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Response of river water chemistry to changing atmospheric
environment and sulfur dynamics in a forested catchment
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Abstract Reduction of atmospheric sulfur (S) depo-
sition and recovery of terrestrial ecosystems from
acidification are matters of concerns in Asia. The Lake
[jira catchment (IJR) is located in the downwind
region of the Chukyo Industrial Area in central Japan
and has historically experienced large-scale deposi-
tion of S and nitrogen (N) from the atmosphere. Long-
term monitoring data on the river water (RW)
chemistry since 1988 were assessed with intensive-
survey datasets on the input—output material budgets
and S isotopic analysis (8°*S). Previous studies have
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suggested that IJR was acidified and N-saturated,
which was triggered by climatic anomalies (cold
summer and drought summer) in the mid-1990s.
Analysis shows that with a decline in NO; concen-
trations, RW pH recovered to its original level in the
early 2000s. Reductions in atmospheric deposition,
diminished effects of climatic anomalies, and forest
management practices, have all contributed to RW
chemistry recovery. Although the SO?[ concentration
in the RW has declined continuously after the peak in
1994, the mean SO~ output significantly exceeded
the input; the 5-year means from 2010 to 2014 are
2.5 kmol, ha™' year™' and 0.86 kmol. ha' year ',

T. Inoue
Toyohashi University of Technology, Toyohashi, Japan

T. Yamada
Gifu University, Gifu, Japan

I. Tayasu - T. Nakano
Research Institute for Humanity and Nature, Kyoto, Japan

T. Hakamata
Hamamatsu Photonics, Tsukuba, Japan

S. Ohta
Kyoto University, Kyoto, Japan

Present Address:

T. Saito

Niigata Prefectural Institute of Public Health and Environ-
mental Sciences, Niigata, Japan

@ Springer


http://orcid.org/0000-0001-9129-4339
http://orcid.org/0000-0002-6109-0826
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-019-00540-1&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-019-00540-1&amp;domain=pdf
https://doi.org/10.1007/s10533-019-00540-1

358

Biogeochemistry (2019) 142:357-374

respectively. The mean 5°*S values of SO3™ in
rainwater and soil solution at 20 cm depth were
4.3 %o and 3.5 %o, respectively, and that in the RW
was —13.2%o. The contributions of groundwater S to
the RW S were estimated to range from 75 to 91%.
Geological S with significantly low &°*S values
largely contributed to the discrepancy of the input—
output budget, while atmospheric S appeared to
accumulate in soil as organic S. The tree-ring 3**S
profile recorded historical changes in the atmospheric
inputs in the region. With recovery of the RW, the
relative contribution of atmospheric S became smaller.
However, most of the atmospheric S is still retained in
soil. Over the last few decades, RW chemistry has
sensitively responded to changes in the atmospheric
environment, including the atmospheric deposition of
S and N and climatic anomalies, and as future changes
are likely, long-term monitoring is essential.

Keywords Atmospheric deposition - Geology -
Isotopic ratio - Recovery - Sulfur - Mixing model

Introduction

Sulfur (S) deposited from the atmosphere is retained in
the soil-plant system in various forms, such as organic
S and adsorbed SOZ’ (e.g., Likens et al. 2002), and the
S accumulating capacities vary depending on the soil
type (Tanikawa and Takenaka 1999; Tanikawa et al.
2009). Retention and release processes of SOLZ" in
terrestrial ecosystems are accompanied by H™ transfer
(Van Breemen et al. 1983). Additionally, changes in S
biogeochemistry affect the mobilization of cations,
including HY, AIPY, Ca*t, Mg”, and K", and the
acidification of watersheds (Mitchell and Likens
2011). Therefore, reduction of emissions and recovery
of terrestrial ecosystems from acidification remain
matters of concern, even in Europe and North America
where atmospheric S deposition has already declined
significantly over the last decades (e.g., Mitchell et al.
2011, 2013; Vuorenmaa et al. 2017). Meanwhile, the
atmospheric environment in Asia has been changing
dynamically. SO, emissions in Japan have been
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declining continuously since the significant peak in
the 1960s/1970s (Smith et al. 2011; Kurokawa et al.
2013). In China, SO, emissions increased significantly
from the 1980s until a peak in 2006 and then started
declining gradually (Ohara et al. 2007; Lu et al. 2011;
Kurokawa et al. 2013). Responses of terrestrial
ecosystems to the changing atmospheric environment
should be investigated carefully in the region.

The Chukyo Industrial Area near Nagoya in central
Japan is the largest industrial area in Japan, and the
surrounding area has historically experienced indus-
trially-derived air pollution, in particular in the 1950s/
1960s. Effects of the atmospheric deposition on
ecosystems have been suggested, mainly in central
Japan (Kurita and Ueda 2006; Yamada et al. 2007,
Matsubara et al. 2009; Nakahara et al. 2010; Ishida
et al. 2015a, b). Long-term declining trends of river
water (RW) pH have been found in the neighboring
three prefectures of central Japan, namely Nagano in
the 1980s/1990s (Kurita and Ueda 2006) and Gifu and
Niigata in the 1990s (Matsubara et al. 2009), espe-
cially in the rivers draining from acid-sensitive
lithologies, such as granite, rhyolite, and chert. These
acidified rivers in central Japan were included in the
high-risk areas in the risk map for surface water
acidification developed by Yamashita et al. (2016).
Moreover, the S isotopic ratio (8**S) in tree rings
collected near the Chukyo Industrial Area indicates
effects of the large atmospheric inputs in the 1960s/
1970s (Ishida et al. 2015a, b).

The Lake Ijira catchment (IJR) in Gifu Prefecture,
located approximately 45 km north—northwest from
the central part of Nagoya City and in the downwind
region of the Chukyo Industrial Area, has historically
experienced large-scale deposition of S and nitrogen
(N) from the atmosphere (Yamada et al. 2007;
Nakahara et al. 2010). The Ministry of the Environ-
ment of Japan (MOEJ) has been monitoring the
chemical properties of the lake, inflowing rivers, and
soil in IJR since 1988. The MOEJ has been monitoring
wet deposition using a wet-only sampler since 1999,
and it has also monitored air concentrations by a filter-
pack method and automatic monitors to estimate dry
deposition flux (Nakahara et al. 2010). The monitoring
data above in IJR have been submitted to the Acid
Deposition Monitoring Network in East Asia
(EANET) and disclosed annually since 2000 in the
EANET data report (e.g., EANET 2015), as well as in
the national report of MOEJ (e.g., Ministry of the
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Environment 2014). Based on the monitoring data,
Yamada et al. (2007) found that the pH of the lake and
RW had declined with an increase of NO5 concen-
trations since the mid-1990s. Successively, Nakahara
et al. (2010) identified a rapid decline of soil pH within
the catchment over the 1990s and an increase of river
NO;5 concentrations during the growing season since
the mid-1990s. They suggested that climatic anoma-
lies altered the biogeochemical processes, resulting in
the acidification and N saturation of IJR in the mid-
1990s. Moreover, SO~ concentrations in the RW
increased greatly during the period of acidification
(Nakahara et al. 2010), and the possibility of S
accumulation in the ecosystems has also been dis-
cussed (EANET 2011).

