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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. 



Interactions of forest ecosystems with sulfur (S) and 
nitrogen (N) compounds (after De Marco 2022, Global Change Biology)

• So far, no clear effect on biota has been 
identified in Asia (Akimoto et al. 2022, 
Ambio).

• However, phenomena suggesting 
disturbance of forest ecosystems by 
atmospheric deposition were observed in 
the EANET countries (Nakahara et al. 
2010; Sase et al. 2017, 2019, 2022, 
Zhigacheva et al. 2022).

• In fact, with decrease in atmospheric 
deposition, symptoms of recovery from 
acidification have been observed in the 
EANET countries, recently. 
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EANET Project Activity
• 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. 

• Besides the on-site catchment analysis, impact 
assessments on the regional scale have been 
contributing to reduction of the emissions historically
in Europe (today’s presentations at Session 2). 

• 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. 

• Since 2022, the studies have been conducted as 
one of the Project Fund Activities (Activity 2 in 2022).

Input 
(wet and dry deposition)

Output 
(discharge from stream)

Biogeochemical process 
in forest ecosystems



Joint research projects in the EANET countries 
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Today’s topics

1. Changes in atmospheric deposition in the EANET joint research sites

2. Different responses of forest ecosystems in different climatic zones

3. Importance of impact assessment on the regional scale

Note: mostly based on peer-reviewed publications in international journals
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Study sites in different climatic zones
KMR

(Far East Russia)
KJK

(Niigata, Japan)
SKT

(Northeast Thailand)

Very cold (minus!) and low 
precipitation < 25 mm from 
December to March

High precipitation > 100 mm 
through a year

Clear dry season < 50 mm from 
November to February

(after Sase et al. 2012, Asian Journal of Atmos. Environ.; Japan Meteorological Agency website)



SKT

Atmospheric deposition in SKT, Thailand

Sulfur

Dissolved
Inorganic 
Nitrogen, 
DIN

TF+SF, 
throughfall 
and stemflow

• S deposition decerased for the observational period, while no trend 
or a slight increase in N deposition was observed (the recent 
EANET data shows higher deposition in the late-2010s).

• Precipitation patterns changed with showing high contributions of 
late-wet season precipitation in middle/later years.

(updated after Sase et al. 2017, Hydrological Processes)

Late wet season 
precipitation

Early wet season 
precipitation
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(EANET 2021, PRSAD4; after 
Sase et al. 2021, Atmos Environ)

IJR KJK

Atmospheric deposition in Japanese sites

• Both S and N deposition have 
been decreasing, suggesting 
improvement of 
national/regional atmospheric 
environment.

Sulfur

Dissolved
Inorganic 
Nitrogen,
DIN

RF, rainfall;
TF+SF, 
throughfall 
and stemflow
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in SW increased and then became stable or rather slightly 
decreased at KJK.

Discussion

Acidification and!N leaching of!the!SW

A gradual decrease in pH was observed with an increase 
in the  SO4

2– and  NO3
– concentrations in SW at KMR 

during the observational period from 2005 to 2019. This 
implies that the acidification process of SW has progressed 
at the KMR, in particular, in the last decade. The leaching 
of  SO4

2– and  NO3
– has contributed to the increase in  H+ 

leaching in SW during the acidification process (Nakahara 
et!al. 2010; Duan et!al. 2011; Garmo et!al. 2014), while a 
decrease in  SO4

2– and  NO3
– concentrations was observed 

during the recovery process from acidification in China and 
Japan (Duan et!al. 2011; Sase et!al. 2019, 2021). Underly-
ing mechanisms for acidification are complicated; for exam-
ple, the acidification process in SW at IJR was regulated by 
N leaching (Nakahara et!al. 2010; Sase et!al. 2019), while 
recovery from acidification was observed with a decrease 
in  SO4

2– concentration in SW at KJK (Sase et!al. 2021). In 
the case of KMR, the N/S ratio in SW has increased since 

