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ABSTRACT: Identifying nonpoint phosphorus (P) sources in a
watershed is essential for addressing cultural eutrophication and
for proposing best-management solutions. The oxygen isotope
ratio of phosphate (δ18OPO4

) can shed light on P sources and P

cycling in ecosystems. This is the first assessment of the δ18OPO4

distribution in a whole catchment, namely, the Yasu River
Watershed in Japan. The observed δ18OPO4

values in the river
water varied spatially from 10.3‰ to 17.6‰. To identify P
sources in the watershed, we used an isoscape approach involving
a multiple-linear-regression model based on land use and
lithological types. We constructed two isoscape models, one
using data only from the whole watershed and the other using
data from the small tributaries. The model results explain 69% and 96% of the spatial variation in the river water δ18OPO4

. The
lower R2 value for the whole watershed model is attributed to the relatively large travel time for P in the main stream of the
lower catchment that can result in cumulative biological P recycling. Isoscape maps and a correlation analysis reveal the relative
importance of P loading from paddy fields and bedrock. This work demonstrates the utility of δ18OPO4

isoscape models for
assessing nonpoint P sources in watershed ecosystems.

1.0. INTRODUCTION

Anthropogenic phosphorus (P) loads have increased in many
watersheds because of industrialization and urbanization,
resulting in serious cultural eutrophication issues in aquatic
ecosystems. To mitigate such cultural eutrophication, water-
shed management has been practiced to reduce P loads from
point sources through institutional and technological ap-
proaches, including (i) laws to regulate nutrient loadings and
(ii) installing wastewater treatment plants (WWTPs).1−3

Nevertheless, compared to point sources, it has been more

difficult to regulate nonpoint P sources (e.g., anthropogenic

loads from agricultural and urban activities, natural loads from

forests and bedrock, and atmospheric deposition4) primarily
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because it is difficult to assess the contribution of each
nonpoint source to the total load. Therefore, to overcome this
limitation related to P pollution, apportioning point and
nonpoint sources and long-term assessment of these
contributions are important.3,5,6

Studies are increasingly using the oxygen isotope ratio of
phosphate (δ18OPO4

) to understand P dynamics in both aquatic
and terrestrial ecosystems (refs 7−10 and reference therein).
Because the P−O bonds in phosphate do not easily hydrolyze
at earth’s typical surface temperatures and pressures, δ18OPO4

values in environmental samples are imprinted with the
isotopic signatures of the P sources provided P uptake and
utilization by organisms is limited.7,9 Biological processes
mediated by enzymes that cleave the P−O bonds cause large
isotopic fractionation.11−15 For example, intracellular activity
of inorganic pyrophosphatase (PPase) can alter the isotopic
signatures of environmental phosphate samples and appears to
dominate the δ18OPO4

signature of inorganic phosphate (Pi)

pool in most natural aquatic systems.7,16 The δ18OPO4
of the Pi

pool that has been catalyzed by PPase reaches temperature-
dependent isotope equilibrium on relatively short time scales,
and several equations have been proposed to estimate the
equilibrium value.14,15 Those equations can be used to

estimate the biological recycling of P in ecosystems based on
the extent to which source isotope signatures are overwritten
by such biological processes and are approaching the
equilibrium value.7

δ18OPO4
has not been used much in freshwater systems, such

as rivers and lakes, primarily because of inorganic and/or
organic compounds in these freshwater samples that interfere
with the precipitation of phosphate as pure silver phosphate
used for isotope analysis.9 This problem can be overcome
partially by adding more purification steps;9 however, using the
δ18OPO4

system remains challenging for systems with low
dissolved Pi concentration and high concentration of dissolved
organic matter.17,18 Despite these difficulties, P sources can be
identified using δ18OPO4

in subcatchments with measurable P
loads.6,17−21 To identify nonpoint P sources from natural and
anthropogenic loading in a watershed, it is important to
determine the sources of P from head catchments that can be
sensitive to human disturbance because of their small water
volume22 to the downstream catchments that are typically
influenced by multiple P sources.
In the present study, we conducted synoptic sampling of

river water and potential P sources in the whole catchment of
the Yasu River, a tributary of Lake Biwa in Japan (Figure 1a) to

Figure 1. (a) Map of sampling sites for river water (circles) and potential P sources (squares) and locations of large (open red triangle in small
window representing Lake Biwa) and small-scale (closed triangles) wastewater treatment plants (WWTPs) in the catchment of the Yasu River
tributary to Lake Biwa in Shiga, Japan. (b) GIS map of land use. (c) GIS map of geological properties. See Table S1 for site IDs and GIS data, and
see Tables S2−S4 for abbreviations of sample types.
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identify natural and anthropogenic P sources, especially
nonpoint sources, using δ18OPO4

. Although isotope mixing
models have been used previously to quantify the relative
contribution of P sources in simple and small-scale systems
with only a few P sources,21,23 this approach has yet to yield
realistic solutions in complex watershed systems. Here, we use
a δ18OPO4

isoscape (isotopic landscape) approach to assess P
sources throughout the entire catchment of the Yasu River.
The isoscape approach allows us to visualize the contribution
of sources and biogeochemical processes and to link the spatial
pattern of river water δ18OPO4

values to site characteristics such
as land use and lithological type.24−26

2.0. MATERIALS AND METHODS

2.1. Study Site. Our study area encompasses the entire
catchment of the Yasu River, the largest tributary in Lake Biwa
Watershed (LBW) in Japan (Figure 1a). Lake Biwa was
oligotrophic until the 1950s, but since then, cultural
eutrophication due to rapid industrialization and urbanization
has been prevalent.5 In 1979, Shiga Prefecture (governing this
watershed) imposed legislation to mitigate this cultural
eutrophication. It then promoted the installation of wastewater
treatment plants (WWTPs) to reduce nutrient loadings from
industrial and domestic point sources. From the 1980s to the
present, the total P load into the lake has been halved.27