Although the SO, emissions in the region have been
declining recently (Lu et al. 2011; Kurokawa et al.
2013), it has not yet been determined how forest
ecosystems in Japan have responded to this decline in
S deposition. Duan et al. (2016) showed that leaching
of SO?[ is relatively low in many stream waters in
Japan and southwestern China, even in areas with high
S deposition, which indicates that soil has a high SO;~
adsorption capacity and that desorption of SO~ may
delay soil recovery from acidification. The dynamics
of S in ecosystems should be monitored carefully
during the process of recovery, as was suggested in the
cases in Europe (Vuorenmaa et al. 2017) and North
America (Mitchell et al. 2011). Therefore, as IJR has
experienced high S and N deposition, the S dynamics
need to be carefully evaluated.

Isotopic analysis is a useful tool for evaluating such
dynamics. The 84S value of SOi_ in rainwater (RF) is
a source-specific value, which is useful for assessing
the origin of the S, such as coal, oil, and their
producing areas (e.g., Ohizumi et al. 2016). Isotopic
values of samples from forests, such as from soil
solution, tree rings, and RW, have also been utilized to
discuss S dynamics in ecosystems (e.g., Ishida et al.
2015a, b; Novak et al. 2000). Water precipitated in
mountainous forest area penetrates downward into
unsaturated soil as soil solution, mixes with ground-
water present in the lower soil and underlying rocks,
and then flows out as RW. The SO~ concentration
and the 8°*S value in the RW can be determined using
the mixing ratio of different-source waters that may
have different SOi_ concentrations and/or S isotopic
values. A mixing model using the &°*S values can

estimate contributions of the respective end members
(such as RF, soil solution, and groundwater) to the RW
(e.g. Hosono et al. 2007). Moreover, 5**S values in
tree rings record historical changes in the S-cycle
within soil-plant systems within forests, which also
clearly reflects changes in the origin of S deposition
(Ishida et al. 2015a, b).

In this paper, we synthetically assess monitoring
data on atmospheric deposition and RW chemistry
over the last few decades and recent integrated surveys
providing input—output material budgets and S iso-
topic ratios. Based on these data, we clarify the
response of RW in IJR to changes in the atmospheric
environment, including the atmospheric deposition of
S and N and climatic anomalies, and how atmospheric
S has behaved in the ecosystem and contributed to the
RW chemistry.

Methods
Study site

Lake Ijira (35:34:02.7 N 136:41:58.7 E) is a reservoir
in Yamagata City, Gifu Prefecture, central Japan. The
Kamagatani River, which flows into the lake, was
mainly investigated in this study (Fig. 1). The bedrock
of the catchment area (298 ha, within the bold line in
Fig. 1) is mostly chert that was mainly formed in the
Middle Triassic to Early Jurassic periods (Yoshida and
Wakita 1999) but is also part of the melanges formed
during the Late Jurassic to Early Cretaceous periods in
the Mino Terrane (Wakita 1988). The Mino Terrane in
Gifu and Shiga Prefectures is an accretionary wedge
sedimentary complex that is connected to the Tanba
Terrane in Kyoto and Hyogo Prefectures. Together,
these terranes form a large sedimentary complex belt
from central to western Japan called the Mino-Tanba
Terrane. The dominant soil type is Cambisols. The
dominant vegetation is Japanese cypress (Chamaecy-
paris obtusa Sieb. & Zucc., 49% of the catchment
area), followed by broadleaf trees (a mixture of several
species, 29%), Japanese red pine (Pinus densiflora
Sieb. & Zucc., 13%), and Japanese cedar (Cryptome-
ria japonica D. Don, 8%). The forest floor is covered
with various plant species: 22 species, such as
Camellia sinensis (L.) Kuntze and Cleyera japonica
Thunb, were recorded at the vegetation monitoring
plot close to RW2 (EANET 2013a).
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Fig. 1 Sampling layout in IJR. RW1 and RW2, measurement
points for river water chemistry and discharge rate; Station, Ijira
deposition-monitoring site; WD, collection of “wet deposition”
samples by a wet-only sampler; DD, measurement of air
concentrations and meteorological data for estimation of the flux
by “dry deposition”. Rain gauges were installed at three points
on the mountain slope, namely, Akatani (260 m above sea

Sampling of river water and measurement
of discharge

RW samples have been collected from the lake inflow
quarterly since 1988 (shown as RW2 in Fig. 1). In
addition to the historical sampling point RW2, sam-
ples have been collected at an upstream point (RW1 in
Fig. 1) every 2 weeks or twice a month since 2005 to
estimate material fluxes from the river more precisely.
In this paper, the quarterly data collected at RW2 are
used to assess the long-term trends of RW chemistry,
and the biweekly/semimonthly data collected at RW1
are used to estimate material budgets in the catchment.

In addition to the regular surveys described above,
intensive surveys were carried out during heavy-rain
events to characterize typical high-flow events. To
collect water samples during these events, an auto-
matic liquid sampler (ISCO 6700, Teledyne ISCO,
USA) was installed at RW1 and set to collect samples
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level), Station (140 m a.s.l.), and Lakeside (110 m a.s.l.). The
rainwater, soil solution, and tree rings for S isotopic analysis
were collected at Station, near RW2, and along the Kobora
River, respectively. The bold line indicates the catchment area
for RW1 (298 ha). Nagoya and Yokkaichi are major cities that
form the Chukyo Industrial Area. Yokkaichi and Inabu-cho are
the sampling sites for tree ring analysis by Ishida et al. (2015b)

at intervals of 1 h. Intensive sampling for 48 h was
carried out during each event. Finally, typical heavy-
rain events were detected twice: once each in 2006 and
2007.

The discharge rate was estimated using the velocity
area technique, whereby water depths and flow
velocities are measured at a cross section of a river
(Nakahara et al. 2010). Water depth was measured
basically at 50-cm intervals across the RW flow, and
flow velocity was measured at the middle points of
each 50-cm split using a flow meter. Then, discharge
was calculated based on the flow volume of each split.
The measurement described above was conducted at
RW1 and RW2. Water level was recorded continu-
ously at 10-min intervals using a water level logger
(U20, HOBO, USA) installed at RW1. Discharge was
estimated based on the equation between water level
and discharge. The discharge was expressed in mm
based on the catchment area for RW1 (298 ha, bold
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lined area in Fig. 1). Because the discharge at RW2
seemed to be underestimated due to underground or
hyporheic flow, especially for low-flow periods, the
discharge at RW1 was used for evaluation of water and
material budgets.