2009/2010 (Fig.!3d), which indicates that the DIN concen-
tration in SW has increased faster than that of  SO4

2–. Since 
the  NH4

+ concentration was relatively low, DIN changes in 
SW were mostly regulated by  NO3

–. A statistically signifi-
cant increase in  NO3

– concentration was observed for every 
“season”, except for September (Table!S1). Thus, the recent 
increase in  NO3

– concentration was evident, even though 
the values fluctuated greatly. Recently, it has been suggested 
that N leaching plays a significant role in the acidification 
process. This is consistent with the trends in Europe, the 
USA, and East Asia, where  SO2 emissions have declined 
significantly over the past decades (Bouwman et!al. 2002; 
Duan et!al. 2011). With a decline in S deposition, recovery 
processes can be prolonged due to an increase in N deposi-
tion (Duan et!al. 2011; Sase et!al. 2021).

As mentioned above, the “acid shock” was only observed 
in April 2013, 2014, and 2015. It was di"cult to distinguish 
whether or not the acid shock was present for other years, as 
the snowmelt season at KMR took place from April to May, 
but only one sample per year was taken during that time. 
Kobayashi et!al. (2013) observed a sudden pH decline with 
increases in EC and  SO4

2– concentration in a river close to 
KJK in Niigata, Japan, where precipitation amounts (mainly 
as snow) in winter are very high (mean maximum snow 
depth, 75.8!cm in January). On the other hand, as shown in 

Fig. 6  Total atmospheric fluxes by wet deposition and dry deposition for S (a), N (b), Ca (c), and Cl (d). WD, wet deposition; DD, dry deposi-
tion

(Zhigacheva et al. 2022, Limnology)

Atmospheric deposition in KMR, Far East Russia

Sulfur
Dissolved Inorganic Nitrogen, DIN

WD, wet 
deposition;
DD, dry 
deposition

• Total S and N deposition (wet + 
dry) show no clear trend, while 
rainwater pH is increasing.

• There were transition periods 
from a decreasing trend to an 
increasing trend of S and N in 
2011 and 2014, respectively. 

• Precipitation patterns changed 
with showing high contribution in 
warm-season precipitation.

Limnology 
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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)

Warm 

Cold



Key findings in atmospheric deposition

• Atmospheric S and/or N deposition have been decreasing in the sites in Thailand 
and Japan, while no clear trend (or recent increase) was observed in the site in Far 
East Russia. 
• Thus, it seems that improvement of atmospheric environmental quality has not 

necessarily progressed in the same way in these forested catchments in different 
climatic zones.
• In the sites in Thailand and Far East Russia, the precipitation pattern has been 

changing.
The question is:

How have the forest ecosystems responded to these changing atmospheric 
environment?

Site/climatic zone Atmospheric deposition Note
SKT, Thailand/dry tropical Decreasing Changing precipitation pattern
IJR, KJK, Japan/temperate Decreasing
KMR, Far East Russia/boreal decreasing to increasing Changing precipitation pattern



Today’s topics

1. Changes in atmospheric deposition in the EANET joint research sites

2. Different responses of forest ecosystems in different climatic zones

3. Importance of impact assessment on the regional scale

Note: mostly based on peer-reviewed publications in international journals



Stream water chemistry at SKT, Thailand

• The stream water pH decreased until 2011 with increase of SO4
2− and major 

ions’ concentrations, while S deposition decreased. However, the opposite 
phenomena were observed in consequent drought years.

• The changing precipitation pattern is suggested to have controlled the 
phenomena, enhancing material discharge in the middle/late wet seasons. 

• The SO4
2− peak concentration in the middle/late wet seasons was possibly 

deived from S deposition in the beginning of wet season, susggesting S 
retention-release cycle (Updated after Sase et al. 2017. Hydrol Process).