The Yasu River originates from Mt. Gozaisyo, at 1213 m
elevation. Its river length and catchment area are 65.3 km and
387 km2, respectively. Precipitation and temperature range
from 1618 mm and 15.5 °C in the lower (Ohtsu) catchment to
1637 mm and 13.6 °C in the upper (Tsuchiyama) catchment
(annual means from 2007 to 2016). The catchment is covered
by forest (55%), cropland (24%), and built-up (11%) land uses
(Figure 1b). The dominant crop in the catchment is rice,
occupying 91% of the cropland area. The irrigation period of
rice paddies is typically from April to September. The Yasu
River Watershed (YRW) is characterized by three lithological
types: an accretionary complex (18%), granite (22%), and
sedimentary rocks (59%) (Figure 1c).
Domestic wastewater in this catchment is treated at one

large WWTP as well as in many smaller-scale WWTPs. The
large WWTP, located outside the catchment (Figure 1a),
services 91.4% of the human population in five local
government areas overlapping YRW, and its effluent is
discharged into the nearby lake basin not impacting the Yasu
River.27 The smaller WWTPs are located in the rural areas of
the upper catchment (Figure 1a), and their effluents are
discharged directly into the nearby stream tributaries of the
Yasu River.
2.2. Sample Collection. River water samples for δ18OPO4

analysis were collected using a plastic bucket and then emptied
into 20 L polyethylene containers at 30 sites representing first-
to fifth-order streams whose catchments differ in land use and
lithological type (Figure 1). The sampling sites were
established upstream of river confluences to uniquely
characterize respective tributaries to the main stem. A synoptic
survey was conducted in May 2016 at the beginning of the
paddy irrigation period. The sample volumes were 20−40 L
depending on the soluble reactive phosphate (SRP) concen-
tration at each site, measured prior to sample collection. River
water samples were collected from shallow channel units (e.g.,

riffle, rapid, or glide) in each sampling site where river waters
are well mixed by turbulent flow.
Locations of the water sampling sites were selected to

represent potential nonpoint source end members in the
watershed based on a specific land use, lithological distribution,
and P loads according to a report of Shiga Prefecture
estimating the P loads into LBW using a simulation model.28

Potential sources that contribute dissolved Pi to the river/
tributaries in the catchment, composed of bedrock, forest-floor
soils, paddy soils, fertilizers, and WWTP effluents, were also
collected (Figure 1a and Tables S1−S4). In head catchments
characterized by a single rock type [sites 29 and 56 (IDs: R4
and R3) for granite and sites 70 and 201 (R1 and R2) for
accretionary complex rocks], a riverbed gravel was collected as
a representative of the lithology. This gravel is assumed to be a
better representative of the rocks in the subcatchment than the
bedrock because this sample integrates and encompasses the
bedrock heterogeneity, if any exists. To remove organic matter
attached to the riverbed gravel, the samples were sieved into
1−4.75 mm fraction and then rinsed thoroughly with ultrapure
water (UPW). To represent the sedimentary rocks in the basin,
a sample (R5) was handpicked from a fault area in the
sedimentary rock layer near site 44 (Figure 1) because other
rock exposures were not attainable. Forest soil samples were
collected in the areas covered by the Japanese cedar forests to
represent sites with different bedrock types, thus possibly
affecting the δ18OPO4

value in soils.29 The soil samples were
collected from the A horizon (about 0−10 cm depth) at three
points per site (S3−S10; Figure 1) and then combined as one
sample. The samples of rice paddy soil were collected from the
depth of about 10 cm corresponding to the upper root layer at
the center of two different paddy fields (S1 and S2) in
December 2015, which is a nonirrigation period to avoid crop
damage. These rice paddies are owned by different famers,
allowing us to examine differences in their farming practices on
δ18OPO4

value. The farmers also provided us with manufactured
organic (F1) and chemical (F2) fertilizers commonly used in
Shiga Prefecture. These organic and chemical fertilizers contain
8% and 28% P, respectively, as indicated by the manufacturer.
The water-soluble Pi content of these fertilizers analyzed in
this study is presented in Table S4. We also obtained a stock
solution (F3) of the manufactured chemical fertilizers from the
company that supplies around 90% of the products distributed
by the Japan Agricultural Cooperatives (JA) in Shiga
Prefecture (JA, personal communication). WWTP effluent
samples (5 L each) were collected with a plastic bucket directly
from a final storage pool at six (W1−W6) of the small-scale
WWTPs in the rural areas of the upper catchment (Figure 1a)
in August 2018 and kept in 10 L polyethylene containers until
analysis.
To calculate the theoretical expected isotope equilibrium

values of δ18OPO4
of different samples, river water, WWTP

effluent, and paddy irrigation water samples were collected for
water oxygen isotope ratios (δ18OH2O). The water temperature
in the river was measured using a logger (UA-002-64; Hobo)
installed at each of the 30 sampling sites for more than 3 days
to obtain the daily average. For the WWTP effluent samples,
the water temperature was measured using a multiprobe
(ProDSS; YSI Inc., Unite States). The temperature of the
irrigation water was measured with the logger set at the three
rice paddies in the catchment of site 44 during the irrigation
period.
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2.3. Sample Preparation. Water samples were filtered
through 0.2 μm membrane filters (Advantec) for measurement
of δ18OH2O and SRP concentration and through 0.45 μm

membrane filters (Advantec) for δ18OPO4
analysis, within 24 h

from collection. Following the filtration, MgCl2 was added to
the samples used for δ18OPO4

analysis, and the pH increased to
∼10.5 to remove the phosphate as brucite (magnesium-
induced coprecipitation, MAGIC).30

The rock and gravel samples were washed using UPW, dried
at 50 °C, and ground to powder using a multibead shocker
(Yasui Kikai, Japan) with tungsten carbide beads to
homogenize the samples and to enhance the reaction between
extraction solution and the sample. The samples were stored at
room temperature until analysis. The powdered samples were
immersed in 1 M HCl for 16 h to extract the soluble Pi.31 Soil
samples were air-dried and sieved through a 2 mm mesh and
stored at room temperature until analysis (∼1 year). Labile
and weakly absorbed Pi in the soils was extracted with a 0.5 M
NaHCO3 solution.

