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Dissolved organic matter (DOM), particularly dissolved organic nitrogen (DON), is an important
source of energy and/or organic nutrients for heterotrophic microorganisms in rivers. Although
various factors controlling the quantity and quality of stream and riverine DOM have been
extensively studied, DON has been under-researched compared to dissolved organic carbon
(DOC). The spatial distribution of DOC and DON concentrations with respect to the C/N ratio
and DOMoptical properties was investigated in the Ishikari River and its tributaries in Hokkaido,
northern Japan. Here, the upper reaches are forested and the middle and lower reaches are
encompassed by agricultural land, in particular paddy fields. Furthermore, dark incubation
experiments were conducted using filtered riverine water (<0.7 µm) to determine the
bioavailability of DOC and DON (particularly due to small microorganisms) considered as a
factor controlling the spatial distribution. In the mainstream, DOC and DON concentrations
increasedwith river flow in the upper andmiddle reaches and remained unchanged in the lower
reaches. The C/N ratio of bulk DOM decreased continuously from the upper reaches to lower
reaches. The optical properties exhibited changes in the DOM characteristics in terms of higher
molecular weight and higher aromaticity from the upper to middle reaches, suggesting that
flooded paddy fields largely altered the riverine DOM concentration and composition. In the
lower reaches, theC/N ratio of the bulkDOMdecreasedwith the river flow.However, according
to principal component analysis, no changes were observed in the optical properties with river
flow, suggesting that theC/N ratio of bulk DOMchanged owing to in situbiological activity in the
river. DOC biodegradation was observed at four sites in the upper and middle reaches but not
at the two sites in the lower reaches. However, the DON concentration during the dark
incubation experiments at all sites did not differ significantly, which implies that microbial
degradation, particularly by small microorganisms, is a factor that decreased the C/N ratio of
bulk DOM in the upper and middle reaches. In contrast, large microorganisms possibly
degraded C-rich DOM to decrease the C/N ratio of bulk DOM in the lower reaches of the
Ishikari River.
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INTRODUCTION

Dissolved organic matter (DOM) in rivers is an essential
component of biogeochemical cycles (Findlay and Sinsabaugh,
2003), and three major sources of DOM in rivers include 1) soils,
2) riparian zones, and 3) biological production in situ in rivers
(Bertilsson and Jones, 2003; Willett et al., 2004; Yamashita et al.,
2010; Bianchi, 2011; Yamashita et al., 2011; Drake et al., 2018).
The chemical characteristics of DOM may vary depending on its
origin. DOM is the source of energy and carbon in riverine
ecosystems, particularly for heterotrophic microorganisms
(Wetzel, 1992; Battin et al., 2016), and its bioavailability
depends on its composition and structure (Amon and Benner,
1996; Amon et al., 2001). Therefore, the environmental dynamics
of DOM in rivers must be determined by considering their origin
and bioavailability for an improved understanding of riverine
ecosystems.

In addition to providing energy, dissolved organic nitrogen
(DON) plays an important role as an organic nutrient in riverine
ecosystems (Wymore et al., 2015). The ratio of dissolved organic
carbon (DOC) to DON (i.e., the C/N ratio of DOM) of bio-labile
DOM is generally lower than that of bio-refractory DOM in
marine environments (Hopkinson and Valino, 2005; Lønborg
and Álvarez-Salgado, 2012), implying that nitrogen-containing
DOM is relatively easily consumed by heterotrophic microbes in
the ocean. The C/N ratio of riverine DOM is generally higher than
that of marine DOM because of the inputs from soil-derived
DOM, which has a higher C/N ratio (Lara et al., 1998; Lee et al.,
2020). In contrast, DOM produced by algae in rivers and derived
from wastewater and agricultural land have lower C/N values
than soil-derived DOM (Westerhoff and Mash, 2002; Voss et al.,
2021). Furthermore, Wiegner et al. (2006) conducted a
degradation experiment in rivers on the east coast of the
United States at 25°C under dark conditions for 6 days and
observed that DON had a higher degradation rate and higher
bioavailability than DOC. Similar results have been observed in
different rivers (Hendrickson et al., 2007; Petrone et al., 2009;
Wiegner et al., 2009; Islam et al., 2019). The contribution of
protein-like fluorophores to total fluorophores has been related to
the bioavailability of bulk DOM (Balcarczyk et al., 2009; Fellman
et al., 2009; Petrone et al., 2011), implying that at least fractions of
the DON, such as peptides and proteins, are actively involved in
the metabolism of lower trophic levels in riverine ecosystems.

