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In East Asia, high levels of atmospheric nitrogen are deposited onto land. This could elevate the nitrate levels in

coastal waters via river runoff, even from areas where anthropogenic sources are minimal. It is important to

identify NOs~ sources in river water and the mechanisms involved in NOz™ runoff. Yakushima Island, Japan,

is a Natural World Heritage site featuring numerous watersheds with diverse topography and rivers. The

area receives significant precipitation, with up to 10 000 mm in mountainous regions. Its proximity to

coastal urban areas in China (~800 km) leads to substantial atmospheric nitrogen wet and dry deposition in

the island's forests. The study aimed to clarify regional water quality characteristics by conducting long-

term monitoring of dissolved ion components (Na*, K*, Mg?*, Ca®*, F~, CI”, NOs~, and SO4%7) in river

waters, and to determine the effects of NOs~ sources and watershed topography on NOs~ behavior.

Dissolved ion concentrations were obtained from a long-term monitoring (2011-2014) dataset. Cluster

analysis classified runoff water from the central mountainous region into three groups: western region,

other regions, and groundwater. The average NOs~ concentration in the western region was 10.2 pmol L2,
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which was higher than the 6.24 pmol L™ observed in the other regions. Stable isotope analysis in

December 2018 showed that river water NOz~ (1.39 umol L™ in the western region had a high proportion
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1 Introduction

Yakushima Island has a rich natural forest and is a Natural
World Heritage site, but there have long been concerns about
acidification of the rivers on the island. The island experiences
acid wet deposition levels of 43.2 and 35.4 mmol m > per year
(nss-SO,>~ and NO;~, respectively), which are significantly
higher than those recorded in major cities in Japan (e.g., Tokyo:
17.1 and 25.6 mmol m™> per year).! Soils and rivers on the
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of atmospheric NOsz™. Topographic analysis indicated that NOs~ and atmospheric NOs™ increased in
smaller watersheds and steeper terrain. This study conclude that NOs™ output is controlled by topography.

island continue to be affected by groundwater and stream water
acidification,»* decreasing acid buffering capacities of soils in
watersheds,*® and the effects of long-term acid deposition from
the atmosphere.® Precipitation on Yakushima Island contains
large amounts of sea salt and anthropogenic S- and N-
containing compounds.” The principal cause of acidification
is air pollution from continental China, located northwest of
the island across the East China Sea.*'° The transport pathways
of pollutants in air mean that the northwest of the island is
more affected by air pollution than the southeast.>**

In unmanaged forest, atmospheric nitrogen deposition
accounts for the majority of nitrogen input to the forest
nitrogen cycle. Mountain forest ecosystems on islands are more
sensitive than inland mountain forest ecosystems to atmo-
spheric deposition. Mountain ecosystems are limited by the
supply of N for long periods,** thus they are particularly sensi-
tive to atmospheric deposition of N.**"** More N is deposited at
high elevations, such as in mountainous areas, than at low
elevations.” Islands with limited ecosystem resources' are
vulnerable to external factors such as N deposition.'® Pristine
natural environments tend to have low N inputs, and organisms
use limited N.*»** N deposition from the atmosphere will,
therefore, strongly affect pristine natural environments.*>>***

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anthropogenic emissions of reactive N have dramatically
increased the amount of available nitrogen in global ecosystems.
Nitrate (NO; ™) is water-soluble and one of the most important
nutrients for primary production in the aquatic environment.
Excess NO; ™ in river water can cause eutrophication, which can
lead to severe ecological and economic problems downstream,
such as in lakes, estuaries, and oceans.*?* Nitrogen oxide
concentrations in East Asia have increased rapidly, peaking in
approximately 2010, and have since begun to decrease, but
atmospheric nitrogen oxide concentrations remain high.*®
Nitrogen oxides affect the nitrogen cycle in leeward forests and
oceans, regardless of national borders.>”*®

In forests with high levels of nitrogen deposition, stream
water NO; ™ is elevated, typically ranging between 100 and 200
w mol L™ '3 providing a nitrogen source for downstream
ecosystems.””*" Interestingly, mountainous islands, even those
without direct anthropogenic nitrogen sources, can exhibit high
NO;~ concentrations in river water due to atmospheric depo-
sition.*” Understanding the mechanisms behind nitrate runoff
from forested areas that are free from direct human pollution
will provide valuable insights for managing downstream
nitrogen levels.