Measurement of wet deposition and air
concentrations for dry deposition

Collection of RF using a wet-only sampler (US-420,
Ogasawara, Japan) has been conducted weekly since
1999 at the Ijira deposition-monitoring site (Station in
Fig. 1; 140 m above sea level), although biweekly
sampling using a filtering-type bulk sampler (Tamaki
et al. 2000) was conducted from 1988 to 1998 near
RW2. The wet-only sampler was equipped with a
refrigerator. The RF samples were transported
biweekly to the laboratory. In this paper, the monthly
data since 2000, which have been disclosed annually
in the data reports of the EANET (e.g., EANET 2015),
are used for assessment of the wet deposition.

Precipitation was measured using a standard rain
gauge (Ogasawara, Japan) at Station. Additionally,
two rain gauges were installed at Akatani (260 m
a.s.l.) and Lakeside (110 m a.s.1.) in 2005 to check the
precipitation distribution within the catchment. The
rain gauge location of Lakeside was moved approx-
imately 300 m from the point near RW?2 to its current
position in 2011.

Air concentrations of SO, and NOyx were measured
using automatic monitors (APSA-365; APNA-365,
Horiba, Japan). Concentrations of gaseous SO,,
HNO;, and NH; and particulate SO?[, NO5, and
NH; in the atmosphere were determined biweekly
using a four-stage filter-pack method (EANET
2013b). For SO,, the automatic data were used to
estimate the flux. Meteorological factors (wind speed,
temperature, relative humidity, solar radiation, and
precipitation) were also measured at Station to calcu-
late dry deposition velocities, Vg .

Chemical analysis

The pH, electrical conductivity (EC), and concentra-
tions of major ions (C1~, NOj, SOi_, Nat, K+, Ca™,
Mg>*, and NH)) in the water samples described above
were determined according to the methods described
in the EANET technical manual (2010a, b). The pH

was measured using a glass electrode (HM-40V, HM-
30R, HM-60G, DKK-TOA, Japan), and the EC was
measured using a conductivity meter (AOL-40, CM-
60G, DKK-TOA). RF samples, RW samples, and
extract solutions from the filters for dry deposition
were passed through a membrane filter (pore size,
0.45 um) and stored in a refrigerator (4 °C) prior to
chemical analysis. The concentrations of inorganic
ions (CI~, NO3, SO3~, Na*, K*, Ca**, Mg*", and
NH;) were determined using ion chromatography
(IC7000, Yokogawa, Japan; HIC-SP Super, HIC-10A
Super, Shimadzu, Japan, DX-500, Dionex, USA, ICS-
1100, ICS-2100, Thermo Fischer Scientific, USA),
and concentrations of H™ ions were calculated from
the pH values. The ion concentration was expressed in
micromoles of charge per litre (umol. L™"). The non-
sea-salt (nss) fraction of SOi’ was estimated from the
concentrations of Na* and the component ratio of
seawater (EANET 2010a). In addition to the ion
constituents above, since 1988 concentrations of
dissolved organic carbon (DOC) in the RW (RW2)
have been determined using an organic carbon
analyzer (TOC-L, Shimadzu, Japan), although the
data are missing for the period from 1999 to 2002. The
DOC concentration is expressed in milligrams per litre
(mg Lfl).

Input and output budget

Atmospheric inputs (total deposition) of ion con-
stituents to IJR were calculated as the sum of the fluxes
by wet deposition and dry deposition. As described in
“Water and material budgets” section, the annual
precipitation amounts measured at Station, which is
located at a middle altitude valley, were 10-20%
lower than those at Akatani at higher altitude (see the
locations in Fig. 1); therefore, the annual fluxes by wet
deposition were estimated as the product of annual
mean concentration of RF collected at Station and the
mean precipitation amounts of three points including
Lakeside. Fluxes by dry deposition were estimated by
the inferential method (Endo et al. 2011; EANET
2013c). The land-use category was defined as “forest”
to estimate the fluxes. The annual input was expressed
in kilomoles of charge per hectare per year
(kmol, ha™! yearfl).

The output of ion constituents from the catchment
for RW1 was determined by multiplying the average
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measured concentrations of dissolved constituents in
RW sampled at the beginning and end of an interval by
the flow volume during a given period (Likens and
Bormann 1995). The annual output was also expressed
in kmol. ha' year™' by taking the catchment area
(298 ha) into account. In this paper, budgets of S,
dissolved inorganic N (DIN) as the sum of NO3 and
NH; , and CI~ are shown.

Sulfur isotopic analysis

The §>*S value of SOi_ in RF, soil solution, and RW
was determined monthly from April 2014 to January
2017. The RF samples were collected using the
filtering-type bulk sampler at Station. The collection
was carried out twice each month, but the composite
sample for each month was determined to have
obtained sufficient amounts of S for the isotopic
analysis (> 5 mg as BaSO,) and was therefore used
for analysis. The soil solution samples were collected
once each month after precipitation using a porous-cap
sampler (DIK-8390-11, DIK-8390-58, Daiki, Japan)
from 20 cm depth at three positions, upper, middle and
lower, on the slope close to RW2. Samples from
60 cm depth were collected only at the lower position.
Four samplers were installed for each depth of each
position. Composite samples of the four samplers were
used for determination of the isotopic ratio. The RW
samples were collected monthly at RW1 and RW2.
The SO~ in the samples was concentrated by
evaporating the water and was precipitated as BaSO,
for the isotopic analysis (Ohizumi et al. 2016). The
BaSO, precipitates were analyzed using a mass
spectrometer equipped with an elemental analyzer,
EA-IRMS (EA2500—Delta Plus via Conflo II,
Thermo Fisher Scientific). The S isotopic ratio was
expressed in conventional delta notation:

35 () = ((*8/78) /(¥/%5) 1)
x 1000, (1)

where x and CDT indicate a sample and Canyon
Diablo Troilite (as the standard substance), respec-
tively. The overall precision of the S isotopic analysis
was controlled to be less than 0.2 %o.

Tree disk samples were collected in July 2013 from
three stumps of 110-year-old Japanese cedar trees
along the Kobora River, near the point of inflow to the
lake (see Fig. 1). The trees were cut in 2010. The S

@ Springer

isotopic analysis of the disk samples was conducted
according to the methods described in Ishida et al.
(2015b). The disk samples were divided with a chisel
into groups from the bark to the pith in 5-year tree ring
intervals. After washing with deionized water and
drying for 48 h at 80 °C, the samples were ground
using an electric-powered mill. The ground samples
were digested using 69% HNO; and 30% H,O,. After
evaporating the acids to dryness, the samples were
dissolved again in 30% H,O, and then the SO?[ was
precipitated as BaSO, for the isotopic analysis. The
3**S of the BaSO, precipitates was analyzed using an
EA-IRMS (Flash HT—Delta V Plus via Conflo IV,
Thermo Fisher Scientific). The precision was within
0.3 %o.

