water[20].

Nitrate Export to Stream Water During
Storms

The three sites for the intensive monitoring of stream water dur-
ing a storm were selected by the magnitude of the nitrate concen-
tration in stream water during a base flow: the higher (NG-SR),
medium (TK-FA), and lower (HK-M3) concentrations of nitrate
than other watersheds (Fig. 2). They were not coincident with

the sites in Fig. 5 because of data limitations. Nitrate concentra-
tions in stream water increased during storm events at the three
watersheds that were monitored (NG-SR, TK-FA, and HK-M3,
Fig. 6) compared to concentrations during low flow (Fig. 2).
Nitrate concentrations in stream water during a storm reached
around 2 mg N l-1 in NG-SR and TK-FA and 0.1 mg N l-1 in HK-
M3, respectively. Since the N mineralization rate of soil tended
to be higher near the surface, the increased nitrate concentra-
tions in stream water during storms appeared to have been de-
rived from nitrate in surface soil. Ohrui and Mitchell[21] also
indicated that the soil water was a major contributor to stream
water during a large storm event, although the relative contribu-
tion varied depending on the magnitude of the storm. These re-

FIGURE 6. Temporal fluctuation in stream nitrate concentrations (open circles) and discharge (lines) during a storm in September 2000 at NG-SR (top), TK-FA
(middle), and HK-M3 (bottom).
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sults support the hypothesis that a large amount of precipitation
during the growing season increases the nitrate concentration in
stream water during a storm. Water movement during this period
also had a potential to cause the leaching of nitrate to the deeper
soil and groundwater from the surface soil. This type of hydro-
logical control has been used to explain the pattern of nitrate
concentration in stream water[11,22]. More studies about the
seasonality of the gradient of nitrate concentration in soil solu-
tion are needed to support the hypothesis[17,23]. Our results in-
dicate that the linkage of hydrological processes and N dynamics
in watershed is important in understanding the mechanisms that
increase nitrate concentrations in stream water in this region. Since
it is possible that fluctuations of nitrate concentrations in stream
water are different depending on some characteristics of the storm
(e.g., the magnitude of the storm, amount of precipitation, and
frequency of precipitation), antecedent moisture conditions, and
topographic properties of the basin[14], more comparisons will
be needed to generalize the dynamics of nitrate during storms.

CONCLUSIONS

Significant regional differences are present in nitrate concentra-
tions in stream water at forested watersheds in Japan. High ni-
trate concentrations were detected in stream water collected from
forest watersheds located in central Japan, probably due in part
to higher rates of atmospheric N deposition in this region. Snow-
melt increased nitrate concentration in stream water in the water-
sheds located in cold snowy regions in northern Japan. Our
preliminary results suggest that the large amount of precipitation
during the June to September warm season contributes to increases
in nitrate concentrations in streams during storms and to leach-
ing of nitrate from surface soil with higher potential for N miner-
alization to the deeper ground with lower potential for N
mineralization. This downward leaching of nitrate affects nitrate
concentrations in stream water during base flow.
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