In previous studies, the sources of NO;~ have been identified
by analyzing nitrogen and oxygen stable isotope ratios (3"°N and
3'%0).%33* Determining 5'”0 also allows a clear distinction to be
made between NO;~ deposited from the atmosphere (NO3  4¢m)
and NO;~ produced through biological processes (NO; ™ ).***®
A0 analysis is a powerful tool for investigating the N cycle in
forested areas, and has been used to indicate nitrogen
saturation,®” N cycling in the European Alps,*® and N cycling in
forests.*””** Furthermore, forested streams with high NO;™
concentrations in the stream water have higher A0 because
atmospheric nitrate is not incorporated into the forest nitrogen
cycle, but instead flows out.*”*®

The aim of this study was to identify the sources of dissolved
NO;~ in rivers in forests on Yakushima Island, where most of
the N input comes from atmospheric deposition or nitrification.
There are many rivers in forested areas with various topogra-
phies, meaning that the residence times in different catch-
ments are likely to be different. We identified which rivers were
sensitive to atmospheric deposition of nitrogen. First, rivers
were classified by region using the results of long-term
sampling and analyses of dissolved ionic components. Next,
the sources of NO; ™ in river water in the winter were identified
and the influence of the topography of each catchment on the
sources of NO;~ in river water in the catchment was investi-
gated. We hypothesized that because differences in vegetation
are less likely to affect river water quality in winter, more NO; ™
of atmospheric origin will be deposited into the river water,
which is clearly correlated with the topography (especially
residence time).

2 Materials and methods

2.1 Site description

Yakushima Island (30.34°N, 130.51°E) is ~800 km east of
Shanghai (China) and ~60 km south-southwest of Cape Sata in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Kagoshima (Japan), and separates the East China Sea and the
Pacific Ocean (Fig. 1). The island is circular and has an area of
~504 km?, with 10 mountain ranges in the center (the Central
Mountains Group) with elevations of 1800 m or more, including
the highest peak in Kyushu, Mount Miyanoura (1935 m), and 46
mountain ranges* with elevations of ~1000 m around the
island's edges. The island has subtropical to subarctic climate
zones from coast to summit, which is unusual at the latitude of
the island. Warm air (from warm oceanic currents) containing
large amounts of water vapor rises over the mountains, result-
ing in large amounts of precipitation. Annual precipitation is
~4500 mm ™' on the plains and >10 000 mm ™' in the moun-
tains.*® This is one reason why Yakushima Island is also called
“the Alpine mountains of the sea”. Yakushima Island is very
biodiverse and has a unique range of ecosystems adapted to the
humid environment. There are many Yaku cedar (Cryptomeria
japonica), which are rare elsewhere in the world and can live for
thousands of years. These factors led to ~20% of Yakushima
Island becoming a Natural World Heritage site in 1993.* The
western part of the island has particularly rugged terrain and is
a Natural World Heritage site from the coastline to the moun-
tain peaks.*® No people live in the western region and the
landscape is forested. In other regions, habitable areas are
concentrated in a few flat areas downstream near the coast.
Therefore, by selecting the rivers and points to be surveyed, it
was possible to eliminate the influence of anthropogenic
pollution sources such as domestic wastewater. The sources of
nitrogen input to the watershed could be investigated in
watersheds where atmospheric nitrogen deposition and
nitrogen fixation in the forest were the only sources of nitrogen
input.

This western region has many streams, the headwaters of
which are on Mount Kuniwari (1323 m above sea level), only 2
km from the coast. In regions other than the western region,
rivers flow from the Central Mountain Range Group to and
through the surrounding mountains. Groundwater emerge
from many rocky crevices. Samples were collected from 22 sites
on the main rivers, shown in Fig. 1. In this study, sampling was
carried out on clear days. When it rains in the western region,
the roads are closed in case of flooding, making it impossible to
carry out surveys. In this area, bridges often wash away, making
it unviable to travel around the island. It is dangerous and
impossible to conduct surveys at times when it is raining and
NO; . levels are likely to be high. When we were able to get
close to a river, we filled a bottle with river water to collect
samples. When we were unable to get close to a river, we used
a bucket to collect a river water sample from a bridge. The
bucket was lowered into the middle of the river where the water
was thought to be well mixed. We grab sampled water from
rivers around Yakushima Island over a day of travel. Water
samples were collected, and field observations were made along
the major rivers at points where no anthropogenic pollution
occurred (Table 1). To select the sampling sites, we used GIS to
calculate the land use area of the watershed and confirmed on-
site that the land use area upstream was forest. The study period
was January 2011 to March 2014. Twice monthly samples were
collected from the main rivers on Yakushima Island. The
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Fig.1 Maps showing: (a) the location of Yakushima Island, (b) the main rivers in forested areas and groundwater sampling sites, and (c) the rivers
in the western region of Yakushima Island from which samples were collected. Blue circles indicate rivers in the western region, red circles
indicate rivers in other regions, and green triangles indicate groundwater.

surveys conducted during this period aimed to clarify the trends
in ionic components of river water in Yakushima Island. An
additional study was performed on 19 December 2018 to iden-
tify the sources of NO; ™ in river water during the winter. In this
survey, stable isotope ratios were used to estimate the source of
NO;™ in river water.