Mixing model using the isotopic data

To estimate contributions of possible S sources to the
RW, a mixing model was applied with three end
members, namely, wet deposition (RF), soil solution,
and groundwater. Referring to the mixing model by
Hosono et al. (2007), the following mass balance
equations were considered:

Srw = Wded + Sssfﬂs + Sgwfgwa (2)

634Srw = 634Swd (Swd/Srw)fwd + 834553 (Sss/Srw) ss
+ 634Sgw (SgW/SrW) aws
(3)

(0<fud, fiss OF fow<1),  (4)

where S is SO~ concentration in mg L' and the
subscripts rw, wd, ss, and gw represent RW, wet
deposition, soil solution, and ground water, respec-
tively. The fraction of each end member to form the
target concentration of the RW is indicated by f.
Contributions of the respective end members to the
RW S in percentage can be calculated as follows:

(Swa/Srw)fwa % 100, (Sss/Sew)fss X 100, or 5)
(Sew/Sew)few % 100.

fwd +fss +fgw =1

Quality control and assurance

The quality of all the measurement processes was
controlled according to the quality control and quality
assurance procedures specified in the technical
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manuals of the EANET (2010a, b). Ion balances and
theoretical values of EC were assessed for all
measured data of the water samples. The RF and
stream water used for this analysis generally had no
significant error component based on the monitoring
criteria. However, for the wet deposition data in 2006,
the data completeness regarding the coverage of
precipitation period and/or collected precipitation
amounts was lower than 80% in 3 months (EANET
2007). Moreover, the monthly data in April 2006 is
missing, which indicates an underestimation of the
annual fluxes in the year. Therefore, these annual
fluxes by wet deposition in 2006 are flagged with
asterisks in Fig. 4. The laboratories have been partic-
ipating in inter-laboratory comparison projects annu-
ally for RF samples since 1991, for the filter-pack
method since 2005, and for inland water samples since
2000 to ensure and control the analytical quality of the
data obtained (e.g., Network Center for EANET
2015).

Data analysis

In this paper, we define a water year (WY) as the time
interval from November of one year to October of the
next year, taking account of the hydrological pattern,
and, for convenience, we identify each WY by the year
in which it ended. For example, the WY from
November 2013 to October 2014 is called ‘WY 2014°.

For the input—output budgets, the monthly data of
wet deposition based on weekly sampling were used to
calculate the annual inputs, and the actual collection
dates at RW1 in the end of October or the beginning of
November were applied to calculate the annual water
balance and annual outputs from the RW. Although
the total number of days for the respective WYs
fluctuated by several days depending on the actual
collection dates, the annual precipitation amounts
based on the monthly wet deposition data and those
based on the daily rain-gauge data on the collection
dates agreed well within 3%.

Statistical analysis was conducted using R version
3.0.2 (R Core Team 2013) with the package “Rcmdr”
version 2.0-0 (Fox 2005). The Pearson correlation
coefficient (Pearson’s r) was used to assess correla-
tions among the RW chemistry. The seasonal Mann—
Kendall trend test with the package “Kendall” version
2.2 (Mcleod 2011) was used to test for trends of
quarterly data of the RW or monthly data of the wet

deposition during the observation period. As a
dynamic change in RW chemistry has been evident
in IJR over the past few decades, a trend analysis was
applied to periods before and after the inflection
points.

Results
River water chemistry

Long-term trends of the RW chemistry at RW2 are
shown in Fig. 2. The pH increased until 1996
(» =0.0044) and then declined until 2003
(» < 0.0001). Then, pH recovered suddenly to the
original level of around 7.0 in 2004 and became stable.
Concentrations of SO?[ increased rapidly after a slight
declining trend until 1996 (not significant, p = 0.072),
peaked in summer 1994, and then declined thereafter
(p < 0.0001). Concentrations of NO3 increased until
2005/2006 (p < 0.0001) and then declined signifi-
cantly (p < 0.0001). A significant high concentration
of NO3 was also observed in summer 1994. The ratio
of basic cations to strong-acid anions (BCs/SAAs)
generally increased until 1996 (p = 0.0054) and then
declined until 2003 (p = 0.0001), although a sudden
drop and peak were observed in 1994 and 2001,
respectively. Then, the BC/SAA ratio increased grad-
ually again from 2003 (p = 0.030). Concentrations of
DOC increased until 1997/1998 (p < 0.0001).
Although the data were missing for the period from
1999 to 2000, DOC declined thereafter (p = 0.0028).

Changes in concentrations of SO;~ and NO3 with
the discharge rate of RW are shown in Fig. 3. Two
typical heavy-rain events, which were detected in 18—
20 July 2006 and 13—15 July 2007, are plotted with the
regular biweekly/semimonthly sampling data since
2005. The SO~ concentration declined with increase
of the discharge rate, and the lowest concentration,
74.7 umol, L™ ! was observed at the discharge rate of
0.000879 mm s~ . Then, the SO%’ concentration
rather increased with the discharge rate, although it
tended to decrease in high discharge rates of more than
0.0025 mm s~'. The NO; concentration increased
with the discharge rate in general, although it also
tended to decrease in the high discharge rates. During
the high-discharge period (> 0.000879 mm s~ ") until
0.0025 mm s~!, concentrations of SOi_ correlated
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Fig. 3 Changes in concentrations of SO?[ (a) and NOj
(b) with the river water discharge rate during heavy rain events.
The 1-h sampling data at RW?2 during the heavy rain events of

positively with those of NO;3 (Pearson’s r 0.577,
p =0.0001) and the discharge rate (0.487,
p = 0.0017), while negative correlations (— 0.310
and — 0.707, p < 0.0001 and < 0.0001, respectively)
were observed during the low-discharge period
(< 0.000879 mm sfl). However, no seasonality was
found for the NOj concentration, and no correlation
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18-20 July 2006 and 13-15 July 2007 are plotted together with
the regular biweekly/semimonthly sampling data since 2005

was observed between NOj3 concentrations and RW
temperature (Pearson’s r 0.0639, p = 0.316), while the
SO?[ concentration was negatively correlated with
temperature (—0.423, p < 0.0001, the detailed data
are not shown here).
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Trends of wet deposition

Changes in annual fluxes of SO, DIN, and H" by
wet deposition are shown for the period from 2001 to
2014 in Fig. 4. The fluxes showed a declining trend for
the observation period (by seasonal Mann—Kendall
test for monthly data, p = 0.00068, 0.022, and 0.0080,
respectively), while the precipitation amounts showed
no trend (Fig. 4). During the period above, distinct
peaks in SO%’ and DIN were observed in 2006, even
though the fluxes must be underestimated due to the
missing data in April (see “Quality control and
assurance” section). In particular, after the peaks in
2006, the fluxes showed a clear declining trend
(» = 0.0010, 0.010, and 0.0061, respectively). For
DIN, the fluxes of both NO; and NH; by wet
deposition showed a clear declining trend since 2006
(p = 0.0096 and 0.0055, respectively), and that of nss
SO?[ also showed a declining trend simultaneously
(p = 0.00051, detailed data are not shown here). The
BC/SAA ratio of the fluxes declined significantly for
the observation period (p = 0.00015), although the
fluxes of base cations, such as Ca’*, Mg”, and K™,
also declined (p = 0.00052, 0.015, and < 0.0001,
respectively, the detailed data are not shown here).