Previous studies have also suggested that DON bioavailability
is controlled by dissolved inorganic nitrogen (DIN)
concentration. Heterotrophic microorganisms, such as bacteria,
can use DIN for nitrogen assimilation and DON as a carbon and
energy source (Lutz et al., 2011; Wymore et al., 2015). DON
concentration may increase with increasing DIN concentration
under the condition that DON has the role of nutrient source for
microorganisms (Wymore et al., 2015). On the other hand,
Kaushal and Lewis (2005) and Pisani et al. (2017) proposed a
model for the relationship between DIN concentration and DON
bioavailability. In the model, DON bioavailability was reduced in
DIN-rich environments.

The evaluation of factors controlling DOC concentration in
rivers often involves comparison with the DOC quality

determined by optical means along with its comparison with
land use and land cover (Aitkenhead and McDowell, 2000;
Mulholland, 2003; Yamashita et al., 2011; Lu et al., 2014;
Mann et al., 2016; Williams et al., 2016; Connolly et al., 2018).
However, compared with the factors controlling DOC
concentration, those controlling the DON concentration and
C/N ratio of bulk DOM in rivers have been evaluated in a
relatively small number of studies. For example, Willet et al.
(2004) observed that DON concentrations remained stable across
a wide range of hydrologically and ecologically diverse
catchments with highly varying DIN concentrations. Jacobs
et al. (2017) compared DOC and DON concentrations in
rivers with different land use patterns, namely forest, field, and
plantation agriculture, and observed that both DOC and DON
concentrations were not affected by land use land cover in the
catchment. DOM in forest areas generally have higher C/N ratios
than those in urban/suburban and agricultural areas (Seitzinger
et al., 2002; Graeber et al., 2015; Heinz et al., 2015; Yates et al.,
2019; Voss et al., 2021). Yates et al. (2019) also reported that the
C/N ratio of DOM in the blanket peatland area was higher than
that in the coniferous woodland area. In contrast, Bhattacharya
and Osburn (2020) reported that the C/N ratio of streamDOM in
the Neuse River Basin, the largest watershed in the state of North
Carolina, United States, exhibited slightly higher values in
wetland and agricultural areas than in urban and forested
areas. Thus, the factors controlling DON concentrations and
the C/N ratio of bulk DOM in rivers have not been well
documented (Heinz et al., 2015).

In this study, we determined the spatial distribution of DOC
and DON concentrations and the optical properties of DOM in
the Ishikari River Basin in Hokkaido, northern Japan. The
biodegradability of DOC and DON was also determined by
40-days dark incubation experiments. The aim of this study
was to estimate the factors controlling the DOC and DON
concentrations and C/N ratio of bulk DOM in the Ishikari
River to improve our understanding of the influence of C/N
ratio on the environmental dynamics of riverine DOM.

MATERIALS AND METHODS

Study Sites and Sampling
Study Sites
The study area was located in the catchment of the Ishikari River,
Hokkaido, Japan (Figure 1). This stream originates from Mt.
Ishikari (1967 m) and is the longest river in Hokkaido, with a
basin area of 14,330 km2 and a river length of 268 km. The stream
has many tributaries, from large to small, and transports
freshwater to the Sea of Japan. The Ishikari River generally
has a maximum annual flow in April because of snowmelt in
the spring (Duan et al., 2013). In addition, the river flow is
relatively high in August and September because of heavy
precipitation from typhoons and fronts.

The topography of the watershed is 60% mountains and 40%
plains. Most of the upper reaches of the watershed are
mountainous. The watershed of the upper reaches of the
Ishikari River Basin comprises the Taisetsu Mountains, which
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are a group of volcanoes reaching heights of up to 2,000 m. In
contrast, the lower reaches of the watersheds are plain,
represented by the Ishikari Plain, and wetlands have also
developed.

The land use land cover of watersheds is largely dominated by
forests (Kunii and Saito, 2009; Duan et al., 2015). Alpine
vegetation was evident in the headwaters of the watersheds. In
other mountainous areas, deciduous broad-leaved forests are

FIGURE 1 |Map of the study area. White plots indicate the sampling sites and the number next to the plot denotes the site number. The black dotted lines divide
upper, middle and lower reaches. This map was created by processing “Digital National Land Information (Data of Land use in 2016)" (Ministry of Land, Infrastructure,
Transport and Tourism) (https://nlftp.mlit.go.jp/ksj/index.html).