31 The NaHCO3 extractable Pi in our study
may include microbial Pi, because soil drying lyses bacterial
cells.32 Although storing soil at room temperature without
drying processes changes the δ18OPO4

value of labile Pi

(∼3.6‰),33 the changes in the δ18OPO4
values of NaHCO3

extractable Pi in our soil samples during storage should have
been limited because of completely drying the samples. The
organic and chemical fertilizers were dried at 50 °C and
powdered to extract their labile phosphate with the UPW.
2.4. Sample Analysis. The SRP concentration of each

sample was measured using the molybdenum-blue method34

on a microplate spectrophotometer (Multiskan GO; Thermo
Fisher Scientific). The detection limit of this devise is 0.08
μmol L−1, and the repeatability based on duplicate analyses of
the same samples (±SD) is ±0.02 μmol L−1. For the δ18OPO4

analysis, inorganic phosphate samples were converted to
Ag3PO4 according to McLaughlin et al.30 with the addition
of a solid-phase extraction step to remove dissolved organic
matter (Figure S1).35

The δ18OPO4
values reported relative to the Vienna standard

mean ocean water (VSMOW) of the Ag3PO4 samples were
measured using a TC/EA-IRMS (thermal conversion
elemental analyzer connected to a Delta plus XP via ConFlo
III, Thermo Fisher Scientific) at the Research Institute for
Humanity and Nature (RIHN). Three internal standards with
values of 8.3 ± 0.29‰, 14.4 ± 0.14‰, and 23.1 ± 0.27‰
were used for calibration and normalization after calibration
with two independently calibrated standards (STDL: 11.3 ±
0.15‰; STDH: 20.0 ± 0.25‰) reported by McLaughlin et
al.30 The analytical precision (±SD) was ±0.4‰. Three
replicates of rock and soil samples were prepared for δ18OPO4

analysis. The standard deviation of the triplicate measurements
was less than 0.5‰, demonstrating the reliability and
reproducibility of the method.
δ18OH2O values were measured using a water isotope analyzer

(L2120-I; Picarro, United States) with an analytical precision
of 0.05‰. The expected equilibrium values (δ18OPO4Eq) were
estimated using the following empirical equation:14

TO O ( 273.15)/4.3 25.918
PO Eq

18
H O4 2

δ δ= − + + (1)

where δ18OH2O is the oxygen isotope ratio (‰) of ambient
water and T (K) is the water temperature.

2.5. Isoscape Approach. Land cover and lithological type
in the watershed were determined for each sampling site using
a geographic information system (ArcGIS 10.2; ESRI Japan).
We used a 1/50 000 digitized vegetation map obtained from
the Biodiversity Center of Japan to determine the areal
proportion of four land-cover types (forest, paddy field, built-
up, other) for the catchment of each sampling site. We also
used a 1/200 000 digital geological map published by the
Geological Survey of Japan to calculate the proportional area of
each lithological type (accretionary complex, granite, sedi-
mentary rock) for each catchment.
To delineate the δ18OPO4

isoscapes of the entire river system,
we used a multiple regression analysis incorporating as
explanatory variables the proportional areas of the land cover
(forest, paddy field, and built-up) and lithological types
(accretionary complex, granite, and sedimentary rock) that
are deemed to be potential nonpoint P sources in the YRW.
We constructed two models, (i) a watershed model and (ii) a
tributary model, based on the δ18OPO4

values of (i) all sampling
points of the entire watershed and (ii) those located in
tributaries with catchment areas of less than 20 km2,
respectively (Table S1). In the tributary model, the δ18OPO4

level is likely determined primarily by the source isotopic
signatures because of the short P transport distance (travel
time) and hindering biological P uptake due to the relatively
low light intensity in forest streams6,36 of our study area,
although the biological uptake differs on the basis of the
headwater characteristics, such as relative benthic area to water
volume and connectivity with the riparian and hyporheic
zones.22 In the watershed model, by contrast, we expect the
δ18OPO4

values to be modified by the cumulative effects of
metabolic processes due to a longer travel time for P along the
river course. For each of these two models, the best fit was
selected from all possible combinations of the explanatory
variables based on Akaike’s information criterion (AIC) to
minimize the information and variance inflation factor (VIF)
to avoid multicollinearity (criterion: VIF < 10). The statistical
analyses were conducted using R version 3.4.4.37

Prior to isoscape mapping, 489 points including the actual
sampling points were set along the river on the GIS map,
whereupon the watershed characteristics of land cover and
lithological type were analyzed for each point as mentioned
above. The δ18OPO4

value at each point was predicted using the
best fits for the watershed and tributary models. To project the
isoscape maps, we interpolated the predicted values of δ18OPO4

spatially for the entire river system using the inverse distance
weighting (IDW) tool of ArcGIS to take the inverse-distance-
weighted average between neighborhood points.