1.6 4000
Precipitation
14 -0-S0,+
* -B-DIN
N 3500
1.2 ﬁ \\ oH

\ [1]\

\ //'*\gk |
NS
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Fig. 4 Changes in precipitation amount and annual fluxes of
SOAZ[, dissolved inorganic nitrogen (DIN), and H' by wet
deposition. *, The data completeness regarding the coverage of
precipitation period and/or collected precipitation amounts was
lower than 80% in 3 months (EANET 2007). The water year
(WY) is defined as the time interval from November of one year
to October of the next year. The WY 2001 indicates the period
from November 2000 to October 2001. DIN was calculated as
the sum of NO; and NH;

Water and material budgets

The mean annual water budget for the five WYs from
2010 to 2014 is shown in Fig. 5a. Precipitation
amounts were generally larger at Akatani than at
Station and Lakeside throughout the survey period.
The five-year mean precipitation amount at Akatani
was approximately 20% larger than that at Station.
The mean discharge amount (1964 mm year_l) cor-
responded to 58% of the mean precipitation amount
(3345 mm year™'). The mean annual budgets of
SOﬁ‘, DIN, and Cl™ are shown in Fig. 5b. For the
inputs, the contributions of dry deposition were very
small, 4.3, 8.2, and 0.4% for SO?{, DIN, and CI7,
respectively (the detailed data are not shown here).
The mean outputs of SO~ and Cl~ significantly
exceeded the inputs, while the DIN output was smaller
than the input. In particular, the SO?[ output was three
times larger than the input: 2.5 4+ 0.34 and
0.86 + 0.038 kmol. ha™' year™', respectively.

Sulfur emission trends in Japan and the isotopic
profile recorded in tree disks

The 5°*S values of tree disks are plotted with the age of
tree ring in Fig. 6b, together with the tree-ring data
obtained in Yokkaichi City (YOK) and Inabu-cho in
Toyota City (INA) within the Chukyo Industrial Area
(Ishida et al. 2015b) and the S emission trends over the
last century in Japan (Ohara et al. 2007; Smith et al.
2011; Kurokawa et al. 2013) in Fig. 6a for compar-
ison. Anthropogenic S emissions to the atmosphere in
Japan increased rapidly in the 1960s, peaked in 1969,
and then declined steeply thereafter until the begin-
ning of the 1980s (Fig. 6a). The 3**S profiles in tree
disks were the converse of the emission trend profiles
(Fig. 6b). The 5°*S values of tree disks in YOK (which
is famous for its petrochemical complexes) declined
steeply in the 1960s and the lowest values
(— 7.0 £ 0.2 %o, the mean value of three stumps with
its standard error) were observed in 1970, as shown in
Fig. 6b. The values recovered promptly in the 1980s
and then increased gradually. The tree disks in INA,
which is far from the largest source, YOK (see the
location in Fig. 1), showed a similar profile and the
lowest value was — 0.3 & 0.8 %o. The §°*S values of
tree disks in IJR also declined in the 1960s, but the
timing was slightly later than those in YOK and INA.
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Fig. 5 Water budget (a) and the budgets of SO, dissolved
inorganic nitrogen, and C1™ (b). The mean annual fluxes for the
five water years from 2010 to 2014 are shown with standard
errors in the respective items. Mean precipitation amount was
calculated based on the precipitation amounts at Akatani,
Station, and Lakeside in Fig. 1, whereas discharge amount was

The lowest values in IJR (— 1.6 £ 0.5 %0) were
observed in 1983 (Fig. 6b), then the values increased
gradually. In the early 2000s, the 8°*S values of tree
disks in the three points became approximately 2 %o.

Sulfur isotopic ratios of rainwater, soil solution,
and river water

Seasonal changes in the 8**S values of RF, soil
solutions, and RWs for the period from April 2014 to
January 2017 are shown in Fig. 7. The 5°*S values in
RF showed a distinct seasonality, low in summer and
high in winter. The lowest 5%*s values, recorded in
September 2014, August 2015, and August 2016, were
2.8, 1.5, and 1.4 %o, and the highest values, recorded in
December 2014, January 2016, and January 2017,
were 8.0, 7.5, and 6.6%o, respectively. The flux-
weighted mean 5°*S value of RF was 4.3 %o. The 5°*S
values of soil solutions in the shallow soil layer (20 cm
depth) were relatively stable during the observation
period: the mean values with standard errors were
3.8 £ 0.1 %0,3.7 £ 0.2 %0,and 3.3 & 0.1 %o in U20,
M20, and L20, respectively. The 52*S values in the
deeper soil layer (60 cm depth) were slightly lower
than those in the shallow soil layer: the mean value in
L60 was 2.5 £ 0.1 %o. The 8°*S values of RWs were
also relatively stable during the observation period and
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calculated from the discharge rate of river water at RW1. Mean
inputs and mean outputs for SO?[, DIN, and CI™ were
calculated from total fluxes and ion concentrations of wet
deposition and dry deposition and from the discharge amount
and ion concentrations of river water at RW 1, respectively. DIN
was calculated as the sum of NO; and NH;

were significantly lower than those of RF and soil
solutions: the mean values were — 13.2 = 0.1 %o
and — 13.0 & 0.1 %o at RW1 and RW2, respectively.

The relationship between the 3**S values and the
discharge rate at the sampling time is shown for RW1
in Fig. 8. The 8**S values were positively correlated
with the discharge rate (Pearson’s r 0.473,
p = 0.00474). More negative values were observed
at lower discharge rates.

Mixing model to estimate the contribution of each
end member

The relationships between the 8**S values and the
reciprocal of the SO;~ concentrations for the three
waters are shown in Fig. 9. For the RW, only the data
of RW1 are plotted, because the data of RW2 almost
fully overlap those of RW1. The 8**S values of RF did
not show a meaningful relationship with the SO;~
concentration. No significant correlation was found
between them (Pearson’s r 0.0432, p = 0.808). The
3*'S value of soil solution tended to decrease with
increase of SOﬁ_ concentration at all the three sites,
although both values fluctuated largely at individual
points. Consequently, the &°*S values showed a
significant positive correlation with the reciprocal of
SO2~ concentration (r 0.439, p < 0.0001). The §**S
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values of the RW showed stronger correlations with
the reciprocal of SOﬁ_ concentration (r 0.781,
p <0.0001). The maximum and minimum &S
values in RW1 were — 11.1 % and — 14.3 %o,
respectively. The linear regression line (a) for RW1
passed close to the mean value of RF and its y-axis
intercept was approximately — 17.7 %eo.

| B E
e

-15

Fig. 8 Relationships between 3**S value and discharge rate in
river water. Data of RW1 are plotted here with the discharge rate
at the sampling time