TABLE 1 | Information on the study area during observations.

Site Latitude Longitude River name Distance from river
mouth (km)

Sampling date Water temperature (°C) EC (mS cm−1)

No (Mainstream only)

1 43°43′37″N 142°57′02″E Ishikari 221 2020/7/23 15.2 0.072
2 43°50′30″N 142°46′01″E Ishikari 200 2020/7/23 18.5 0.082
3 43°53′20″N 142°40′05″E Ishikari 188 2020/7/23 17.1 0.07
4 43°49′07″N 142°25′34″E Ishikari 164 2020/7/23 19.7 0.084
5 43°46′44″N 142°21′36″E Ishikari 157 2020/7/23 20.3 0.085
6 43°45′56″N 142°16′33″E Ishikari 149 2020/7/24 19.6 0.111
7 43°43′01″N 142°08′05″E Ishikari 130 2020/7/24 19.6 0.111
8 43°40′22″N 142°01′05″E Ishikari 114 2020/7/24 21.1 0.135
9 43°35′12″N 141°52′58″E Ishikari 105 2020/7/24 22.4 0.126
10 43°33′38″N 141°53′02″E Ishikari 94 2020/7/24 22.5 0.125
11 43°25′49″N 141°50′21″E Ishikari 77 2020/7/24 23.3 0.132
12 43°23′06″N 141°48′43″E Ishikari 71 2020/7/24 22.8 0.131
13 43°20′15″N 141°40′36″E Ishikari 58 2020/7/27 22.3 0.138
14 43°13′22″N 141°39′44″E Ishikari 45 2020/7/27 22.2 0.141
15 43°07′24″N 141°32′34″E Ishikari 27 2020/7/27 20.3 0.161
U1 44°17′21″ N 142°10′08″E Uryu 2020/7/23 12.9 0.068
U2 44°00′53″ N 142°09′07″E Uryu 2020/7/23 19.3 0.085
U3 43°48′33″N 142°00′49″E Uryu 2020/7/23 21.7 0.095
U4 43°41′01″N 141°54′55″E Uryu 2020/7/23 22.4 0.113
Chu1 43°44′53″N 142°22′46″E Chubetsu 2020/7/24 17.8 0.122
B1 43°40′46″N 142°22′40″E Biei 2020/7/24 16.6 0.212
O1 43°49′50″N 142°19′12″E Osarappe 2020/7/24 19.7 0.077
S1 43°32′36″N 141°55′09″E Sorachi 2020/7/24 23.7 0.132
I1 43°15′20″N 141°55′06″E Ikushunbetsu 2020/7/27 14.7 0.117
I2 43°12′35″N 141°43′60″E Ikushunbetsu 2020/7/27 18 0.141
Y1 43°05′20″N 141°41′27″E Yubari 2020/7/27 17.8 0.128
Chi1 43°01′06″N 141°34′45″E Chitose 2020/7/27 19.6 0.178
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developed, with partial distribution of planted coniferous forests.
Paddy fields are widely developed, in both basins and the plains.
In addition, the land is utilized for other agricultural purposes
such as cultivation of vegetables and beans. The cropping period
for paddy fields and other agricultural land is approximately from
April to October, with variations depending on the crop.
Moreover, urban areas, such as Sapporo and Asahikawa, exist
in the watershed.

Sampling
In this study, stream water samples were collected from the
Ishikari River and its eight major tributaries (Table 1;
Figure 1). Thus, 27 sampling sites were selected mostly from
bridges near gauging stations operated by the Hokkaido
Development Bureau of the Ministry of Land, Infrastructure,
Transport and Tourism. Fifteen sites were selected from the
Ishikari River (mainstream) (1–15), four sites from the Uryu
River (U1 to U4), two sites from Ikushunbetsu River (I1 and I2),
and one site each from the Chubetsu, Biei, Osarappe, Sorachi,
Yubari, and Chitose rivers (Chu1, B1, O1, S1, Y1, and Chi1,
respectively) (Figure 1).

