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Introduction
• Forest ecosystems provide various ecological services, such as provision of 

nature resources, groundwater recharge, carbon sequestration, and 
prevention of disasters. 

• Long-term atmospheric deposition of acidifying species and related chemical 
substances may have disturbed the functions and resilience of forest 
ecosystems. 

• According to the experience in Europe and North America, a recovery of forest 
ecosystems from acidification did not progress as expected and problems 
remained even after enough reduction of SO2 and NOX emissions. 

• Meteorological variabilities and extreme weather, such as changing 
precipitation patterns, high temperature and sudden heavy rains, may also 
affect the recovery process. 



Introduction (continued) • A field observation on a catchment scale is a 
useful approach to evaluate effects of 
atmospheric deposition on forest ecosystems, 
quantitatively and qualitatively, as suggested 
by previous studies in Europe and the United 
States. 

• In the EANET, the Scientific Advisory 
Committee (SAC) and its Task Force on Soil 
and Vegetation Monitoring (TFSV) 
recommended to promote catchment 
analysis and develop the monitoring methods 
for the EANET in the strategy papers, which 
were drafted by TFSV and adopted by SAC. 
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Biogeochemical process 
in forest ecosystems



Introduction (continued)
• Besides the on-site catchment analysis, impact assessments on the regional scale

have been contributing to reduction of the emissions historically, as shown in the 
experience in Europe (adoption of relevant protocols under the Convention on Long-
Range Transboundary Air Pollution, UNECE). Therefore, the strategy papers above 
suggested that regional impact assessments be promoted in EANET to create 
common understanding of the current ecological impacts and provide useful inputs 
for policy makers. 

• The Asia Center for Air Pollution Research (ACAP) as the Network Center for 
EANET (NC), has been promoting studies on acid deposition effects on ecosystems 
from the catchment scale to the regional scale, according to recommendations in 
the technical documents and strategy papers. Since 2022, the studies have been 
conducted as one of the Project Fund Activities (Activity 2 in 2022).

• In this report, the progress is overviewed with major outputs, such as scientific 
journal papers. 



Project scheme-1
The current active catchment sites relevant to the EANET 

• In addition to the field surveys at Kajikawa catchment (KJK), the data assessments of the 
regular sites, such as Lake Ijira catchment (IJR) and Komarovka River catchment (KMR), have 
been promoted. 

• In the near future, the data from the new site, La Mesa Watershed (LMW), are expected to be 
assessed by colleagues from the Philippines.  The NC may assist this technically.
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Project scheme-2
Overall scheme of the project activities

Fig. 2

• The project has been collaborating with the core activities and other external activities in terms 
of data and/or budget. 



Project scheme-3

JSPS grant supporting the project activity

• Extreme weather events, such as 
heavy rain, may disturb the discharge 
processes and alter elemental cycles 
in forest ecosystems. 

• Disturbance of the “Legacy Pool” of 
atmospheric deposition may cause 
sudden discharge of pollutants to 
stream water, reducing the resilience 
of forest ecosystems. 

• The NC obtained a new JSPS grant 
successfully to study this subject 
intensively.  
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Major Progress-1

Findings at KJK, IJR and KMR-1

• The previous study suggested an accumulation of atmospheric-derived S in forest soils in IJR. In fact, the IJR 
soils accumulated more S than the soils of the similar types. 

• The accumulation mechanism was understood as shown in the schematic view (Tanikawa et al. 2022).
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Fig. 3. Vertical profiles of concentrations of total S and S fractions determined by wet chemical analyses in soils from the Lake Ijira watershed and the comparable 
Dystrudepts. Profiles of !34S of total S in soils from the Lake Ijira watershed are also shown. Samples from the comparable Dystrudepts are described in Table 1. Note 
that the x-axis scales differ among the various panels. 

Fig. 4. Relationships of (a) concentrations of hydroiodic acid (HI)-reducible S with those of Spyp, Soxa, and first fraction detected by double-crystal high-resolution x- 
ray fluorescence spectrometer, and (b) of concentrations of total C with mineral-associated organic S, free organic S, and Soxa – Sphos concentrations in soils from the 
Lake Ijira watershed. 

T. Tanikawa et al.                                                                                                                                                                                                                              

Fig. 3



Major Progress-2 

Findings at KJK, IJR and KMR-2

• The reciprocal of NO3
− concentration in stream water showed linear correlation with the isotopic ratios, suggesting a specific source. 

With an increase of NO3
− concentrations, the isotopic rations became closer to those of soil solution.   