Drought years
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Possible mechanisms of material dynamics in SKT
• High air concentrations of 

gaseous/particulate matter
• High dry deposition

High evapotranspiration

Accumulation of 
materials

Dry season

Little 
discharge

Accelerating mineralization
Plant uptake of water and 
ions, SO4

2− retention

• Washout of air pollutants by 
first rains

Early wet season

Gradual 
discharge

• Continuous rains

Middle/late wet seasons

Acceleration of water 
and ion discharge 
(SO4

2− release) 

• Higher contribution of late-
wet season precipitation

Further acceleration of 
water and ion discharge, 
resulting in acidification 



Stream water chemistry at IJR, Japan

1) Acidification and N saturation due to climatic anomalies: since the mid-1990s
2) Recovery from acidification/N saturation: since the mid-2000s

(updated from Sase et al. 2019)

pH

Cold summer in 1993
Drought summer in 1994

Cold summer in 1993
Drought summer in 1994
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Stream water chemistry at KJK, Japan

• The pH and alkalinity increased with decrease of SO4
2– concentration, suggesting 

recovery from acidification.
• The NO3

– concentration increased gradually, suggesting progress of N saturation 
with forest maturation.                                             (Updated after Sase et al. 2021) 

Tree thinning 
in 2002

Maturation of trees 
(47 year old)



Stream water chemistry at KMR, Far East Russia

• Acidified with a decrease of pH and increases of SO4
2− and NO3

− concentrations. 
• An increase in the warm-season precipitation contributed to effective discharge of 

materials from the forest ecosystem.                                 (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

pH

SO4
2−

NO3
−

N/S



Comparison between IJR, KJK, and KMR
• NO3

– concentration in stream 
water is decreasing with 
decrease in N deposition at IJR, 
suggesting recovery from N 
saturation.

• At KJK, recovery has not been 
clear, due to forest maturation in 
addition to high N deposition.

• At KMR, NO3
– concentration in 

stream water susbstantially 
increased with small change in 
N deposition, suggesting a large 
effect of changes in precipitation 
pattern.

(Zhigacheva et al. 2022)

 Limnology

1 3

in soils due to cation exchange and mineral weathering, but 
the acidic substances were only partly neutralized by mobi-
lized  Ca2+ in acidified rivers (Duan et!al. 2011). On the other 
hand, in the recovery processes from acidification, it has 
been pointed out that concentrations of base cations, such 
as  Ca2+, decrease in streams or lakes (Stoddard et!al. 1999; 
Garmo et!al. 2014; Weyhenmeyer et!al. 2019). Thus, changes 
in  Ca2+ concentrations are closely related to acidification. 
It has been suggested that a charge-equivalent proportion 
between  Ca2+ concentration and alkalinity is decoupled due 
to an increase in  Ca2+ concentration in the anthropogenic 
acidification process (Weyhenmeyer et!al. 2019). At KMR, 
the regression slope of  Ca2+ against alkalinity was gentler 
than the 1:1 line in the years from 2005 to 2009, as shown 
in Fig.!4. However, an imbalance between  Ca2+ concentra-
tion and alkalinity became more obvious with an increase 
in  Ca2+ concentration in 2014–2019, deviating from the 1:1 
line. The phenomena mentioned above suggest the progress 
of SW acidification at the KMR.

Possible factors influencing the!phenomena 
of!acidification

The trends of atmospheric deposition at the Primorskaya 
site were not necessarily consistent with those of SW. For 
fluxes of S and DIN, there were transition periods from a 
decreasing trend to an increasing trend around 2011 and 
2014, respectively, and the tendency was clearer for the 
fluxes by WD (see Fig.!6). These trends did not necessarily 
follow the latest regional emission trends in East Asia, in 
which emissions of  SO2 and  NOX peaked in 2006 and 2011, 

respectively (Kurokawa and Ohara 2020). For the Far East 
of Russia, anthropogenic emissions have also been decreas-
ing; from 2010 to 2019,  SO2 and  NOX decreased by 26.9% 
and 14.7%, respectively (Ministry of Natural Resources and 
Environment of the Russian Federation 2020). The ground 
observational data on atmospheric deposition may not neces-
sarily reflect the national emission trends estimated based on 
the statistics in the respective countries (Sase et!al. 2021). 
In addition to the recent increase (or decrease) in atmos-
pheric fluxes of S and DIN, the fluxes of  Cl– showed a clear 
peak in 2011 and then gradually decreased (Fig.!6d). At 
the beginning of the observational period, the flux of  Cl– at 
the Primorskaya site was considerably low. In general, con-
tributions of sea-salt (ss) fractions, such as ss-SO4