Observations were conducted at Sites 1–5 and U1–U4 on 23
July 2020; Sites 6–12, Chu1, B1, O1, and S1 on 24 July 2020; and
Sites 13–15, I1–I2, Y1, and Chi1 on 27 July 2020. The weather on
the observation days was sunny and cloudy, with no precipitation.
Surface water samples were collected from the bridge using a
stainless-steel bucket with a rope and poured into 500 ml acid-
washed (soaked in 1 M hydrochloric acid overnight and washed
with Milli-Q water) polycarbonate bottles. Both buckets and
bottles utilized for water sampling were rinsed thrice with
river water. The water temperature and electrical conductivity
(EC) of the river water were measured using an electrical
conductivity meter (LAQUAact ES-71, Horiba Scientific).

Samples were filtered on site through a pre-combusted (450°C,
3 h) glass fiber filter (Whatman GF/F filter, pore size:
approximately 0.7 μm) under reduced pressure. The filtrate
was dispensed into two acid-washed 10 ml acrylic tubes and
two 40 ml glass vials and subsequently stored in a cooler. All
tubes and glass vials were rinsed thrice with filtered sample water.
Immediately after returning to the laboratory at the Faculty of
Environmental Earth Science, Hokkaido University, the acrylic
tubes were kept frozen in the dark for inorganic nutrient and total
dissolved nitrogen (TDN) analyses. In addition, glass vials for
DOM analyses were kept refrigerated in the dark.

Chemical Analysis
Concentrations of DOC, TDN, and Inorganic Nutrients
The concentration of DOC (μMC) was measured by the
combustion catalytic oxidation method using a total organic
carbon analyzer (TOC-L CSH, Shimadzu). The DOC
concentration was calculated from the standard curve using a
potassium hydrogen phthalate solution and was
determined daily.

DIN (NH4
+, NO2

−, and NO3
−) and phosphate (PO4

−)
concentrations (µMN and µMP, respectively) were measured
by colorimetric analysis using a continuous flow analyzer
(QuAAtro, BRAN + LUEBBE GmbH). The TDN

concentration (µMN) was determined by measuring the NO3
−

concentration after oxidative decomposition by the wet oxidation
method using potassium peroxydisulfate (Yamashita et al., 2021).
The detection limit was calculated as the sum of the mean of the
blank concentration and thrice the standard deviation. The
detection limits were 0.26 μMN for NH4

+, 0.06 μMN for
NO2

−, 0.59 μMN for NO3
− + NO2

−, 0.02 μMP for PO4
−, and

0.48 μMN for TDN. The DON concentration (µMN) was
estimated by subtracting the DIN concentration from the
TDN concentration. The C/N ratio of DOM was calculated as
the molar ratio of the DOC concentration to the DON
concentration.

Optical Properties of DOM
UV-Vis absorption spectra were measured using a
spectrophotometer (UV-1900i, Shimadzu) to measure the UV-Vis
absorbance of DOM. These absorption spectra were acquired with a
5 cm quartz-windowed cell at wavelengths between 200 and 800 nm
at 0.5 nm intervals. The absorbance spectrum of the sample was
baseline-corrected by subtracting average values ranging from 683 to
687 nm from the entire spectrum, according to Babin et al. (2003).

The spectral slope ratio (SR) was determined as the ratio of the
spectral slope of the shorter wavelength region (275–295 nm) to
that of the longer wavelength region (350–400 nm) (Helms et al.,
2008). SR is known to be related to the molecular weight of DOM,
with a high value representing low molecular weight organic
matter and vice versa. The specific UV absorbance at 254 nm
(SUVA254), an index representing the relative contribution of
aromatic compounds of DOC, was calculated by dividing the
decadic absorption coefficient at 254 nm [A254 (m−1)] by the
DOC concentration (mg L−1) (Weishaar et al., 2003).

The fluorescence properties of DOM were measured using a
spectrofluorometer (Fluoromax-4, Horiba Scientific). Excitation-
emission matrix (EEM) spectra were acquired in a 1 cm quartz
cell at excitation wavelengths between 250 and 450 nm at 5 nm
intervals according to Tanaka et al. (2014), with few
modifications. The emission wavelengths were acquired from
290 to 550 nm at 2 nm intervals. The integration time was set to
0.1 s. All fluorescence spectra were determined after inner filter
correction with absorbance spectrum (McKnight et al., 2001),
instrumental bias correction (Cory et al., 2010), and subtraction
of the EEM of Milli-Q water. The fluorescence unit was converted
to a Raman unit with a water Raman peak analyzed daily at
350 nm excitation of Milli-Q water (Lawaetz and Stedmon, 2009).