A linear relationship between the 5**S values and
the reciprocal of the SO}[ concentrations suggests that
mixing of two end members regulates the 5**S values
and that the y-intercept indicates the 8**S value of the
source responsible for elevated SO?[ concentrations
(Krouse 1980; Novak et al. 2001; Hosono et al. 2007,
Mayer et al. 2010). Points A, B, and C indicate the
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Fig. 9 Relationships between the §**S values and the recipro-
cal of the SO3~ concentrations. Refer to the caption of Fig. 7 for
the abbreviations. [SO?[], SO?[ concentrations in mg L' The
lines (a) and (b) indicate the linear regressions for the samples of
RW1 (y = 29.1910x — 17.7247, R*0.598, p < 0.0001, n = 34)
and the samples for soil solutions (y = 2.3634x + 2.1511, R?
0.184, p < 0.0001, n = 97), respectively. The points A, B, and C
indicate the mean RF value, the highest concentration SO?[
sample of soil solution, and the expected value of groundwater,
which are defined in Table 1

selected end members to represent wet deposition, soil
solution, and groundwater (Table 1). With this
assumption, the groundwater 3**S value was estimated
as the mean value of the lowest 8**S value (— 14.3 %o)
and the intercept (— 17.7 %o) of the regression line a)
in RW1. Fractions of the respective end members and
contributions to the RW S calculated by the mixing
model are summarized for the respective cases in
Table 2. When the mean values in RW1 (Case 1) were
applied to S, and &S, of Eqgs. (2) and (3),
respectively, the calculated fractions of the wet

deposition, soil solution, and groundwater to form
the target concentration (6.49 mg L™') were 0.64,
0.03, and 0.33, respectively. The contribution of S
derived from the groundwater to the RW S was
significantly high, 86%, due to its high SO;~ concen-
tration, while the contribution from the wet deposition
was small, 11.4%, due to its low SO?[ concentration.

Discussion

Recovery from acidification and nitrogen
saturation

The declining trends of the fluxes by wet deposition
seem to reflect the national emission trends. According
to the latest emission inventories of the pollutants,
emissions of SO, and NHj in Japan decreased from
2000 to 2008 by 12% and 10%, respectively, and NOx
emissions also began decreasing in 2005 after the
constant period until 2004 (Kurokawa et al. 2013). As
for the peaks in 2006, the high precipitation amount in
2006 compared to those in the year before and the
years after may have contributed to them (see Fig. 4),
although the peak of SO, emissions in China that year
(Luetal. 2011) may also have partly contributed to the
SOi_ flux. In the case of IJR, the contribution of wet
deposition was significantly larger than that of dry
deposition (Endo et al. 2011), as discussed later;
therefore it is suggested that the trends of the fluxes by
wet deposition reflected the trends of atmospheric
inputs to the ecosystem. The trend in SO?[ deposition
appears also to be clearly recorded in the profile of tree
ring S isotopic values, as discussed in the “Historic
record in tree rings and origins of S in river water”
section.

The RW in IJR in the mid-1990s was considered as
acidified and N saturated due to the climatic anomalies

Table 1 Selected end members that contributed to the river water S

End member  Definition [SO2 1 (mgL™") &S (%0)
A Wetdeposition Mean 5°*S and mean SOi’ concentration in RF 1.16 43
B Soil solution  The highest SO;~ concentration among the soil solution samples 5.17 25

C Groundwater

Mean value of the lowest 5>*S and the intercept of the regression line in RW1 17.0

—16.0

[SO%’], SO?[ concentration; RF, rainfall outside the canopy

@ Springer



Biogeochemistry (2019) 142:357-374

369

Table 2 Fractions and contributions of the respective end members to the river water

Cases [SO2"] (mg L™ 5*S (%o0) Calculated fraction Contribution to the river water S (%)
fwd fss fgw wd SS gw
(1) Mean 8**S 6.49 —13.2 0.64 0.03 0.33 11.4 2.6 86.0
(2) Max. 3*s 4.96 —11.1 0.70 0.08 0.22 16.3 8.6 75.1
(3) Min. 8**S 8.83 —14.3 0.49 0.04 0.47 6.4 2.1 91.4

Case, calculation conditions based on the 53*S values in RWI1; [SOﬁf], SOi* concentration; wd, wet deposition; ss, soil solution; gw,
groundwater; f, fractions of the respective end members; Max., maximum; Min., minimum

at this time (Nakahara et al. 2010). Since this period,
the RW has shown a stepwise recovery from the
acidification and N saturation. High concentrations of
SO;~ and DOC were observed for the period from the
mid-1990s to the early 2000s after the climatic
anomalies, although the timings of the peaks were
slightly different (Fig. 2b, d). Slight increases in SO?[
concentration observed during the high-flow events
(see Fig. 3a) suggest that S that had accumulated in the
shallow soil layer was leached out by the events.
Contamination with sea-salt S was not the cause of the
increase in SO?[ concentrations, as the Cl1~ concen-
tration declined during the high-flow events (detailed
data are not shown here). The speciation of S
compounds in the soils collected within IJR indicated
that total S contents in shallow soil layers (A horizons)
were quite large (> 1000 mg S kg~ ") and that more
than half of the total S was stored as S forms non-
extractable by phosphate solvent, of which the major-
ity might be organic S (unpublished data). Nakahara
etal. (2010) suggested that enhanced mineralization of
organic matter contributed to high concentrations of
SO?{, particularly after the dry summer in 1994 when
the annual precipitation was 1604 mm. Thereafter, as
of 2014, precipitation amounts lower than 2000 mm
were not recorded (EANET 2015; see also Fig. 4). The
decline of DOC concentration indicated that effects of
the enhanced mineralization became diminished in the
early 2000s. Accordingly, leaching of SO?[, which
produces H* (van Breemen et al. 1983), declined.
Finally, the RW pH recovered to the original level of
around 7.0 in 2004, just after the BC/SAA ratios
started increasing in 2003 (see Fig. 2). According to
the tree-ring analysis of thinned trees within the
catchment, tree growth rates declined in the mid-
1990s, just after the climatic anomalies, but increased
again in 2002/2003 (Nakahara et al. 2010), which
suggested recovery of N uptake by the trees.

Moreover, the thinning of trees as a forest manage-
ment practice was implemented within the catchment
area in 2002-2004 and 2006-2007 (Ministry of the
Environment 2012). This may also have enhanced N
uptake by trees and understory vegetation. Then, NO3
concentration started declining in 2005/2006. The
enhanced biological N uptake appears to be related to
areduction in the atmospheric NOj contribution to the
RW chemistry, as suggested by Tsunogai et al. (2014).
Based on an analysis of '’O excess of NOy5 , Nakagawa
et al. (2018) reported that the export flux of unpro-
cessed atmospheric NO5 relative to the deposition flux
could be used as the new index of N saturation, since
the flux ratio showed a clear normal correlation with
the mean NOj concentration in streams of several
forested catchments, including IJR. In their evalua-
tion, both the flux ratio of unprocessed atmospheric
NOj3 (6.5 &= 1.8%) and the mean NO5 concentration
(24.4 pmol, Lfl) in the period from 2012 to 2014 in
IJR were relatively low compared with those in other
catchments. The NO3 concentration was much higher
in 2005/2006 (> 40 pmol, L7 see Fig. 2), and it
appears that the flux ratio of unprocessed atmospheric
NO;5 was also higher at that time. The recent recovery
of biological N uptake may have lowered the flux ratio
of unprocessed atmospheric NO3 as well as the NO5
concentration in RW. Therefore, in addition to the
decline of atmospheric inputs, it is considered that the
diminished effects of climatic anomalies and recent
forest management have contributed to the recovery of
RW from acidification and N saturation.