• The isotopic analysis of NO3
− in stream water at KJK suggested that soil NO3

− was the main source of increased NO3
− concentration 

during the storm events (Ding et al. 2022). 

W. Ding et al.: Tracing the source of nitrate in a forested stream 3255

Figure 4. The �15N (a–c), �18O (d–f), and 117O (g–i) values of stream nitrate (blue circles) during storm events I, II, and III plotted as
a function of the reciprocal of nitrate concentration (1/[NO�

3 ]), together with those of soil nitrate at SLS 20 (red squares; riparian zone),
SLS 60 (purple squares; riparian zone), and SMS 20 (green squares; upland zone) during August to October in 2013 and 2014. The error bars
of each soil nitrate denote the standard deviation (SD) of each isotopic composition (n = 5 for each). The error bars smaller than the sizes of
the symbols are not presented.

[NO�
3 atm]31 Jan 2019 ⇥ F31 Jan 2019 =

[NO�
3 atm]28 Dec 2018 ⇥ F28 Dec 2018

+ [NO�
3 atm]snowmelt ⇥ 1Fsnowmelt, (3)

where [NO�
3 atm]28 Dec 2018, [NO�

3 atm]31 Jan 2019, and
[NO�

3 atm]snowmelt denote the [NO�
3 atm] in stream water

on 28 December 2018, 31 January 2019, and that in
snowmelt water, respectively, and F28 Dec 2018, F31 Jan 2019,
and 1Fsnowmelt denote the flow rate of stream water on
28 December 2018, 31 January 2019, and the increase in the
flow rate due to snowmelt, respectively. Because the esti-
mated volume of melting snow water into the stream water
(10.3 L min�1) was comparable to the observed increase in
the flow rate from 28 December 2018 to 31 January 2019
(7.3 L min�1), we concluded that the snow melting was
responsible for the increase in 117O on 31 January 2019
and that the input of NO�

3 atm accumulated in the melted

snow water, showing �18O and 117O values significantly
higher than those in the stream, caused the extraordinary
increase in [NO�

3 atm] on 31 January 2019. Except for the
extraordinary increase in [NO�

3 atm] (n = 1), [NO�
3 atm] was

stable at 2.2 ± 0.6 µM throughout the routine observation
(n = 33). We concluded that [NO�

3 atm] was generally stable
in the stream.

4.4 The impact of storm events on the index of the
nitrogen saturation

The concentration of stream nitrate eluted from a forested
catchment has been used as an index to evaluate the stage of
nitrogen saturation (Huang et al., 2020; Rose et al., 2015;
Stoddard, 1994). However, McHale et al. (2002) pointed
out the problem in the reliability of this index, because the
number of storm events influenced the concentration of ni-
trate eluted from forested streams significantly. That is, if we
use the concentration of stream nitrate sampled during the

https://doi.org/10.5194/bg-19-3247-2022 Biogeosciences, 19, 3247–3261, 2022
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Figure 5. Seasonal variations in the concentrations of soil nitrate (a)
at SLS 20 (red squares), SLS 60 (purple squares), and SMS 20
(green squares), together with those in the values of �15N (b),
�18O (c), and 117O (d) of each soil nitrate during 2013– 2014
(modified from Nakagawa et al., 2018). The periods used to esti-
mate the isotopic compositions (from August to October) are pre-
sented in gray. The error bars are smaller than the sizes of the sym-
bols.

storm events to evaluate the stage of nitrogen saturation in a
forested catchment, the stage of nitrogen saturation might be
overestimated.

Nakagawa et al. (2018) have proposed that the export flux
of NO�

3 atm (Matm) relative to the deposition flux of NO�
3 atm

(Datm) can be an alternative, more robust index for nitro-
gen saturation in temperate forested catchments, because the
Matm/Datm ratio directly reflects the demand on atmospheric
nitrate deposited onto each forested catchment as a whole,
and thus reflects the nitrogen saturation in each forested

Figure 6. The elution of soil nitrate to the stream before the storm
events (a) and during the storm events (b). Soil nitrate in the ripar-
ian zone and that in the upland zone are represented by the orange
squares and green squares, respectively, while stream nitrate during
base flow is represented by the blue circles.

catchment. To estimate reliable Matm in each forested catch-
ment, we must obtain reliable [NO�

3 atm] in the forested
stream, including their temporal variation.