2– and 
ss-Ca2+, to atmospheric fluxes are very low at the Primor-
skaya site (EANET 2020). This suggests the limited influ-
ence of marine atmospheric masses on deposition due to the 
climate and geographical location, although the Primorskaya 
site is situated inland but not far from the sea.

On the other hand, as a possible influence of anthropo-
genic emission sources on atmospheric environment in the 
study site, the concentration of gaseous HCl measured by the 
FP method suddenly increased from 2010 and showed a clear 
peak in 2011; the concentration levels were 0.1–0.2!ppb and 
0.7–1.1!ppb in 2005–2009 and 2010–2012, respectively 
(EANET 2020). Thus, when SW acidification was observed, 
the fluxes of S and DIN started increasing again, and the 
anthropogenic  Cl– flux increased. In the Northeast Asian 
region, high emissions of  SO2 and  NOx (and high atmos-
pheric deposition) contributed to the acidification of SW 
(e.g. Duan et!al. 2011), while the SW has been gradually 
recovering from acidification with a decrease in emissions 
(e.g. Qiao et!al. 2016; Sase et!al. 2019, 2021). Although the 
aforementioned atmospheric conditions at the Primorskaya 
site may partly explain acidification phenomena at KMR, 
the question remains to be answered as to why the increases 
in the leaching of  SO4

2– and  NO3
– started in the mid-2010s.

The KMR has temperatures below "!10!°C and low 
precipitation (see Fig.!2) in winter (EANET 2020). The 
precipitation in the warm season was almost twice as much 
as that in the cold season, and this seasonal di#erence has 
increased in the last decade (Fig.!5b). The contributions of 
WD fluxes during the warm season increased for  SO4

2– and 
DIN, reflecting the climatic conditions (Fig.!7). Although 
concentrations in WD during the cold season were rela-
tively high, the fluxes in the warm season were higher than 
those in the cold season, due to much higher precipita-
tion. Moreover, the increase in fluxes for  SO4

2" and DIN 
became evident in the warm season after 2011 and 2014, 
respectively, resulting in a larger di#erence between sea-
sons (Fig.!7). Warm and humid periods possibly play a 
significant role in the acidification of the KMR. Notably, 
climatic changes in the region may be partly responsible 

Fig. 10  The relationship between the 5!years moving means of DIN 
flux by rainwater and  NO3

– concentration in SW at KMR, KJK, and 
IJR

Stream NO3
−

concentration

N deposition

KMR

KJK

IJR



Key findings in ecological response

The answer is:
Recovery from acidification and/or N saturation has not necessarily been observed 

with decreases in atmospheric deposition in forested catchments.
• Other factors, such as changes in precipitation pattern and forest conditions (growth/maturation), were 

closely related to the recovery process, in addition to atmospheric deposition.

How meteorological conditions are related to the long-term atmospheric deposition?

Site/climatic zone Atmospheric deposition Stream water Note
SKT, Thailand/dry tropical Decreasing Acidification with SO4

2− leaching Changing precipitation pattern
IJR, KJK, Japan/temperate Decreasing Recovery from acidification

(NO3
− leaching at KJK)

Forest maturation (due to little 
forest management)

KMR, Far East Russia/boreal decreasing to increasing Acidification with SO4
2− and 

NO3
− leaching

Changing precipitation pattern



Necessity of the “legacy-pool” study

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

• Disturbance of the “Legacy Pools” 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.  