Changes in RW chemistry with atmospheric acid
inputs have been reported recently in China. Increase
of SO3~ concentrations and decrease of pH, which
were observed in the 1990s in the tributary rivers of the
Upper Yangtze River, had stopped in the 2000s due to
stabilized SO, emissions (Duan et al. 2011). More-
over, Qiao et al. (2016) found that increasing trends of
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RW pH occurred in the area with reductions of SO,
and NOy emissions for the period from 2004 to 2014,
while decreasing trends continued to occur in the area
with increased NOyx emissions. These studies suggest
that the recovery of RW from acidification began in
the 2000s in some areas of China. As described above,
declining trends of RW pH were observed in the
1980s/1990s in central Japan, especially in the rivers
draining from acid-sensitive geology (Kurita and Ueda
2006; Matsubara et al. 2009). Moreover, according to
the water quality data at 638 observation points for
monitoring of public water bodies in Japan, a declin-
ing trend of pH was detected at 65, 61, and 31 points
while an increasing trend was detected at 91, 92, and
134 observation points in 1981-1990, 1991-2000, and
2001-2009, respectively (Yamashita et al. 2016).
Also, the number of points with increasing pH in
Japan increased in the 2000s. Therefore, recovery of
RW from acidification due to declining atmospheric
deposition seems to have been the trend at the regional
scale in China and Japan in the 2000s. For IR, the
decline in atmospheric deposition and the diminished
effects relating to climatic anomalies appear to have
contributed to the recovery from acidification and N
saturation.

Input—output budget and its uncertainties

The mean discharge rate in IJR was 58% compared to
the mean precipitation amounts of three different slope
positions. The data from the Japan Forestry Agency
showed that the runoff rates in forest watersheds in
Japan were in the range of 60 to 80% when the
precipitation amount was more than 2500 mm (Ogawa
2005). Although the discharge rate in IJR is at the
lower end of this range (or below it), the same
discharge rate level (57%) was also observed in a
forested catchment covered by similar tree species,
such as C. japonica and C. obtusa, in Kyushu
Prefecture, Japan (Shimizu et al. 2003). It is consid-
ered that the water balance in IJR could be used to
discuss the material budget.

The wet fluxes of S and DIN at Station had the
highest levels among 80 monitoring sites in Japan
(Matsubara et al. 2009), even though the precipitation
amounts at Station were relatively small compared
with those at Akatani. The ionic composition of the RF
at Station was not largely different from those at other
monitoring sites within Gifu Prefecture (Ministry of

@ Springer

the Environment 2014). The current estimates may be
practical levels for the fluxes by wet deposition in
Japan. The contribution of dry deposition to the total
inputs in IJR is relatively small. Endo et al. (2011)
previously suggested this when they estimated fluxes
by dry deposition at 10 EANET sites in Japan. They
pointed out that atmospheric concentrations at Station
were similar to those at other EANET sites in western
Japan but that V, at Station was the lowest among the
sites because of the lowest wind speed there, that is,
because of the stationary air in the catchment. Ban
et al. (2016) assumed the total uncertainty for the dry
deposition estimated by the inferential method to be
10-50%. Even if the uncertainty was 50%, there was
not much influence of dry deposition to the total inputs
(2,4, and 0.2% for SO?[, DIN, and C17, respectively).

Even though these uncertainties were taken into
account, the SO%’ output may have exceeded the
input, as shown in Fig. 5b. In the current estimates, the
CI™ output also exceeded the input. C1™ is considered
as a conservative ion in ecosystems with high C1™
deposition (> 6 kg ha' year™') (Svensson et al.
2012). The CI™ input is relatively large in IJR. If we
assume that the C1™ input is equivalent to the output,
the input should be 77% larger than the current
estimate. Accordingly, the SO;~ input should be
1.5 kmol, ha™' year™!, which is still significantly
smaller than the output, 2.5 kmol, ha~' year™". Thus,
it is suggested that the SO?[ output certainly exceeded
the input in IJR. A S-budget discrepancy has been
suggested in Europe (e.g., Novak et al. 2000; Vuoren-
maa et al. 2017), in the US (e.g., Mitchell et al.
2011, 2013; Mitchell and Likens 2011), and even in
Japan (Kobayashi et al. 2013). However, the causes of
the discrepancy have depended on the site conditions.
Possible origins of the excess S and its dynamics in the
case of IJR are discussed in the next section.

Historic record in tree rings and origins of S
in river water

It has been suggested that the profile of $**S values in
tree disks of C. japonica reflects historical changes in
emission sources of S deposited in Japanese forests
(Kawamura et al. 2006; Ishida et al. 2015a, b),
although it has been suggested that isotopic fraction-
ations of S occur before it is fixed in tree tissue (Novak
et al. 2000, 2001; Wynn et al. 2014; Ishida et al.
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2015b). The tree-ring 5>*S profiles in YOK and INA
collected near the Chukyo Industrial Area (Ishida et al.
2015b) were similar but opposite to that of the SO,
emission trend in Japan (Smith et al. 2011), as shown
in Fig. 6. The value in IJR also started declining in the
1960s, but the lowest values were found in the early
1980s, which was slightly later than those in the cases
of YOK and INA. It has been suggested that the
significant decline of the tree-ring 3**S in the 1970s
was the result of large inputs of S with lower 3**S
values derived from imported oils (Kawamura et al.
2006; Ishida et al. 2015a, b), because the oils imported
from countries in the Middle East generally had
negative 8°'S values, ranging from — 10.3 to
— 0.7 %0 (Maruyama et al. 2000). In fact, Nakai
et al. (1991) reported that the mean 5**S value of
anthropogenic SO, collected in industrial areas,
including Nagoya, in the period from 1971 to 1977
was — 4.0 %o. This suggests that the decline of the
33*S values of tree rings in IJR in the 1960s/1970s also
reflected the large S inputs derived from anthro-
pogenic SO, in Japan. As described above, a large
amount of S (> 1000 mg kg™ ") is accumulated in soil
in IJR. The large S storage in soil-plant systems in [JR
may have buffered the effects of atmospheric S inputs
and delayed the timing of decline of 5**S values. The
recent tree-ring values in IJR (around 2 %o) were
slightly lower than those of RF (4.3 %o) in IJR. This is
consistent with the investigation by Ishida et al.
(2015b) in the Chukyo Industrial Area. Novak et al.
(2001) pointed out that the 5**S values of forest floor
were lower than those of local throughfall deposition
and suggested that plant tissues assimilate systemat-
ically lighter isotopes (on average, by 2 %o). Thus, it is
suggested that anthropogenic SO, emitted in the
Chukyo Industrial Area was deposited in IJR through
several decades and that its historical changes were
recorded in the tree rings of C. japonica.