3.0. RESULTS AND DISCUSSION

3.1. δ18OPO4
Values in River Water. Although we

collected river water from 30 sites in the Yasu River, we
obtained a sufficient amount of Ag3PO4 for δ18OPO4

analysis
from only half the samples (N = 15). This may be attributed to
the very low orthophosphate concentrations in the samples
that did not yield sufficient Ag3PO4. Prior to our synoptic
sampling, we calculated the water volume needed for δ18OPO4

analysis based on a preliminary survey of the SRP
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concentrations at each site. Nevertheless, this estimate was
higher than the Pi in the samples; it is known that SRP
measured by the molybdenum-blue method includes P species
other than orthophosphate,38 explaining this overestimation.
Recently, Maruo et al.39 reported that the ratio of
orthophosphate to SRP in river and lake water samples
collected from the Lake Biwa Watershed varied widely from
0.06 to 0.79, requiring more than 10 times the volume of water
we collected to obtain enough Ag3PO4. Accordingly, it is
recommended that water samples of volume much larger than
needed be collected for the δ18OPO4

analysis,7 assuming that
the freshwater samples have a low orthophosphate-to-SRP
ratio.
Within the Yasu River Watershed, the δ18OPO4

values of
dissolved Pi in river water that could be measured ranged from
10.3‰ to 17.6‰ (Figure 2). Similarly large variations have

been observed in other coastal and freshwater systems,9 in
which P sources and P metabolic processes are expected to
have high spatiotemporal variability. For example, the δ18OPO4

values dissolved Pi in watersheds around Lake Erie span 4.7‰,
in the San Joaquin River System 7.2‰, and in the Lake Tahoe
watershed 3.0‰.40 By contrast, in the catchment of the River
Taw in southwest England, the δ18OPO4

values of dissolved Pi
in river water vary by only 1.7‰ along the main channel from
upstream to downstream sites.17 The δ18OPO4

values for the
water in the River Taw catchment are similar to those expected
from theoretical equilibrium at all sites and differ from those of
potential natural and anthropogenic P sources, suggesting that
in this river the source isotope signatures are overwritten by in-
stream biological processes.
In the YRW, the δ18OPO4

values of dissolved Pi deviate

greatly from the δ18OPO4Eq for many tributary streams (Figure
S2), indicating that phosphate ions in the river water are not
being taken up fully by the living biomass in the streams and
these values can be utilized for identifying P source in the
watershed. The rate of biological P recycling depends on
stream characteristics such as biological activity, nutrient
balance, and travel time.6,17,19,41 We surmise the relatively
small catchment area (387 km2), steep gradient (87−1213 m
in elevation) and high flow velocity (0.79 ± 0.62 km/h; Table
S1) of the Yasu River may result in a travel time that is too

short for complete in-stream microbial P turnover.6,36

Consequently, the Yasu River has a wide range of δ18OPO4

values imprinted by isotope signatures derived from various P
sources that dominate different sections of the watershed.

3.2. δ18OPO4
Values in Natural and Anthropogenic P

Sources. Our source samples have distinct δ18OPO4
values

(Figure 2), allowing us to examine the relative importance of
each source to the river. According to previous studies, δ18OPO4

values in source samples vary widely, covering all the range of
our source sample (details are shown below).7−10

3.2.1. Bedrock and Forest-Floor Soils. The δ18OPO4
values

of HCl extractable Pi in bedrock differs based on rock type
(Figure 2 and Table S4). The granite rocks (R3 and R4) found
in the upstream mountain area and within the watershed of
some of the first-order streams in the lower catchment (Figure
1) have the δ18OPO4

value range of 11.4−13.4‰, whereas the
sedimentary rock value is 18.5‰ (R5) (Figure 2 and Table
S4). The extracted bedrock Pi using 1 M HCl mainly
constitutes the calcium-bound P fraction (e.g., apatite).31

Apatite in plutonic rocks generally has low δ18OPO4
values

(6.0−13.5‰),42−44 which are similar to the granite δ18OPO4

values observed in the YRW. By contrast, because δ18OPO4

values in biotic apatite are determined from the δ18OH2O values
of ambient water and the temperature during apatite
formation, sedimentary apatite shows great variation with
rock age and location (6.0−25.0‰).14,45 Our sedimentary
rock value is consistent with those of biotic apatite. The
accretionary complex comprises a mixture of igneous and
biotic apatite; thus, the δ18OPO4

values of HCl extractable Pi in
the accretionary complex (11.0−11.1‰) are controlled by the
relative contribution of these rock types.
In the present study, we were unable to characterize the

δ18OPO4
values of NaHCO3 extractable Pi in the forest-floor

soils. Japanese forest soils typically have low labile Pi
concentrations (Table S4) and high organic-matter content,46

preventing δ18OPO4
analysis.47,48 According to previous studies,

the δ18OPO4
values in soil samples vary between different

operationally defined soil fractions.8,29,48−50 In natural systems,
the δ18OPO4

values of labile and less labile P fractions are
typically close to that expected at the isotopic equilibrium with
water and that of the parent rock material, respectively,29,49,50

although this phenomenon is not always the case and actual
values also depend on pedogenesis processes, such as
weathering rate and biological activity.51,52 If the former case
(i.e., equilibrium) applies to our study area, then the δ18OPO4Eq

values of labile Pi in forest soils are estimated to be around
15.3‰ based on the average δ18OH2O (−6.41‰) and the air
temperature (18 °C) in the upper catchment (Tsuchiyama)
during the sampling period. This value differs from that of
δ18OPO4