2.2 Chemical analysis

After collection, each river or groundwater sample was trans-
ported to the laboratory and immediately passed through a 0.45
pum membrane disc filter (DISMIC-25CS; Advantec, Tokyo,
Japan) and then stored at 4 °C in a dark place. Dissolved ions
were determined using a Compact IC 761 ion chromatograph

Tablel Land use ratio and topography indicators for the study area. TWI is the topographic wetness index. TWI was calculated using eqn (3). The

mean TWI is the average TWI of each watershed

Agricultural Mean altitude Mean slope
Forest (%) land (%) Urban (%) Area (km?) (m) © Mean TWI
Western region w1 100.0 0.0 0.0 1.94 569 33.2 4.88
W2 100.0 0.0 0.0 0.29 489 33.4 4.72
W3 100.0 0.0 0.0 0.29 522 33.0 4.72
W4 100.0 0.0 0.0 1.14 596 39.0 4.68
W5 100.0 0.0 0.0 1.44 740 39.4 4.68
W6 100.0 0.0 0.0 0.14 468 34.5 4.80
W7 100.0 0.0 0.0 0.36 530 32.9 4.88
Other regions o1 99.5 0.5 0.0 7.06 551 29.0 5.00
02 99.3 0.1 0.0 27.93 827 34.1 4.83
03 100.0 0.0 0.0 10.54 537 27.0 5.06
04 100.0 0.0 0.0 37.16 747 32.5 4.92
05 100.0 0.0 0.0 12.81 684 29.0 5.03
06 98.0 2.0 0.0 3.70 496 28.6 5.09
o7 98.7 1.3 0.0 5.64 528 30.7 5.01
08 97.5 2.5 0.0 7.62 406 26.8 5.23
09 98.3 1.5 0.2 11.82 535 26.0 5.15
010 100.0 0.0 0.0 12.07 820 25.9 5.18
0O11 100.0 0.0 0.0 12.36 928 25.4 5.18
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(Metrohm, Herisau, Switzerland). The main dissolved ions (Na*,
K', NH,", Mg>*, Ca*>*, CI", NO;~, and SO,>") were determined.
The measurement errors were +4.22 pmol L' for Na*, £3.90
umol L * for K*, +2.61 umol L™* for Mg>*, +2.37 umol L™ for
Ca**, £6.89 umol L™ for CI~, +£2.31 umol L™ for NO;™, and
43.14 pmol L™* for SO,>”. The NH," concentrations in the
samples were <2.00 pmol L.

The A0, 5'%0, and 3N values for NO;~ in the water
samples collected in December 2018 were determined after
converting the NO;~ into N,O using the cadmium reduction
method.”** Oxygen isotopes in NO;~ were determined if the
NO;~ concentration in a sample was >0.8 pmol L™ '. The N,O
produced was introduced into a gold wire oven (Agilent 6890;
Agilent Technologies, Santa Clara, CA, USA) held at 780 °C to
pyrolyze N,O to give N, and O,. The O, produced was then
analyzed to give the '°0, 70, and *®0 isotope composition using
a Finnigan MAT252 isotope ratio mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA).**** The instrument was
calibrated using international nitrate standards (USGS-34 and
USGS-35)."*%>% The measurement errors for the samples were
+0.38%, for 3'°N, +0.5%, for %0, and +0.2%, for A*70.

2.3 Nitrate in the atmosphere calculations

NO; ;. generated through nitrification is produced from
decomposing organic matter and the fixation of the released
nitrogen. Most of the NO; ¢, produced in the atmosphere is
generated through photochemical reactions between atmo-
spheric NO and Oj;. The NO; ., formation process can be
characterized from anomalies in O enrichment.***” NO;,
including NO; atm, is produced through an assimilation,
decomposition, and nitrification cycle and is converted into
NO; . The A'70O-NO; ™ value (the magnitude of the excess "0
produced in the atmosphere) was calculated using eqn (1),*
which was used to distinguish between NO; 4 (A0 > 0%,)
and NO; . (A0 = 0%,).%

A0 = (1 +3Y70)/(1 + 3'%0)8) — 1 (1)

The value of § was 0.5279.® Eqn (2) was used to calculate the
ratio between the contributions of atmospheric nitric acid and
regenerative nitric acid to the NO; ™~ concentrations in the river
and stream water samples.