Three typical peaks were determined from the EEM patterns of
samples from the Ishikari River and its major tributaries. The peaks
were categorized as B peak (Ex/Em = 275/310, protein-like), A peak
(Ex/Em = 250/450, humic-like), and C peak (Ex/Em = 320/440,
humic-like) according to (Coble 1996; Coble et al., 1998). Ratios of
fluorescence intensity of protein-like peak B to that of humic-like
peaks A or C (B/C or B/A) were determined as qualitative parameters
of fluorescent DOM. The fluorescence index (FI) was determined as
the ratio of the fluorescence intensity at emission wavelengths of 470
and 520 nm with that at an excitation wavelength of 370 nm
(McKnight et al., 2001; Cory and McKnight, 2005). The FI is an
indicator of the origin of humic-like fluorescent DOM; lower and
higher values of FI indicate allochthonous sources and
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autochthonous sources, respectively (McKnight et al., 2001). The
humification index (HIX) indicates the degree of humification of
DOM and was determined as the ratio of the peak area at 435–480
and 300–345 nmwith that at 255 nm excitation (Zsolnay, 2003). The
higher the value of HIX, the more highly conjugated the humic-like
substances, and vice versa (Zsolnay, 2003).

Bioassay
To evaluate the bioavailability of DOC and DON in stream water,
biodegradation experiments were conducted at six sites (Sites 1, 6,
10, 11, 14, and 15) from the mainstream of the Ishikari River
according to Hasegawa et al. (2010) and Yamashita et al. (2013),
with few modifications.

The sample water was filtered through a Whatman GF/F filter
(pore size: approximately 0.7 μm), dispensed into three 40 ml
glass vials for each site, and incubated for 40 days in a cool
incubator (CN-40A, Mitsubishi Electric) under dark conditions
at 20°C, similar to the river water temperature at the time of
observation. After 40 days of incubation, the DOC concentration
was measured immediately, without further filtration. The sample
water was dispensed into acid-washed 10 ml acrylic tubes and
kept frozen until DIN concentration measurement. Although this
bioassay method is simpler and expected to have lower possibility
of contamination than the method of adding inoculum, large
microbes might be removed from the incubations by filtration
with the GF/F filter (Hasegawa et al., 2010).

The average of the triplicate incubation results was
implemented as the concentration after the bioassay. In
addition, standard deviation was used to determine the error
associated with the bioassay. The amount of decomposed DOC
was calculated by subtracting the DOC concentration after the
bioassay from that before. The amount of DON decomposition
was calculated by subtracting the DIN concentration before the
bioassay from that after, considering that DIN is not converted to
organic matter or lost during the decomposition experiment;
instead, DIN is produced by the decomposition of DON. The rate
of change (in %) was calculated by dividing the amount of
decomposed DOC (DON) by the DOC (DON) concentration
before the bioassay and multiplying it by 100.

Statistical Analysis
Linear regression analysis was performed to examine the relationship
between DON and DOC concentrations. The Pearson’s correlation
coefficient was determined for each parameter. Principal component
analysis (PCA)was performed on the data pertaining to the C/N ratio
of DOM, FI, HIX, B/C, B/A, A/C, SUVA254, and SR to
comprehensively evaluate the chemical properties of DOM at each
site. All statistical analyses were performed using R 4.1.1 (R Core
Team, 2021).

RESULTS

Water Temperature and Electrical
Conductivity
The water temperature and EC values are presented in Table 1.
The water temperature ranged from 12.9 to 23.7°C with an overall

average of 18.9°C. In the upper reaches, the water temperature
was lower than that in the lower reaches of the mainstream
(Ishikari River), and in the major tributaries, it was similar to or
lower than that in the mainstream.

The EC ranged from 0.070 to 0.161 mS cm−1 in the
mainstream and from 0.068 to 0.212 mS cm−1 in the major
tributaries. Regardless of the mainstream or tributaries, the EC
in the upper reaches was lower than that in the lower reaches.

Concentrations of DOC, DON, and Inorganic
Nutrients
DOC concentrations, DON concentrations, and the C/N ratio of
DOM are summarized in Table 2, and their spatial variations are
shown in Figure 2. In the mainstream, the DOC concentration
ranged from 34 μMC (Site 1) to 197 μMC (Site 10). The DOC
concentration in the mainstream increased with the river flow in
the upper and middle reaches and remained unchanged in the
lower reaches. The DOC concentration in each major tributary
was generally lower than that at each confluence with the
mainstream, except for the Uryu River. The highest DOC
concentration (310 μMC) was observed in the middle reaches
of the Uryu River (Site U2).