, which we measured for accretionary complex and
granite rock. Therefore, forest soil is possibly the source with a
wide value range of δ18OPO4

to the river.
3.2.2. Fertilizers and Rice Paddy Soils. In our analysis, the

δ18OPO4
values of water-soluble P in chemical and organic

fertilizers differ (Figure 2 and Table S4), which may depend on
the raw material of phosphate used to produce the fertilizer.
Previous studies reported that manufactured fertilizers show a

Figure 2. δ18OPO4
values in Yasu River water and P source samples

collected within Yasu River Watershed, including bedrock, rice paddy
soil, fertilizer, and wastewater treatment plant (WWTP) effluents.
Numbers on symbols refer to sampling sites as shown in Figure 1.
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wide range of δ18OPO4
values (15.5−27.0‰), reflecting the

isotopic signatures of the phosphate ores used in produc-
tion.10,40,53 Our chemical-fertilizer sample (F2, 12.7‰) had a
δ18OPO4

signature similar to that of its stock solution (F3,
13.1‰), which is used for many manufactured products that
have a large market share in Shiga Prefecture. A value of 12−
13‰ can therefore be regarded as representative isotopic
signature that is characteristic of chemical fertilizers in the
YRW.
The δ18OPO4

values of NaHCO3 extractable Pi in rice paddy
soil samples collected at two different places during the
nonirrigation period had almost the same values (18.0−

18.2‰) (Figure 2 and Table S4). These values may be
controlled by fertilizer addition and/or biological recycling.
These values are similar to that of the organic fertilizer value
(F1, 17.2‰), although they differ from that of the chemical
fertilizer (Figure 2 and Table S4). One possibility is that the
organic fertilizer sets the δ18OPO4

values of NaHCO3

extractable Pi in the paddy soils. Another explanation is that
the biological recycling of labile Pi derived from fertilizers in
rice paddies determines the paddy soil signature. A previous
study reported that the δ18OPO4

values of labile Pi in irrigated

soils rapidly approach an equilibrium value within half a month
of adding P fertilizers, thus overwriting the source isotope

Table 1. Multiple-Regression Statistics for the Best Fits of the Watershed and Tributary Models Based on AICa

variable coefficient SE p VIF R2

watershed model intercept 10.0 1.40 0.001

0.69
accretionary complex −3.18 1.36 0.04 1.5
forest 3.40 1.77 0.08 2.0
rice paddy 11.1 3.17 0.01 1.7

tributary model intercept 10.5 0.68 0.001

0.96
accretionary complex −11.2 1.75 0.001 8.4
granite −8.05 1.76 0.01 9.9
forest 11.3 1.81 0.002 7.8
rice paddy 5.60 2.06 0.04 2.7

aVIF, variance inflation factor. See text for details of the two models.

Figure 3. Isoscapes of river water δ18OPO4
based on (a) watershed model and (b) tributary model. Colored circles and numbers refer to the

observed δ18OPO4
values in the river water and sampling sites. See text for details of the two models.
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signatures.54,55 Therefore, the δ18OPO4
values of NaHCO3

extractable Pi in rice paddy soils may depend on the
seasonality in water temperature and δ18OH2O. We estimated
the equilibrium value expected in the sampling period based on
our monitoring data of δ18OH2O (−3.46 ± 1.05‰) and the
water temperature (20.9 ± 4.8 °C) of the irrigated water in the
rice paddies during sampling period. The resulting δ18OPO4Eq

value is 17.6‰. If indeed Pi in rice paddies is almost
completely recycled, then the observed δ18OPO4

in river water
was derived from rice paddy wastewater flowing to the river
through agricultural drainage canals or culverts.
3.2.3. WWTP Effluents. The δ18OPO4

values of dissolved Pi
in the wastewater treatment plant (WWTP) effluents are
relatively constrained, spanning a narrow range (Figure 2),
suggesting that these isotopic signatures are typical of the
WWTP effluents in this watershed. Effluents from WWTPs are
often considered to be the primary point sources of domestic P
in a river.18,19 In the entire LBW, the point sources from the
WWTPs account for 16.1% of the total P loading into the lake
basin.28 To estimate the contribution of the WWTP-derived P
discharged into the tributaries of the Yasu River, we calculated
the P load from each small-scale WWTP using the maximum
discharge and SRP concentration of its effluent. The estimated
P load ranged from 8.85 to 63.6 mmol/day, which is large
enough to alter the δ18OPO4

values of dissolved Pi in the river
water in small tributaries (Table S2). However, even for a site
in a small tributary (site 44) that is located immediately
downstream from a small-scale WWTP (Figure 1a), the
δ18OPO4

value of dissolved Pi in the river water (17.6‰) differs
markedly from that in the WWTP effluent (14.0−15.9‰)
(Tables S2 and S3). This result differs from reported
conditions in the River Beult in the United Kingdom, in
which the δ18OPO4

values of dissolved Pi in the river
downstream from a WWTP were found to be similar to
those of the WWTP effluents.18 In our case, intermittent
discharge from WWTP may result in the difference between
the δ18OPO4

value in WWTP effluent and downstream tributary

water. Thus, the actual δ18OPO4
values of dissolved Pi in the

downstream tributary water should show large temporal
variation depending on the discharge times and rates from
the WWTPs.
Considering that the river discharge in the main stream is

much greater than water volumes added by the small-scale
WWTP effluent disposal, the WWTP-derived P may be diluted
substantially with river water in the lower catchment. The fact
that effluent from the large WWTP that serves more than 90%
of the watershed population is not discharged directly into the
Yasu River suggests that the impact of the WWTPs on the
δ18OPO4

values of dissolved Pi in the river water is not great
overall.
3.3. δ18OPO4

Isoscapes. The watershed and tributary

models for δ18OPO4
isoscapes account for 69% and 96% of the

spatial variation in the δ18OPO4
values dissolved Pi in the river

water, respectively. These values are sufficiently high when
constructing an isoscape map (Table 1).31 The best-fit model
of the δ18OPO4