Accumulation/cycle of 
pollutants

(Legacy Pool)

Cumulative 
atmospheric deposition, 

decades to a century 

Gradual discharge

Disturbance of legacy pool
Reduction of the resilience

Sudden 
discharge

High temperature/
drought

Heavy 
rain

Extreme weather

Present Ongoing changes
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The current and future assessment in the EANET region

Different types of 
forest ecosystems

Reactions

Atmospheric 
deposition• Individual 

observations
• Literature surveys
• Existing indices
• Country-scale 

trials
Regional impact assessment

Temporal and spatial data
on Atmospheric deposition

Characterization of the respective areas

Regional reactions
(inputs to environmental managements)

• Impact assessments on the regional scale will contribute to regional environment 
mangements and cooperations.

• Methodological studies should be promoted in the EANET region.



A traial on the national scale in Japan
(Yamashita et al. 2016, Journal of Forest Research)

Results and discussion

Cumulative potential acid deposition (CPAD)

Over 25 years in Japan, the CPAD ranged from 12 to 75

keq ha-1 and showed strong spatial variability within the
Japanese archipelago. It was generally high on the Sea of

Japan side and in central Japan (Fig. 1). In this simulation

dataset, the spatial pattern of cumulative S deposition was
similar to that of cumulative N deposition (Fig. S1 in the

ESM). The high S and N deposition on the Sea of Japan

side was consistent with the spatial trend in recent obser-
vations at the rural EANET (Acid Deposition Monitoring

Network in East Asia) monitoring site since 2000 (Seto

et al. 2007; Endo et al. 2011). The observations indicated

that the source of deposition on the Sea of Japan side was

the East Asian continent. The results of an isotopic
approach also demonstrated that S deposition in Niigata

Prefecture, which is located in the middle of the Sea of

Japan side, is affected by SO2 emitted from China, in
addition to sea salt and local anthropogenic, biogenic, and

volcanic S (Ohizumi et al. 1997, 2001). The high CPAD in

central Japan might have been caused by emissions in the
Chukyo industrial zone, which exhibits some of the most

severe air pollution in Japan, in addition to the relatively
high rainfall in the area (Morino et al. 2011). The high

mountains in central Japan play a dominant role in the high

CPAD in the area as they block the movement of pollutants
released from large urban areas such as Chukyo and Tokyo

(Kitada et al. 2000). CPAD was generally low for isolated

islands and the Pacific coasts of Hokkaido, Tohoku, Kan-
sai, and Shikoku.

Aggregation of soil and bedrock sensitivities

Before overlaying the coarse-resolution mesh of CPAD

with the fine-resolution mesh of soil and bedrock sensi-
tivities, the optimal mesh size for the aggregation was

determined using a geostatistical approach. Visually, the

computed indicator semivariograms for soil sensitivity and
bedrock sensitivity fitted well for spherical models with 2

and 3 spatial structures, respectively (Table 4 and Fig. S2

in the ESM); the semivariograms showed a multiscale
spatial pattern in both categorical values on the Japanese

archipelago. In particular, for the soil and bedrock sensi-

tivities, the partial sills at ranges of 21 and 26 km (b1) were
larger than those at ranges of 80 and 62 km (b2), indicating

a stronger degree of spatial structure at 21- and 26-km

intervals. This also suggested that 21 and 26 km were
effective (maximum) sampling intervals for detecting the

geometric spatial pattern. A range of 135 km for the sen-

sitivity of bedrock was not employed because this was
much longer than the 80-km mesh size of the CPAD mesh.

Thus, the original fine-resolution map was aggregated to a

coarser resolution, a 20-km mesh, for both soil sensitivity
and bedrock sensitivity after a cutoff of 10 km units

(Fig. S3 in the ESM). This was the maximum size that

allowed an aggregation to maintain its spatial structure.
The 80-km CPAD mesh was divided into 16 squares,

(keq ha-1 25y-1)
12 - 20
21 - 28
29 - 38
39 - 51
52 - 75

Fig. 1 Spatial distribution of cumulative potential acid deposition
(CPAD) on the Japanese archipelago between 1981 and 2005