NO37atm/NO37in river — Al7C)in relin/A17Oin river (2)

This allowed A'”O-NO,~ for stream water to be calculated.
The A0O-NO; ™ value for precipitation in the Northern Hemi-
sphere is +26.6 + 0.9 (std) %,.***” The A”0-NO;" values for
NO;~ in precipitation in December 2018 on Yakushima
Island were +23.0%, (16 December 2018) and +28.3%, (19
December 2018), which supported the A'”O values of nitrate in
precipitation reported in previous studies (Table 2). The
NO; 4 concentration could be calculated from eqn (2), thus
the NO; ™ concentration could be calculated by subtracting the
NO; .m concentration from the NO;  in stream water
concentration.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4 Topographic wetness index analysis

In rugged terrain, such as in mountainous areas, each catch-
ment will have a complex topography with various gradients.
Detailed analysis taking spatially heterogeneous landforms into
consideration can shed light on complex bio-geoscientific
processes that occur over large areas in such terrain.*** The
catchment area, mean catchment slope, and topographic
wetness index (TWI) were used as indicators of water retention
related to the catchment topography (Table 1). The TWI indi-
cates ponding of surface runoff and local variations in the
groundwater table in TOPMODEL, which is a widely used
precipitation runoff model for the small watershed scale, such
as for watersheds in forests.® Locations with the same TWI
value respond hydrologically in the same way and are, therefore,
hydrologically similar. The TWTI is also used to investigate the N
cycle through identifying hydrologically similar areas.®*~*® Using
the TWI value, it is possible to quantify the similarity of resi-
dence times between sampling watersheds. The catchment
area, slope, and topographic wetness index (TWI) for each study
site were calculated using ArcGIS (version 10.4.1) using data
from a digital elevation model®” with a resolution of 20 m x 20
m. The TWI was calculated using eqn (3).°*%

TWI = In(e/tan B) (3)

In eqn (3), « is the upstream watershed area per contour unit
discharged from a given point and g is the slope at a given point.
The digital elevation model data had a resolution of 20 m x 20
m. One value was calculated for each 20 m x 20 m square. The
TWI for each sampling site was calculated by calculating the
mean of several TWIs for 20 m X 20 m squares in the
catchment.

2.5 Statistical processing

Statistical processing involved calculating K-means, Welch's ¢
test and performing linear regression analyses using R (version
4.1) software. The K-means results were classified using
cluster,*” which is an open source library in R. The K-means
were calculated by performing 500 iterations using the Harti-
gan-Wong algorithm.

3 Results and discussion

3.1 Characteristics of Yakushima Island river water
determined by long-term monitoring

The Na¥, K", Mg”", Ca®>*, F~, Cl", NO; ™, and SO,>~ concentra-
tions found in the 4-year long-term samples of all river water
and groundwater were 340 + 148, 12.3 £ 6.81, 36.8 + 23.5, 27.4

Table 2 NO3z~ concentrations and stable isotope ratios in precipita-
tion during the survey period 16—-19 December 2019

Sampling date NO; ™ (umol L") 8N (%,) 80 (%) A0 (%)

16 December 2018 11.3
19 December 2018 15.83

—2.94
—0.03

74.23
90.81

17.98
22.26

RSC Adv, 2024, 14, 29860-29872 | 29863
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+19.7,2.57 £2.79,312 £ 151, 7.56 &+ 7.21, and 49.3 £ 20.3 pmol
L™, respectively (Fig. S11). Yakushima Island is surrounded by
the sea, thus the river water contains many components derived
from sea salt.® These ionic components change significantly
depending on the season. The dissolved ion analysis results
were subjected to cluster analysis, which divided the major
rivers and groundwater into three groups (Fig. 2). Component 1
contained the Na*, K", Ca®", Mg>", F~, CI", NO;~, and SO,*~
components, and as the component value increased, the
concentration of each ionic component increased. Component
2 contained the F~ and NO3;~ components, and as the compo-
nent value increased, the F~ concentration increased, but the
NO;™~ decreased. Ground water tended to have a higher rock
content owing to its longer residence time, and the sea salt
content tended to be higher in the western region closer to the
coast compared with other regions. The cluster analysis results
are shown in Table 3. Group 1 contained “other regions” (n =
469), group 2 contained the western region (n = 575), and group
3 contained groundwater (n = 103). These groups together
accounted for ~90% of the samples (Table 3). There were
0 samples in groundwater classified as group 1, and 1 sample in
other regions classified as group 3. This demonstrated that the
other regions and groundwater had different ionic composi-
tions. The water quality of rivers on Yakushima Island was
found to be more affected by differences between the survey
sites than by seasonal changes. In the next section, we identify

Component 2

Component 1
These two components explain 78.78 % of the point variability.