isoscapes is the one that uses the proportional
areas of rice paddy, forest, and accretionary complex as
explanatory variables to be employed as predictors for the

watershed model and that of granite and the same predictors of
the watershed model for the tributary model. The isoscape
maps of the δ18OPO4

values of dissolved Pi in the river water,
based on two models, exhibit a similar trend (Figure 3), that is,
low value in the upstream and average−high value in the
middle and downstream.
Although the predicted values using the two models

significantly correlated with each other (Pearson’s r = 0.73; p
< 0.05), the average and SD of the predicted values from the
tributary model (13.6 ± 2.6‰) were significantly higher than
that from the watershed model (12.8 ± 2.0‰) (p < 0.05; t test
for average and F test for SD). The differences in averages,
SDs, and R2 values of the two models may be caused by
isotope fractionation associated with microbial P turnover
particularly in the lower stream. Because small tributaries in the
upper catchments are expected to have low microbial P
turnover due to low forest canopy openness (0.36 ± 0.22,
Table S1) and high flow velocity (Table S1),6,36 the source
isotope signatures are dominant in the Pi pool of these streams.
Meanwhile, the main stream in the lower catchment has a long
travel time for P in open water, thereby cumulatively
enhancing the biological P recycling during its downward
movement. These differences may affect model predictions and
result in the lower R2 value for the watershed model. Hence,
future work will involve incorporating in-stream biological
processes into the models to fully understand the P dynamics
in the entire watershed.
Nonpoint agricultural loads have been regarded as a major P

source (16.0%) similar to the contributions from WWTPs
(16.1%) and septic tanks (15.5%) based on a simulation model
for the annual total P loads from LBW watershed into Lake
Biwa in 2015.28 In addition, the P loads from rice paddies
during the irrigation period (4.82 kgP ha−1 day−1) was
estimated to be 2.6 times higher than that in the nonirrigation
period (1.86 kgP ha−1 day−1).28 Therefore, the P loads from
the rice paddies are expected to be the highest P source during
irrigation period. Indeed, in our study, the river reach with high
δ18OPO4

values corresponds to areas dominated by rice paddies
that are situated on sedimentary rocks (Figures 1 and 3 and
Table S5). Moreover, the proportional area of rice paddies
shows the strongest positive correlation with the river water
δ18OPO4

among the land cover and lithological types (Figures
S3 and S4). In the rice paddies, chemical fertilizer is expected
to be the major inorganic P source because of its use in high
concentrations and its lability (Table S4); however, the
δ18OPO4

value of the fertilizer phosphate is much lower than
that observed in streamwater even where the proportional area
of rice paddies is high (Figure S3a). The δ18OPO4

values of
dissolved Pi in the river water are similar to those of organic
fertilizer, rice paddy soils, and sedimentary rocks, which have
similar signatures. We suggest that in the rice paddies, most of
the labile Pi from fertilizer application is turned over during the
irrigation period, effectively erasing the source signature, as
discussed in section 3.2.2. Taken together, the P derived from
sedimentary rock and biologically recycled P are likely to be
the dominant nonpoint P sources to the river water in areas
adjacent to the rice paddies.
Because the forest streams in our study area have few

anthropogenic P sources (and low SRP concentrations), we
expect natural P sources such as bedrocks and forest soils to
make a relatively large contribution in forest streams. Indeed,
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the isoscapes show low δ18OPO4
values of dissolved Pi in the

upstream reaches of the river, where forest developed on
accretionary complex and granite bedrock is abundant (Figures
1 and 3 and Table S5). The proportional area of forest is not
correlated significantly with the δ18OPO4

value of dissolved Pi in

river water (Figure S3c); instead, the δ18OPO4
values show a

tendency to converge to that of granite and accretionary
complex bedrock. This result indicates that bedrock and/or P
pools in forest soils, with δ18OPO4

value reflecting that of
bedrock,29,49,50 are the dominant P sources in the forested
areas.
We successfully demonstrated that the δ18OPO4

isoscape
models are promising tools for assessing nonpoint sources of
anthropogenic and natural P loadings into a watershed because
potential sources, such as land cover and lithological type, had
distinct δ18OPO4

values. However, we also had a limitation on
the precision of the estimation in the watershed scale because
the isoscapes herein are based on a small data set of δ18OPO4

values. Therefore, in future studies, obtaining additional
δ18OPO4

data of river water and P sources is important to
improve the model. We also need to consider and include
additional factors affecting the δ18OPO4

value in river water,
such as existence of additional P sources (e.g., bank erosion,
atmospheric deposition, internal loads from river sediment,
and seasonal change in P loads from each P source). In
addition, complementing the isoscape models by using other
independent methods, such as synoptic monitoring and
hydrological models, is probably necessary. The isoscape
approach should be applicable in watersheds with character-
istics similar to that of our watershed and useful for watershed
management, wherein excellent practices are designed to
reduce the P loads to control cultural eutrophication in river
and lake ecosystems.
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Text S1. Wastewater treatment plants (WWTPs) in the Yasu River Watershed 

(YRW). 