TheDONconcentration in themainstream ranged from1.8 μMN
(Site 1) to 14.0 μMN (Site 15) and increased with the river flow in the
upper and middle reaches, remaining unchanged in the lower
reaches. As with the DOC concentrations, each major tributary
demonstrated lower DON concentrations than the concentration
at each confluence with the mainstream, with the exception of the
Uryu River. The highest DON concentration (15.4 μMN) was
observed in the lower reaches of the Uryu River (Site U4).

A positive linear relationship existed between DOC and DON
concentrations in the Ishikari River and the tributaries (Figure 3).

The C/N ratio exhibited spatial variation in the Ishikari River
Basin (Table 2; Figure 2). In the mainstream, the C/N ratio
ranged from 12.1 (Site 15) to 22.0 (Site 3) and continuously
decreased with the river flow from the upper to the lower reaches.
The C/N ratio of the major tributaries (12.3–23.6) was similar to
that of the mainstream.

The DIN and PO4
− concentrations are listed in Table 2. The DIN

concentration ranged from 7.4 to 76.8 μMN in the Ishikari River and
the major tributaries. DIN concentrations in the upper reaches were
lower than those in the middle and lower reaches. The DIN
concentrations in the major tributaries were heterogeneous.
Overall, the DIN concentrations were approximately three times
higher than the DON concentrations at most sites.

The PO4
− concentration was less than 1 μMP at all sites

(ranging from 0.08 to 0.99 μMP). The PO4
− concentrations in

the upper reaches were lower than those in the middle and lower
reaches of the mainstream. In the major tributaries, the PO4

−

concentrations were distributed heterogeneously. The N/P ratio
of inorganic nutrients ranged from 25 to 293, with an average ±
standard deviation of 95 ± 52.

Optical Properties of DOM
The optical properties of DOM, such as SR, SUVA254, B/C, B/A,
A/C, FI, and HIX, at each site are summarized in Table 2.
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SR in the Ishikari River Basin ranged from 0.65 at the
Chitose River (Site Chi1) to 1.06 at the upper reaches of the
mainstream (Site 1) with average ± standard deviation of
0.84 ± 0.09. SR in the mainstream decreased with the river
flow in the upper reaches and remained unchanged in the
middle and lower reaches. The SR values of the major
tributaries were heterogeneously distributed.

The overall average ± standard deviation of SUVA254 is
4.05 ± 0.68 (2.47 at Site 1 to 5.34 at Site Chi1). In the
mainstream, SUVA254 increased with the river flow in the
upper and lower reaches, while the SUVA254 values in the
middle reaches and in major tributaries were heterogeneously
distributed.

In the mainstream, the ratio of protein-like fluorophores to
humic-like fluorophores, B/C and B/A, was higher in the middle
reaches (in particular Sites 6 to 8 and 11) than in the upper and
lower reaches, even though the ratios in the most upstream site
(Site 1) had high values. The ratios in the major tributaries (Sites
I2, Y1, and Chi1) whose confluence was located at the lower
reaches were higher than those in the major tributaries with
confluence in the upper and middle reaches.

The ratio of humic-like fluorophores, A/C, in the Ishikari
River and themajor tributaries did not change considerably (from
1.74 at Site 7 to 2.12 at Site I2, average ± standard deviation =
1.91 ± 0.09).

The FI exhibited a narrow range from 1.61 at the most upper
reaches of the mainstream (Site 1) to 1.41 at the upper reaches of

the Uryu River (Site U1), with an average ± standard deviation of
1.54 ± 0.04. The value in the mainstream increased with the river
flow from Sites 2 to 7 and then decreased toward Site 14. The
values of the major tributaries exhibited a heterogeneous
distribution.

The HIX ranged from 3.51 at the Ikushunbetsu River (Site I2)
to 7.99 at the most upper reaches of the mainstream (Site 1), and
its average ± standard deviation was 5.05 ± 0.09. The HIX value in
the mainstream was the highest in the uppermost site (Site 1),
decreased with river flow up to Site 7, and then increased slightly
toward Site 10, even though the values in the lower reaches did
not change significantly. The HIX in the major tributaries was
distributed heterogeneously.