As already presented in Sect. 4.2, we found that [NO�
3 atm]

remained almost constant irrespective of the significant vari-
ation in [NO�

3 ] during storm events (Figs. 3e, S1e, S1j). The
concentrations of atmospheric nitrate ([NO�

3 atm]) in rain wa-
ter were much higher than those in stream water. While the
volume-weighted mean [NO�

3 atm] in rain water determined
in Sado island from August to October, for example, was
15.2 ± 8.4 µM (EANET, 2011, 2012; Tsunogai et al., 2016),
that in stream water was 2.2 ± 0.6 µM in this study. As a re-
sult, the [NO�

3 atm] in stream water would increase if a signifi-
cant portion of rain water were added directly into the stream
water during the storm events. The [NO�

3 atm] in stream water,
however, was stable showing no correlation with the amount
of precipitation or the concentration of stream nitrate dur-
ing the storm events (Figs. 3e, S1e, S1j). The [NO�

3 atm] re-
mained almost constant as well during the stream event on
31 August 2018 we found through the routine observation,
while [NO�

3 ] increased from 35.7 µM (1 month before) to
129.3 µM (Fig. 2e). As a result, we concluded that the direct
input of NO�

3 atm into the stream water was negligible even
during the storm events.

The observed [NO�
3 atm] showing almost constant values

implies that the primary source of NO�
3 atm in stream water

Biogeosciences, 19, 3247–3261, 2022 https://doi.org/10.5194/bg-19-3247-2022

Fig. 4



Major Progress-3 

Findings at KJK, IJR and KMR-3

• Stream water has been acidified with a decrease of pH and increases of SO4
2− and NO3

−

concentrations. However, rainwater pH has been increasing.

• It was suggested that an increase in the warm-season precipitation contributed to recent 
increases in S and N deposition and effective discharge of materials from the forest 
ecosystem, resulting in stream water acidification (Zhigacheva et al. 2022). 
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months (from October of the previous year until March) and 
warmer months (from April to September). The precipita-
tion was higher during the warm season than during the cold 
season, and the di!erence tended to increase in the recent 
decade (Fig."5b). The pH did not di!er between seasons and 
tended to increase from 2012/2013, which cannot be attrib-
uted to change in analytical conditions. (Fig."5c).

The annual mean concentrations of major ions in rainwa-
ter did not show any significant trends. The changes in the 
annual total atmospheric fluxes by WD and DD are shown 
in Fig."6. Generally, the WD flux played a larger role in the 
total flux; contributions of DD fluxes to the total fluxes for 
S,  NO3

–, and  NHX (including  NH3 and  NH4
+) were 33%, 

33%, and 38%, respectively. The total flux of S also tended to 
decrease until 2011, and thereafter the trend became unclear 

(Fig."6a). The WD flux of  SO4
2– increased from 2011 to 

2018, lowering the contribution of the DD flux. The total 
flux of inorganic N decreased from 2011 to 2014, and there-
after turned to increase (Fig."6b). The WD fluxes of total N 
did not show any significant trends. The total flux of  Ca2+ 
showed similar variations to that of S. For the total flux of 
 Cl–, the highest flux was observed in 2011 with increased 
contributions of DD (47.5%, the 3"years mean from 2010 
to 2012).

The WD fluxes of  SO4
2– and dissolved inorganic nitro-

gen (DIN, as  NO3
– +  NH4

+) for the cold and warm seasons 
are shown in Fig."7. The  SO4

2– flux in the warm season 
showed a clear transition from a decreasing trend to an 
increasing trend in 2011, while the DIN flux in the warm 
season showed no clear transition but increased from 2014 

Fig.3  Seasonal and interannual variations in the pH values (a), con-
centrations of  SO4

2– and  NO3
– (b), concentrations of  Ca2+,  Mg2+ and 

 NH4
+ (c), and N:S ratios, i.e.,  (NO3

– +  NH4
+)/  SO4

2– (d) in SW dur-

ing the period 2005–2019. The vertical grid line corresponds to the 
beginning of each year

Table 1  Spearman’s rank 
correlation coe#cients between 
the SW flow rate and ion 
concentrations in each sampling 
month for the period from 2007 
to 2019

  Note. Bold letters indicate significant correlations, *p < 0.05

SO4
2– NO3

– NH4
+ Ca2+ Cl– DIN pH

February 0.25 0.35 $"0.08 $"0.02 $"0.53 0.21 $"0.14
April 0.01 $"0.39 0.28 $"0.23 0.22 $"0.23 0.16
June 0.54 0.62* 0.49 $"0.22 $"0.22 0.68* 0.08
September $"0.32 0.00 0.13 $"0.35 0.38 0.53 0.15
November 0.06 0.26 0.63* $"0.24 0.02 0.29 $"0.03
All-season $"0.23 0.01 0.35* $"0.25 0.02 0.17 0.09
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to 2018. The fluxes for  SO4
2– and DIN tended to be slightly 

lower in the cold season than in the warm season. As a 
result, the contributions of the fluxes during the warm 
season increased, particularly after 2011 and 2013 for 
 SO4

2– and DIN, respectively.