As described in Section 2.1, almost all domestic wastewater in this catchment (91.4% 

of the human population in five local government areas, including YRW) is treated in 

one large WWTP. This WWTP treats approximately 43,000 m3·day−1 wastewater and 

discharges into the nearby lake basin, but not affecting the Yasu River. A small-scale 

WWTP, which is located in a rural area, serves 4.6% of human population directly into 

the nearby stream tributaries of the Yasu River. These WWTPs treat less than 550 

m3·day−1 wastewater with one exception (2000 m3·day−1 wastewater). Only 2.2% of the 

human population uses domestic septic tanks.
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Figure S1. Protocol to purify phosphate in water and source samples to obtain Ag3PO4 

for isotope analysis. The protocol originates from McLaughlin et al.1 with the addition of 

a solid-phase extraction step to remove dissolved organic matter.2
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Figure S2. Relationship between 18OPO4 values in river water and those of isotopic 

exchange equilibrium with water, 18OPO4 Eq. Dashed line represents 18OPO4 = 18OPO4 Eq.
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Figure S3. Correlations between river-water 18OPO4 and proportional area of (a) rice 

paddies, (b) built-up areas, and (c) forest in the catchment of the streams studied. Dotted 

line or shaded bars indicate the 18OPO4 value or range of potential P sources in each land 

use.

* p < 0.05.
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Figure S4. Correlations between river-water 18OPO4 and proportional area of (a) 

bedrocks; accretionary complex, (b) granite, and (c) sedimentary rock. Dotted lines or 

shaded bars indicate the 18OPO4 value or range of HCl extraction in bedrocks.

* p < 0.05
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Table S1. Hydrological characteristics and proportional area of land use and bedrock 

at each sampling site. IDs refer to sampling location as shown in Fig. 1.

ID
Stream 

order

Water 

temperature
River width River depth Flow velocity

River 

discharge

Canopy 

openness

Catchment 

area

　 　 ℃ m cm cm s-1 m3 s-1 　 km2

3 5 23.0 29.9 35.8 37.7 3.765 0.79 387

8 1 20.2 2.68 33.1 12.5 0.102 0.54 1.72

9 2 21.0 1.64 5.04 36.6 0.030 0.35 2.18

10 2 16.5 0.82 7.04 24.9 0.013 0.25 1.01

11 1 18.4 1.80 6.04 2.38 0.002 0.39 0.99

12 2 20.2 3.54 48.5 1.59 0.024 0.66 3.60

15 3 20.7 1.64 8.28 29.5 0.037 0.47 10.3

21 4 23.4 8.16 54.3 11.7 0.483 0.65 20.7

22 3 19.8 4.98 14.3 14.2 0.093 0.38 10.7

23 1 22.1 2.10 1.28 4.12 0.001 0.66 0.25

24 2 20.1 4.08 23.2 45.2 0.417 0.31 7.04

28 2 16.2 3.62 24.2 8.62 0.070 0.60 3.24

29 3 ND 3.86 25.8 28.9 0.254 0.40 6.98

31 2 18.6 1.82 11.4 35.1 0.061 0.37 2.46

34 3 16.0 2.70 21.2 19.4 0.101 0.48 13.0

35 3 20.4 1.74 13.0 6.73 0.014 0.30 7.26

38 4 21.9 4.44 17.2 34.2 0.242 0.77 53.1

39 2 18.2 1.72 17.5 5.05 0.013 0.19 1.26

44 1 20.5 4.38 47.4 3.09 0.047 0.24 4.86

45 3 19.7 9.72 10.6 16.6 0.156 0.48 29.3

52 4 17.9 ND ND ND 2.870 0.70 121

54 4 16.3 25.5 32.6 39.7 3.126 0.78 70.6

55 3 17.9 15.7 22.7 27.6 0.970 0.58 48.0

56 1 14.0 1.28 6.96 6.94 0.006 0.05 0.27

57 1 16.5 1.86 12.0 8.55 0.016 0.51 0.52

61 3 17.4 11.1 25.2 43.8 1.186 0.69 25.0

62 3 13.9 3.44 19.7 14.1 0.073 0.03 1.85

64 3 15.1 16.4 54.0 22.6 1.985 0.75 39.3

70 1 12.2 4.58 23.5 17.2 0.156 0.03 0.76

201 2 13.2 10.6 14.6 77.2 1.171 0.46 6.41
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ID Proportional area of land use 　 Proportional are of bedrock

　 Forest
Paddy 

field
Built-up Crop land 　

Accretionary 

complex
Granite

Sedimentary 

rock
Volcanic

　 % % % % 　 % % % %

3 55 21 11 2 　 18 22 59 0

8 69 8 23 0 　 82 0 18 0

9 13 30 58 0 　 2 0 98 0

10 96 0 3 0 　 7 89 5 0

11 65 0 34 0 　 0 98 2 0

12 83 0 9 0 　 0 97 3 0

15 60 17 20 2 　 7 33 59 0

21 41 32 24 0 　 1 1 98 0

22 73 6 5 0 　 0 92 8 0

23 6 2 81 0 　 0 0 100 0

24 10 47 41 1 　 0 0 100 0

28 84 12 0 0 　 0 83 17 0

29 80 5 1 0 　 0 95 5 0

31 57 33 6 0 　 0 27 73 0

34 69 16 4 0 　 0 85 15 0

35 51 27 10 0 　 0 37 61 0

38 48 29 11 2 　 0 20 79 0

39 35 25 36 1 　 0 0 97 0

44 49 39 11 1 　 0 0 100 0

45 52 26 10 3 　 1 23 76 0

52 78 7 3 1 　 52 18 29 1

54 81 5 2 1 　 71 14 13 1

55 75 9 3 2 　 24 24 51 1

56 96 0 0 0 　 0 100 0 0

57 73 14 0 13 　 77 0 7 17

61 79 8 2 1 　 34 24 42 0

62 95 5 0 0 　 85 0 11 4

64 87 1 1 0 　 74 24 2 0

70 98 0 0 0 　 100 0 0 0

201 92 0 2 0 　 62 34 1 3
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Table S2. SRP concentrations and fluxes, measured 18OPO4 values, oxygen isotope 

values of water, water temperature and equilibrium 18OPO4 values of Yasu river water. 