Principal Component Analysis
The PCA results are shown in Figure 4. PC1 accounted for a
variance of 33%, with a large positive coefficient of HIX and
negative coefficients of B/A and B/C. In addition, PC2
accounted for a variance of 26%, with a large positive
coefficient of SUVA254 and a large negative coefficient of SR.
In particular, the positive score of PC1 indicated high
humification, and the negative score indicated a high
abundance of protein-like fluorophores. Furthermore, PC2
demonstrated a high molecular weight and aromaticity with
a positive score and a low molecular weight with a negative
score. On one hand, in the mainstream, a large positive PC1
score was observed in the upper reaches (Sites 1, 2, and 3) and

TABLE 2 | Stream water chemistry for all the sites.

Site DOC
(μMC)

DON
(μMN)

DIN
(μMN)

PO4
−

(μMP)
C/N SR SUVA

(L mg−1

m−1)

B peak
(RU)

A peak
(RU)

C peak
(RU)

B/C B/A A/C FI HIX

No

1 34 1.8 7.4 0.16 19.2 1.06 2.47 0.01 0.05 0.02 0.52 0.27 1.95 1.61 7.99
2 63 3.4 16.1 0.21 18.6 0.97 3.25 0.02 0.10 0.06 0.40 0.22 1.82 1.49 6.74
3 68 3.1 12.7 0.22 22.0 0.91 3.75 0.03 0.12 0.06 0.40 0.22 1.80 1.51 5.58
4 125 7.4 22.9 0.25 16.9 0.79 4.06 0.06 0.28 0.14 0.41 0.21 1.95 1.53 4.91
5 125 8.8 34.3 0.30 14.1 0.81 4.07 0.06 0.26 0.14 0.43 0.23 1.90 1.52 4.95
6 165 10.1 22.7 0.30 16.5 0.83 3.73 0.11 0.36 0.20 0.55 0.30 1.85 1.52 4.04
7 161 10.5 59.0 0.39 15.3 0.86 3.50 0.10 0.35 0.20 0.52 0.30 1.74 1.58 3.97
8 161 13.0 55.9 0.47 12.4 0.83 3.75 0.10 0.37 0.21 0.49 0.27 1.80 1.57 4.22
9 190 13.5 34.5 0.35 14.1 0.77 4.41 0.11 0.48 0.26 0.43 0.23 1.85 1.56 4.68
10 197 11.3 33.8 0.31 17.4 0.78 4.28 0.10 0.51 0.27 0.36 0.19 1.89 1.56 5.01
11 182 13.2 31.3 0.37 13.7 0.80 4.19 0.11 0.45 0.24 0.46 0.25 1.88 1.55 4.80
12 185 11.9 32.2 0.41 15.5 0.79 4.09 0.09 0.45 0.24 0.38 0.20 1.88 1.53 4.89
13 163 11.9 28.3 0.32 13.7 0.80 3.98 0.09 0.44 0.23 0.38 0.20 1.90 1.54 5.24
14 156 12.3 26.3 0.28 12.6 0.80 4.32 0.09 0.46 0.24 0.40 0.21 1.94 1.52 5.10
15 170 14.0 42.8 0.49 12.1 0.75 4.86 0.10 0.58 0.30 0.33 0.17 1.95 1.56 5.34
U1 137 5.8 16.9 0.12 23.6 0.80 4.36 0.06 0.30 0.16 0.35 0.19 1.86 1.46 6.60
U2 310 13.8 18.7 0.31 22.4 0.78 4.59 0.14 0.63 0.33 0.41 0.22 1.89 1.47 4.80
U3 193 10.4 12.3 0.33 18.5 0.82 4.42 0.09 0.43 0.22 0.40 0.20 2.00 1.51 5.03
U4 287 15.4 14.2 0.56 18.7 0.76 5.10 0.17 0.79 0.39 0.43 0.21 2.01 1.51 4.95
Chu1 72 5.7 41.0 0.25 12.5 0.90 3.05 0.03 0.14 0.07 0.44 0.23 1.94 1.60 4.67
B1 74 5.1 49.8 0.17 14.5 0.92 3.07 0.02 0.14 0.08 0.29 0.16 1.76 1.59 6.57
O1 159 8.5 12.7 0.37 18.8 0.76 4.61 0.10 0.42 0.22 0.45 0.24 1.89 1.54 4.75
S1 132 10.2 30.5 0.31 12.9 0.98 3.02 0.05 0.26 0.13 0.40 0.21 1.94 1.53 5.19
I1 118 5.9 9.6 0.08 20.0 0.97 4.40 0.08 0.25 0.12 0.62 0.31 2.01 1.48 3.69
I2 133 7.3 11.1 0.16 18.2 0.98 4.75 0.10 0.33 0.15 0.66 0.31 2.12 1.51 3.51
Y1 128 10.4 9.3 0.14 12.3 0.89 3.96 0.07 0.31 0.15 0.43 0.21 2.02 1.56 5.16
Chi1 135 10.0 76.8 0.99 13.6 0.65 5.34 0.12 0.45 0.23 0.54 0.27 1.97 1.59 3.94