West region : blue
Other regions: red
Groundwater: green

Circle : Group 1
Triangle : Group 2
Plus : Group 3

View Article Online
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Table 3 Matrix of the K-means classification results shown in Fig. 2.
The K-means were used to divide the ionic components of ground-
water in the western and eastern regions of Yakushima Island into
three classes, and the number of samples in each class is shown

Group Group Group

1 2 3
Western region 28 469 13
Other regions 575 41 1
Groundwater 0 11 103

trends for the different ions in the three groups (other regions,
the western region, and groundwater).

The concentrations of ions in the other regions, western
region, and groundwater are shown in Table 4. The dissolved
ion concentrations except the NO; ™ concentration decreased in
the order groundwater, western region, and other regions. The
NO;™ concentration decreased in the order western region (10.2
+ 8.39 umol L"), other regions (6.24 + 5.74 pmol L"), and
groundwater (3.31 £ 3.57 umol L™") (Fig. 3 and S17). The Na to
Cl ratio was 1.20 for other regions, 1.04 for the western region,
and 1.14 for groundwater, with the ratio for the western region
being significantly lower than the ratios for the other groups (p <
0.001) (Fig. 3a). Yakushima Island is composed of uniform
granite except in coastal areas, and differences between

b) F-

Mg?*

K+ SO42'

Component 2

2 F Ca2+

NO3z

-4 -2 0 2 4 6 8 10

Component 1

Fig. 2 Results of principal component analysis of the main ionic components determined in the long-term monitoring (2011-2014) study with
two explanatory variables. (a) Sample components are shown in blue for the western region, red for the other regions, and green for
groundwater. K-Means classification resulted in three classes (plus symbols: group 1, triangles: group 2, and circles: group 3). (b) The eight ion
components Na™, K*, Ca%*, Mg?*, F~, CI~, NO3~, and SO42~ are grouped into two components. Components 1 and 2 explained 79% of the ionic

components.
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Table 4 Major ionic component concentrations determined in the long-term monitoring study (2011-2014)

Na" (umol L™V K" (umolL™ Mg? (umol L™V Ca? (umol L™V CI~ (umol L™V NO,™ (umol L™V S0,* (umol L™V
Western region 392 £ 72.9 12.5 £ 3.03 41.6 = 11.9 29.8 +13.3 380 + 86.4 10.2 £+ 8.39 62.1 + 7.03
Other regions 236 + 58.7 9.59 + 3.32 23.1 +9.72 18.1 £ 11.2 200 + 55.3 6.24 + 5.74 31.5 £ 6.73
Groundwater 683 + 95.7 24.6 + 7.99 89.7 £+ 30.9 67.8 £+ 25.7 614 + 137 3.31 £ 3.57 88.2 + 8.35

dissolved ion concentrations at the different study sites were
not considered to be caused by differences in the compositions
of the base rocks.’

The NO;~ concentrations in the samples collected between
2011 and 2014 were similar to concentrations found between
1996 and 2011 (11.2 £ 3.09 pmol L~ for other regions and 14.6
+5.16 pmol L™ in the western region, as shown in Fig. $21) and
in a study performed in 2001 (14.6 4+ 5.16 umol L™" for the
western region and 11.2 4 3.09 umol L™ " for other regions).® A
survey conducted in December 2023 still showed high values in
the western region (17.6 # 8.00 umol L ™" for the western region
and 12.8 + 11.8 pumol L' for other regions). We collected
samples from rivers in catchment areas >97% covered by forest
(Table 1). Agriculture land was only found in some places, with
an area of less than 0.2 km?. Field investigations confirmed that
the drainage channels did not flow into the rivers at the study
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Fig. 3 (a) Na Cl ratios and (b) NO3z~ concentrations in each area

determined in the long-term monitoring study. Blue lines indicate
rivers in the western region, red lines indicate rivers in the other
regions, and green lines indicate groundwater.

© 2024 The Author(s). Published by the Royal Society of Chemistry

sites. Furthermore, no agricultural land and urban areas were
found in the western region where NO;~ was high. The contri-
bution of anthropogenic NO;™, e.g, from agriculture, was
therefore considered to be negligible. The main sources of NO; ™~
in river water were thought to be atmospheric deposition
(NO; ™ am) and organic matter decomposed by forest organisms
(NO3 ™ 1), because sea salt contains little NO;3 ™.