IDs refer to sampling location as shown in Fig. 1. ND means not detected. NA means not 

available. 

ID Sample type SRP 18OPO4 18OH2O Water temp. 18OPO4 Eq

　 　 Concentration Flux 　 　 　 　

　 　 mol L-1 mmol day-1 ‰ ‰ ℃ ‰

3 River water 1.35 439 14.0 -6.25 23.0 14.3

8 River water 0.65 5.66 NA -6.95 20.2 14.3

9 River water 0.42 1.07 13.7 -5.95 21.0 15.1

10 River water 1.35 1.47 NA -7.96 16.5 14.1

11 River water 3.81 0.63 NA -7.53 18.4 14.1

12 River water 2.34 4.93 11.2 -6.91 20.2 14.3

15 River water 3.08 10.0 15.6 -6.57 20.7 14.5

21 River water 1.97 82.6 NA -5.69 23.4 14.8

22 River water 1.14 9.17 NA -7.26 19.8 14.0

23 River water 0.35 0.03 11.2 -4.76 22.1 16.0

24 River water 0.35 12.8 14.3 -6.04 20.1 15.2

28 River water 0.42 2.55 NA -6.77 16.2 15.4

29 River water 0.35 7.78 NA -6.61 NA NA

31 River water 0.65 3.38 16.8 -4.44 18.6 17.1

34 River water 0.42 3.67 NA -6.39 16.0 15.8

35 River water 0.16 0.20 NA -4.72 20.4 16.4

38 River water 0.17 3.51 NA -5.34 21.9 15.5

39 River water 0.87 0.99 NA -5.97 18.2 15.7

44 River water 2.08 8.49 17.6 -3.05 20.5 18.1

45 River water 1.41 19.0 12.4 -5.12 19.7 16.2

52 River water 2.83 701 11.0 -7.11 17.9 14.6

54 River water 2.05 554 NA -7.32 16.3 14.8

55 River water 3.32 278 NA -6.51 17.9 15.2

56 River water 1.51 0.73 13.9 -7.30 14.0 15.3
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57 River water 2.98 4.05 11.0 -7.13 16.5 14.9

61 River water 3.51 360 11.3 -6.56 17.4 15.3

62 River water ND 0.41 NA -6.81 13.9 15.9

64 River water ND 11.1 12.1 -7.37 15.1 15.0

70 River water ND 0.87 10.3 -8.46 12.2 14.6

201 River water 0.16 16.3 NA -7.41 13.2 15.4
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Table S3. SRP concentration and flux, measured 18OPO4, oxygen isotope values of 

water, water temperature and equilibrium 18OPO4 values of WWTP effluent. IDs refer to 

sampling location as shown in Fig. 1.

ID Sample type SRP 18OPO4 18OH2O
Water 

temperature
18OPO4 Eq

　 　 Concentration Flux 　 　 　 　
　 　 mol L-1 mmol day-1 ‰ ‰ ℃ ‰

W1 WWTP effluent 5.20 22.1 14.0 -7.47 26.0 12.4

W2 WWTP effluent 48.0 20.4 15.9 -7.08 26.9 12.6

W3 WWTP effluent 39.3 8.85 15.6 -7.34 24.6 12.8

W4 WWTP effluent 81.9 23.1 15.1 -6.98 29.1 12.1

W5 WWTP effluent 56.1 21.5 15.1 -7.58 27.7 11.9

W6 WWTP effluent 116 63.6 15.9 -7.48 27.3 12.1
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Table S4. P concentrations and measured 18OPO4 values of solid P sources: bedrocks 

(R), soils (S), and fertilizers (F). IDs refer to sampling location as shown in Fig. 1. ND 

means no data. 

ID Sample type Extract solution P concentration 18OPO4

　 　 　 mmol kg-1 ‰
R1 Accretionary complex 1 M HCl 10.2 11.1
R2 Accretionary complex 1 M HCl 3.14 11.0
R3 Granite 1 M HCl 2.34 11.4
R4 Granite 1 M HCl 0.21 13.4
R5 Sedimentary rock 1 M HCl 4.41 18.5
S1 Rice paddy soil 0.5 M NaHCO3 3.58 18.2
S2 Rice paddy soil 0.5 M NaHCO3 2.89 18.0
S3 Forest soil 0.5 M NaHCO3 0.07 ND
S4 Forest soil 0.5 M NaHCO3 0.04 ND
S5 Forest soil 0.5 M NaHCO3 0.05 ND
S6 Forest soil 0.5 M NaHCO3 0.06 ND
S7 Forest soil 0.5 M NaHCO3 0.06 ND
S8 Forest soil 0.5 M NaHCO3 0.07 ND
S9 Forest soil 0.5 M NaHCO3 0.05 ND
S10 Forest soil 0.5 M NaHCO3 0.02 ND
F1 Organic fertilizer Water 48.6 17.2
F2 Chemical fertilizer Water 254 12.7
F3 Stock solution None ND 13.1
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Table S5. Pearson correlation coefficients between proportional area of each 

land use and lithological type at 15 sites where 18OPO4 values of river water were 

obtained

* p < 0.05

Variable Forest Rice paddy Built-up
Accretionary 

complex
Granite

Sedimentary 
rock

Forest 　 - - - - -

Rice paddy -0.62* 　 - - - -

Built-up -0.88* 0.22 　 - - -
Accretionary 
complex

0.57* -0.46 -0.46 　 - -

Granite 0.51 -0.44 -0.36 -0.30 　 -

Sedimentary rock -0.91* 0.76* 0.70* -0.65* -0.52* 　
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