Table 4 Semi- and cross-
variogram model parameters for
soil sensitivity and bedrock
sensitivity

Model Nugget Partial sill Range (km)

b0 b1 b2 b3 a1 a2 a3

Soil Spherical 0.15 0.035 0.026 – 21 80 –

Bedrock Spherical 0.052 0.063 0.044 0.066 26 62 135

Soil vs. bedrock Spherical 0.003 0.007 0.0063 22 69

J For Res

123

Author's personal copy

Cumulative acid deposition for the 
period from 1981 to 2005

already occurred in other high-risk areas as a result of
unknown various factors, possibly including acid

deposition.

Conclusion

The relative risks of soil and surface water acidification

were mapped in the forest areas of Japan by overlaying the

CPAD simulated over the past 25 years with the soil and
bedrock sensitivities, using arbitrary weighting distribu-

tions. When the weight of bedrock sensitivity was greater

than the weights of soil sensitivity and CPAD, a trend for a
decline in the pH in surface water was found to occur to a

greater extent in relatively high-risk areas than in low-risk

areas. This result indicates that bedrock sensitivity plays an
important role in the risk of surface water acidification in

Japan. Thus far, the relationship between actual symptoms

of surface water acidification and possible environmental

factors has not been discussed at the national scale. The
evaluation performed in this study showed that surface

water acidification may have occurred in high-risk areas

due to various factors, including atmospheric deposition.
Therefore, risk maps offer a cost-effective approach for

monitoring certain receptor regions in proportion to the risk

of substances that are toxic to aquatic organisms in forest
areas. These maps also suggest the need for long-term

ecological monitoring in high-risk areas to detect future
acidification.
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Relative risk map of surface water 
acidification based on soil and 
bedrock sensitivities.

The black dots represent the points where 
the river water acidification was observed.

The national monitoring data contributed 
to verification of the results.

already occurred in other high-risk areas as a result of
unknown various factors, possibly including acid

deposition.

Conclusion

The relative risks of soil and surface water acidification

were mapped in the forest areas of Japan by overlaying the

CPAD simulated over the past 25 years with the soil and
bedrock sensitivities, using arbitrary weighting distribu-

tions. When the weight of bedrock sensitivity was greater

than the weights of soil sensitivity and CPAD, a trend for a
decline in the pH in surface water was found to occur to a

greater extent in relatively high-risk areas than in low-risk

areas. This result indicates that bedrock sensitivity plays an
important role in the risk of surface water acidification in

Japan. Thus far, the relationship between actual symptoms

of surface water acidification and possible environmental

factors has not been discussed at the national scale. The
evaluation performed in this study showed that surface

water acidification may have occurred in high-risk areas

due to various factors, including atmospheric deposition.
Therefore, risk maps offer a cost-effective approach for

monitoring certain receptor regions in proportion to the risk

of substances that are toxic to aquatic organisms in forest
areas. These maps also suggest the need for long-term

ecological monitoring in high-risk areas to detect future
acidification.
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A traial on the regional scale
• By using the critical load approach, which was 

utilized for regional assements in Europe, 
possible risks on acidification and 
eutrophication (N saturation) were assessed 
on the regional scale.

• The results were compared to the EANET 
monitoring data, including the data at KMR. 

(Yamashita et al. 2022, Science of the Total 
Environment)

• Methodological studies on impact 
assessments on the regional scale should be 
promoted in cooperation with other research 
communities.



Summary
• Improvement of atmospheric environmental quality has not necessarily 

progressed in the same way in these forested catchments in different climatic 
zones, although decreasing trends of atmospheric deposition have been 
observed in some of sites. 
• Recovery from acidification and/or N saturation has not necessarily been 

observed in these forested catchments with decrease in atmospheric 
deposition.
• Changes in seasonality (especially precipitation pattern) in different climatic 

zones may have an important role in the recovery processes above. 
• The site-specific data including the EANET observational data should be 

compared and characterized by comparison with regional assessment trials 
for the future development of the regional network. 
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