The amount of wet nitrogen deposition (NO;~ and NH,")
from the atmosphere observed during the survey period is
shown in Fig. S4.1 The annual average value from 2011 to 2014
was 9.46 & 1.76 kg N ha~? per year, and deposition tended to be
lower in the summer (0.364 + 0.276 kg N ha™ > month™* from
July to September). This value is similar to that of Fukuoka City
in Kyushu, Japan (9.7 kg N ha™? per year),*® which is relatively
close to Yakushima Island. High NO;™ are observed in forest
river water around Fukuoka City.>” Such high NO;™ in forest
river water is commonly observed in suburban forests in the
United States,*>”° Japan,**** and China.**”* In forest rivers with
a large amount of nitrogen atmospheric deposition, NO;™ in
river water tended to be high (120 umol L"), but on Yakush-
ima Island it was very low (14.6 or 11.2 pmol L™'). The annual
rainfall in Fukuoka is 1600 mm, while that in Yakuhsima is
4000 mm. This large difference in rainfall had a significant
impact on deposition and NO;~

The NO; ™ concentration tended to be higher in the western
region than the other regions because of enrichment caused by
atmospheric fallout in the western region. Higher non-sea-salt-
derived SO,>~ and NO;~ concentrations originating in conti-
nental Asia were found in the western region than the other
regions.> The topography of the western region causes atmo-
spherically transported substances to accumulate. The terrain
in the western region causes fog to form because the mountains
are close to the sea and the slopes are covered with forests. Air
rich in water vapor rises up the mountain slopes because of
valley winds and fog and mizzle forms when the dew point is
reached. Pollutants are deposited in relatively large amounts
through dry deposition, particularly in winter when fog tends to
form.® Atmospheric components tend to dissolve more readily
in fog and mizzle than rain because fog and mizzle droplets
have large surface areas.”””® Fog is an important nitrogen
deposition pathway in forest ecosystems, particularly in the
canopy.” Similarly, the NO;~ concentration tended to be
markedly higher in western Yakushima Island, where fog was
more likely to occur, than other areas. The Na and Cl ratios for
river water from the western region suggested that atmospheric
deposition was an important source of various components.
The western region is strongly affected by anthropogenic
pollutants in winter because of the prevailing westerly winds.® It
is, therefore, very likely that river water in the western region

in river water.
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contains large amounts of NO;  derived from atmospheric
nitrogen, particularly in winter. We investigated the source of
NO; ™ in the rivers in the forests of Yakushima Island in winter
using stable isotope ratios.

3.2 NO; concentrations and stable isotope ratios in major
rivers in winter 2018

The NO;~ concentrations in the river water samples collected in
December 2018 are shown in Fig. 4a. The NO; ™~ concentrations
in river water from the other and western regions were 14.2 and
19.1 umol L™, respectively. Similar to the concentrations found
between 1996 and 2014 (Fig. S27), the NO;~ concentration was
higher in the western region than other regions. The NO;™
concentration in groundwater was 10.3 pmol L™'. NO;~
concentrations of 11.3 and 15.8 pmol L™' were found in
precipitation during the study period (Table 2). The concen-
trations of other ions followed similar trends from 2011 to 2014
(Fig. S31).

The 3'°N, 8'0, and A'O values for NO;~ sampled in
December 2018 are shown in Fig. 4b-d, respectively. A"’O was
calculated by eqn (1). The 3'°N values ranged from —1.15%, to
+3.489, in other regions, —1.53%, to +2.27%, in the western
region, and —1.50%, to +2.70%, in groundwater (Fig. 4b). The
3'%0 values ranged from +0.49%, to +11.2%, in other regions,
—2.989%, to +21.29, in the western region, and —6.309,, to
+0.239%, in groundwater (Fig. 4c). These values were within the
same ranges as previously found for mountainous areas.”””
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The A'70 values ranged from +0.7%, to +2.7%, in other regions,
+0.8%, to +4.9%, in the western region, and +0.4%, to +0.8%, in
groundwater (Fig. 4d). Sampling in this study was conducted on
clear days. Therefore, it is possible that storm flow, immediately
after rain, could produce an outflow of approximately four times
as much NO;™. Furthermore, it is possible that rainfall could
increase the A'7O by five times.”

We next investigated the sources of NO;™ in river water in
December 2018 using these three stable isotope ratios. The
annual mean temperature on Yakushima Island was 20 °C, but
the monthly mean temperature for December was 13.7 °C.
Microbial activity becomes slower in winter, thus the amount of
NO;~ supplied to river water through microbial metabolism
(NO3 1) decreases.””® During periods of winter-type atmo-
spheric pressure patterns, air that has passed over continental
Asia reaches Yakushima Island and NO;~ derived from the
atmosphere (NO; ,m) can be a strong source of NO; ™ in river
water.