Input and!output balance in!KMR

The input and output balances for the S, N, Cl, and Ca 
compounds are shown as the mean values for five years 
in Fig.!8. Standard errors were quite high for the I-R 
method, and in general, their values were higher than those 
obtained by the L-Q method. However, the mean outputs 
were not largely di"erent between the two methods. The 
mean outputs of S by both methods were higher than the 
input, and the discrepancy was typical for these calculated 
years except for 2010. For N compounds, the mean outputs 
were considerably lower than the inputs. The mean outputs 
of Cl were relatively well balanced to the input. The mean 
outputs of Ca were higher than the input.

Changes in the SW discharge and fluxes of  SO4
2– and 

DIN during the cold and warm seasons are shown in Fig.!9. 
The SW discharges were much higher in the warm season 
than in the cold season, except for 2012. The SW fluxes 
of  SO4

2– and DIN showed the same tendencies. Thus, the 
recent increase in SW fluxes of  SO4

2– and DIN can be 
attributed to the increased discharge in the warm season.

Comparison with!neighboring catchments in!the!Sea 
of!Japan region

The latest 5!years mean fluxes of wet deposition were 
lower at KMR than at KJK and IJR, except for the  Ca2+ 
flux which was higher at KMR than at IJR. Concentrations 
of  SO4

2–,  NH4
+, and  Ca2+ in SW were higher at KMR than 

at the Japanese sites (Table!S2).
The relationships between the 5!years moving means 

of the DIN fluxes by precipitation and  NO3
– concentra-

tions in SW at KMR, KJK, and IJR are shown in Fig.!10. 
The mean  NO3

– concentration in SW greatly increased at 
KMR, while the mean DIN flux by precipitation slightly 
increased but did not change greatly. For the same periods, 
the  NO3

– concentration in SW decreased with the DIN 
flux by precipitation at IJR, while the  NO3

– concentration 

Fig. 4  Relationship between  Ca2+ and alkalinity in mEq!  L–1 in 
SW from 2005 to 2019. Gray triangles, open circles, and black 
squares represent the data from 2005 to 2009, 2010 to 2013, and 
2014 to 2019, respectively. The thick dotted line shows the 1:1 
line. The regression lines for the data from 2005 to 2009 and 2014 
to 2019 are as follows: y = 0.24x + 0.32 (R2 = 0.41, p = 0.0006) and 
y = 0.66x + 0.19 (R2 = 0.38, p = 0.0003), respectively

Fig. 5  Interannual variations in the annual mean pH of wet deposition 
and precipitation amounts (a), precipitation amounts during the cold 
(October–March) and warm (April–September) seasons (b), and the 
mean pH during the cold and warm seasons of 2005–2019 (c)

Rainwater

Stream water



Major Progress-4 
Impact assessment on the regional scale Scientific journals containing the above findings:

1) Tanikawa T et al. 2022. Sulfur accumulation in soil in a 
forested watershed historically exposed to air pollution in 
central Japan. Geoderma 407: 115544. 
https://doi.org/10.1016/j.geoderma.2021.15544

2) Ding W et al. 2022. Tracing the source of nitrate in a 
forested stream showing elevated concentrations during 
storm events. Biogeosciences, 19, 3247–3261, 
https://doi.org/10.5194/bg-19-3247-2022.   

3) Zhigacheva ES et al. 2022. Stream water acidification in 
the Far East of Russia under changing atmospheric 
deposition and precipitation patterns. Limnology 
https://doi.org/10.1007/s10201-022-00696-0

4) Yamashita N et al. 2022. Assessing critical loads and 
exceedances for acidification and eutrophication in the 
forests of East and Southeast Asia: a comparison with 
EANET monitoring data. Science of the Total Environment 
851, 158054. 
http://dx.doi.org/10.1016/j.scitotenv.2022.158054

https://doi.org/10.1016/j.geoderma.2021.15544
https://doi.org/10.5194/bg-19-3247-2022
https://doi.org/10.1007/s10201-022-00696-0
http://dx.doi.org/10.1016/j.scitotenv.2022.158054


Actions required at SAC22

• SAC22 is invited to review the progress of the studies on 
effects of acid deposition on ecosystems.