The SOi_ output exceeded the input in IJR, as
discussed above. The S isotopic analysis and the
mixing model provided information on origins of the
excess S. The 3**S values of RW in IJR (— 13.2 %o at
RWI1) were significantly lower than those of RF and
soil solutions. The mean 8**S values of soil solution
collected from shallow soil layers at the three points
were within the range of 3.3-3.8 %o. These values
appear to reflect both the current atmospheric S
(4.3 %o in RF) and the large S storage in soil. The

lowest &°'S values in the IJR tree rings, which
occurred in the early 1980s, were around — 1.6 %o,
and the recent values were around 2 %o, as discussed
above. Therefore, it is suggested that S derived from
atmospheric deposition is not a major source of SO;~
in the RW.

The y-intercept in the linear relationship between
the 8**S values and the reciprocal of SO?[ concentra-
tions in the RW (see Fig. 9) indicates the 8°*S value of
the source responsible for elevated SO~ concentra-
tions (Krouse 1980; Novak et al. 2001; Mayer et al.
2010). The y-intercept was approximately — 17.5 %o,
which is certainly lower than the possible range of
33*S values in the imported oils reported by Maruyama
et al. (2000). As another possible source, geology can
be considered. The bedrock of IJR is mainly chert,
which is part of the melanges in the large sedimentary
complex belt, the Mino—Tanba Terrane (Wakita 1988;
Yoshida and Wakita 1999). Kajiwara et al. (1994)
investigated S contents and 33S values in the vertical
profile of the Mino—-Tanba Terrane and reported that
the 8°*S values of shale, mudstone, and chert in the
terrane range from — 40 to — 10 %o. The 5°*S value of
the possible S source in IJR, — 17.7 %o, is within this
range. Moreover, as shown in Fig. 8, 53*S values that
are even more negative were observed in lower
discharge rates during base flow conditions, which
also supports the notion of a contribution from
bedrock. Thus, the sedimentary rocks of the Mino—
Tanba Terrane appear to be the most possible major
source of SO7 ™~ in the RW. It can be considered that the
groundwater selected as one of the end members
(point C) in the mixing model is strongly affected by
the rocks mentioned above.

The regression line (b) for the soil solution samples
passes through the points A and B and its intercept
could be approximately 2 %o (see Fig. 9). The SO;~
concentrations and their 3**S values in the soil
solution seem to be regulated by mixing of the
atmospheric S and a S source with a 8°*S value of
approximately 2 %o, which is similar to the &°*S
values of the recent tree-ring S. Thus, it is suggested
that the point B, with the highest SOZ’ concentration
among the soil solutions, is strongly affected by the
retained/cycled S in the soil-plant system. In partic-
ular, as described above, more than half of S is likely
to be accumulated as organic S in the soil, and this
appears to largely contribute to the soil solution.
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The regression lines for the RW and the soil
solution pass close to the point A, which is the mean
value of RF. The point A seems to be reasonable as one
of the end members. On the other hand, the soil
solution samples from the shallow soil layer (20 cm
depth) plotted close to point A and occasionally had
higher 5°*S values than some RF samples. Although
the point A was the mean RF value representing
atmospheric S, it appears to also reflect the contribu-
tion of the soil solution in shallow soil layers. The
contributions of the atmospheric S and the retained/cy-
cled S seemed not to be clearly distinguished in the
mixing model. However, in any case, the geological S
mainly contributed to the RW S. As estimated above,
the mean S input and the mean S output were
0.86 kmol, ha™' year™' and 2.5 kmol. ha™' year ',
respectively. If we apply the mean contributions (Case
1, See Table 2) to the S output, the portions of the
output derived from the wet deposition, the soil
solution, and the groundwater are 0.29 kmol, ha™' -
year_l, 0.06 kmol, ha™! year_l, and 2.15 kmol, -
ha~' year™', respectively. The large S output is
attributable to the groundwater, which is strongly
affected by the geological S. This clearly explains the
discrepancy of the S budget. Given that the wet
deposition (point A) is certainly regulated by atmo-
spheric S, 33% of the atmospheric S input is
discharged into the river, while 67% is retained/cycled
within the soil-plant system. The high S content in soil
also supports the model result.

The tree-ring &°*S profile recorded clearly the
historical changes in the atmospheric S in Japan,
which suggested the active S cycle in the soil-plant
system. Therefore, the atmospheric S appears to have
been accumulated as organic S in soil. This is also
consistent with the slight increases in SO;~ concen-
tration observed during the high-flow events (see
Fig. 3a). As shown in Fig. 2b, the SO~ concentra-
tions in the RW were significantly high (over
200 pmol. L") in the mid-1990s compared to the
current level (annual mean, 138 pmol, L™': EANET
2015). Nakahara et al. (2010) suggested that enhanced
mineralization of the organic S in soil caused the SO;~
peak in the mid-1990s, which is supported by the high
concentrations of DOC in the corresponding period.
Therefore, it is possible that the accumulated organic S
derived from the atmospheric S contributed to the high
SO?[ concentrations in the RW during the acidifying

@ Springer

period in the mid-1990s. After this period, the relative
contribution of the atmospheric S appeared to become
smaller with recovery of the river from acidification.

Conclusion

The IJR in central Japan has historically suffered from
atmospheric deposition derived from both domestic and
trans-boundary air pollution. Although the catchment
was once acidified and N-saturated due to climatic
anomalies in the mid-1990s, recovery has been observed
over the last decade. In addition to the recent decline in
atmospheric deposition, diminished effects of the
climatic anomalies and enhanced N uptake due to forest
management appear to have contributed to the recovery.
The S output exceeded the input in IJR, and the S
isotopic analysis suggested that geological S largely
contributed to the discrepancy of the budget, while
atmospheric S continued to be accumulated in the
ecosystem. In the case of IJR, the RW seems to be
recovering smoothly. However, as shown in the history
of the catchment, the climate may affect the acidification
of its terrestrial ecosystems and its recovery. As
suggested by previous studies, climate will also play
an important role in regulating S dynamics when the
atmospheric S input declines. In this study, we clarified
the dynamic changes in RW chemistry of IJR due to
changes in the atmospheric deposition and climatic
conditions over the last few decades. As most of the
atmospheric S input appears to be currently accumu-
lated within the catchment of IJR, it is possible that
climate change or possible climatic anomalies, such as
those occurring in the mid-1990s, will alter the RW
chemistry again. Therefore, atmospheric deposition and
RW chemistry should be monitored carefully in the
future, and particularly in areas that are sensitive to
changing atmospheric environments, such as IJR.
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