The A0 values in the rivers in December 2018 were +0.5%,
to +4.99%,, which were comparable with the values previously
found for natural surface water (—1.4%, to +6.89%,,).3%*>°>577881
Tsunogai et al®*® studied a mountainous island similar to
Yakushima Island, but in a more northern area. NO;~, 3'°N and
A0 showed similar values to other regions, but 3'®0 was
higher on Yakushima Island. Molecular oxygen from the
surrounding water also affects the 5'%0 of oxygen molecules in
NO; ™ .#*»® The amount of precipitation on Yakushima Island is
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Fig. 4 (a) NOs~ concentrations, (b) 3'°N values, (c) 3*%0 values, and (d) AO values found in December 2018. A”O was calculated using egn (1).
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about 10 times that of previous survey site, which is likely to
reflect precipitation from river water. The A'’O in the western
region was close to the highest values. Ding et al.*® observed
atmospheric deposition of 9.7 kg N ha™* per year, which is one
of the highest in forested areas in Japan, and Yakushima Island
showed a similar nitrogen deposition amount (9.3-11.2 kg N
ha™" per year). However, while the stream water in the previous
study*® contained high NO;~ (110 pmol L"), the level in the
western region was only about one-third that of the previous
study. The contributions of NO; . to total NO;~ were 81.3-
98.2% for river water and 97.1-98.4% for groundwater. These
results indicated that most of the NO;~ in river water was
supplied through biological nitrification and that very little was
supplied from the atmosphere directly. Detailed analysis of the
AY0O values for the rivers indicated that the atmosphere
supplied a larger proportion of nitrate in the western region
than in other regions. NO; ~ ,y, generally enters river water when
high levels of precipitation fall and when snow melts.*® Samples
were collected during the winter, but no snow fell on Yakush-
ima Island before the sampling period (when the mean
temperature was 15.3 °C 60 m above sea level). Less precipita-
tion falls in the western region than in the central part of the
island.* The high A0 values in the western region could not,
therefore, be attributed to high levels of precipitation or melting
snow.

The A0 values may have been higher in the western region
than the other regions because of differences in water residence
times caused by the topographies of the watersheds. There are
large differences between watersheds in the western region and
other regions. The differences in topography affect the time
taken for precipitation to enter the rivers. The longer the water
residence time, the more dissolved NO; ™ in river water will be
supplied by organisms. The topography of Yakushima Island is
diverse and is particularly different in the western region
compared with the other regions. The relationships between
topographic indices and the NO; ™ and NO; ™ ¢, concentrations
in the river watersheds were, therefore, investigated.

3.3 Effects of topography on variations in the nitrate
concentration and sources

Topographic analysis for a wide area was performed to deter-
mine why the NO3;™ 5y, contribution to the total NO;~ concen-
tration was higher in the western region than other regions.
NO; .m Was calculated by substituting the value for precipita-
tion in the Northern Hemisphere, +26.6%,,***" into eqn (2).
Three topography indicators were compared with the NO; ™~ and
NOj; .m concentrations. These were the catchment area, mean
catchment slope, and mean catchment TWI. The TWI was
calculated using eqn (3). Plots of the NO;~ and NO; 4y
concentrations against the topography indicators are shown in
Fig. 5. The catchment area was negatively correlated with the
NO;~ concentration (Fig. 5a) (NO3; a4 = —8.99TWI + 21.7),
indicating that the NO;  concentration increased as the
catchment area decreased. The TWI was negatively correlated
with the NO3 ™ 4, concentration (NO; ™ ¢y = —2.47TWI + 13.3),
indicating that the NO; ™ 5, concentration increased as the TWI

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decreased (Fig. 5f). The TWT1 is a useful indicator of the ease with
which water (including surface water and groundwater) collects
in a catchment.®* The TWI of a watershed is, therefore, widely
used as an indicator of microbial metabolism (including deni-
trification, assimilation processes, and nitrification processes
that contribute NO;™ to river water).*>** Hayakawa et al.*® found
that NO;~ removal from river water through denitrification
occurs in catchments with high TWI values.

The NO;  concentration tended to be higher in smaller
catchments (Fig. 5a). In general, the larger the watershed area,
the more dissolution of rock components and metabolism by
organisms occurs. However, on Yakushima Island, NO;~
concentrations tended to be lower in largely forested areas than
elsewhere. River parameters for Yakushima Island reflect
precipitation parameters well, and the rivers have short resi-
dence times.* This suggests that in an area with extremely high
rainfall, such as Yakushima Island, the ease with which water
runs off because of the topography may strongly affect the
sources of NO;™ in the river water. In a watershed with a rela-
tively large catchment area, the NO;~ concentration in river
water will probably decrease because NO;~ will be used by trees
and other organisms. The sampling sites were in catchments
dominated by forests, thus it is likely that differences in runoff
processes cause the NO;  concentration to increase as the
catchment area decreases. However, no clear relationships
between the TWI (an indicator of water ponding) and the NO; ™~
concentration was found (R*> = 0.35, p = 0.003), as shown in
Fig. 5d.

The survey was carried out in winter when precipitation on
Yakushima Island is low, thus the rivers were at base flow. The
direct effects of topography on changes in NO; 5, concentra-
tions within watersheds through denitrification and biological
processes such as nitrification and uptake will be complex.®®
The base rock of Yakushima Island is granite, which has been
weathered by long-term acidic deposition,” and the high
precipitation rate tends to cause a short groundwater residence
time. Many rivers in the western region have low TWI values
(Table 1). As shown in Fig. 5a, b, d and e, the rivers in the
western region have low TWI values because they have small
catchment areas and steep terrain. This indicates that rain that
falls in the forests will remain for a short period in the soil and
bedrock, particularly in the western region. The results sug-
gested that, in the western region, water containing NO;™~ that
has not been affected by NO; ™ from forests is discharged into
streams. This may explain why atmospheric NO;™ is affected
less by the terrestrial nitrogen cycle in the western region than
other regions. The low TWIs may cause both the NO; 5, and
NO;™ concentrations to be higher in the western region than
other regions.

Atmospheric deposition is the main source of nitrogen
compounds entering the Yakushima Island ecosystem.®” Trees
on Yakushima Island absorb most of the components supplied
by the atmosphere.*® In this study, we found a strong negative
correlation between the catchment area and NO;  concentra-
tion and a strong relationship between the NO;z; 5, concen-
tration and the TWI (Fig. 5f). NO; ., deposited in a forest will
rapidly become incorporated into the nitrogen cycle within the
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forest system.** This indicates that atmospheric deposition of
NO; . is an important source of nutrients for the forests on
Yakushima Island and that the rivers through which NO; ™ 5, is
likely to flow to sea are determined by the water retention
capacities of the watersheds. The NO;~ and NOj; ., concen-
trations are higher in the western region than other regions
because more atmospheric deposition occurs but also the
topography facilitates runoff of NO; 4. Despite the reduction
in atmospheric deposition, NO; ™ in river water remained high
in 2023 (Fig. S2t). The results obtained in 2018, therefore,
reflect the mechanism of nitrogen cycling in Yakushima's
forests.

4 Conclusions

This study has provided insights into the sources of NO; ™ in the
rivers on Yakushima Island, revealing that high NO;™ concen-
trations are primarily driven by atmospheric deposition. By
using stable isotope ratios, we were able to differentiate
between NO; ., and NO; ., allowing for a more accurate
quantification of NO;3; ., in river water. The rivers on
Yakushima Island were categorized into three groups based on
the similarity of their dissolved ion compositions: rivers in the
western part of the island, rivers in other regions, and
groundwater. Notably, NO;~ concentrations in the western
region were 10.5 umol L™ * higher than in other areas, including
groundwater, with the majority of these watersheds located
within the Natural World Heritage site. Stable isotope analysis
confirmed that the western region had higher levels of NO;™ ¢,
suggesting that atmospheric nitrate ions contribute more
significantly to river water in this area. Interestingly, the A0

29868 | RSC Adv, 2024, 14, 29860-29872

values in the western region mirrored those found in forests
with high nitrate runoff, indicating a similar process might be
at play. Despite high levels of wet deposition—comparable with
those observed in other Asian regions—the overall NO; ™ levels
in Yakushima's stream water were relatively low, likely because
of the island's significant rainfall. Topographic analysis
revealed strong correlations between catchment area, NO;~
concentration, and TWI, suggesting that smaller watersheds
with steep topography are particularly prone to higher NO3;™ ¢
inputs in river water. In nitrogen-limited forest ecosystems,
NO;~ deposited from the atmosphere is typically rapidly
assimilated by organisms and converted into NO; ... However,
the unique combination of high precipitation, small water-
sheds, and steep topography on Yakushima Island appears to
limit this biological uptake, allowing a greater proportion of
NO; . to enter the rivers directly. Given these findings, it is
essential to consider that nitrogen deposition from the atmo-
sphere may vary across different regions of Yakushima. In
particular, the western region, where fog is more prevalent, may
experience higher levels of nitrogen deposition owing to the
concentration of atmospheric constituents in wet deposition
from fog. Future studies should aim to clarify the impact of
different types of wet and occult deposition on NO;™ levels in
river water and further investigate the relationship between
NO; .m concentrations and topography in other forested
regions with similar conditions.

Data availability
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