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8269076

Takaki et al. Factors Controlling Riverine DOM Distribution

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


some of the middle and lower reaches (Sites 10, 12, 13, and 15).
On the other hand, a large negative PC1 was evident in the
middle reaches (Sites 6, 7, and 8). For PC2, sites in the upper and
middle reaches (Sites 1, 2, 3, 6, 7, and 8) exhibited negative
scores, while other sites in the middle reaches (Sites 4, 5, and
9–11) and those in the lower reaches exhibited positive scores.
The PC scores of the tributaries were generally more dispersed
than those of the mainstream.

Bioassay
The changes in DOC and DON concentrations in the 40-days
dark incubation experiments are shown in Figure 5. The
reproducibility of the triplicate incubations was good, and

FIGURE 2 | The spatial distribution of the (A) Dissolved organic carbon
(DOC) concentration, (B) Dissolved organic nitrogen (DON) concentration,
and (C) Carbon/nitrogen (C/N) ratio in the Ishikari River Basin. White plots
represent mainstream and black plots represent major tributaries. Plots
of major tributaries are inserted at the confluence with the mainstream. The
lowermost reaches of each tributary are plotted in the figures. The black
dotted lines divide upper, middle and lower reaches.

FIGURE 3 | Relationship between dissolved organic nitrogen (DON) and
dissolved organic carbon (DOC) concentrations. White plots represent the
mainstream, and black plots represent the major tributaries. The black dotted
line is a linear regression line for all samples.

FIGURE 4 | Results of principal component analysis (PCA) (A)
coefficients, and (B) scores using qualitative indicators of dissolved organic
matter (DOM) at each site. White and black plots in (b) represent the
mainstream and major tributaries, respectively. The number next to the
plot is the site number.
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17–29% of the initial DOC decreased (in 40 days) at four sites in
the upper and middle reaches. In contrast, the DOC
concentrations did not change significantly at the two sites in
the lower reaches.

The DON concentrations at any of the six sites did not
significantly differ before and after incubation, because
variations in DON concentration by incubation were smaller
than the standard deviation of the triplicate incubations.

DISCUSSIONS

Factors Controlling the DOM Concentration
in the Ishikari River
The DOC and DON concentrations in the mainstream increased
with the river flow in the upper and middle reaches and remained
unchanged in the lower reaches (Figure 2). A positive linear
relationship was observed between DOC and DON
concentrations in the Ishikari River and the major tributaries

(Figure 3). The spatial distribution of DOC and DON
concentrations and their linear relationship indicate that
allochthonous DOM inputs mostly dominated DOM in the
Ishikari River Basin, as suggested by Bernal et al. (2018). DOC
and DON concentrations were negatively and positively correlated
with SR and SUVA254, respectively (Figure 6), implying that
allochthonous DOM might be characterized by high molecular
weight and high aromaticity. Interestingly, the DOC and DON
concentrations in each major tributary were generally lower than
those at each confluence with themainstream (Figure 2), suggesting
that major tributaries were not the major factors controlling the
DOM concentration and composition in the mainstream.

A decrease in the C/N ratio of bulk DOM with the river flow
from the upper reaches to the lower reaches of the Ishikari River
(Figure 2) suggests: 1) changes in the C/N ratio of allochthonous
DOM from minor tributaries, including the agricultural channel
(which were not observed in this study), from the upper to the
lower reaches, 2) substantial contribution of DOM from riverine
riparian zone and biological production, or 3) preferential
removal of C-rich DOM than N-rich DOM.

The DOC and DON concentrations increased slightly in the
upper reaches of the Ishikari River (Sites 1–3) and nearly doubled
between the upper (Site 3) and the middle (Site 4) reaches. The
C/N ratio of bulk DOM decreased substantially from Sites 3 to 4
(Figure 2). The physical and chemical properties of watershed
soils are strongly related to land use land cover (Smith, 2008),
which might induce a relationship between land use land cover
and DOM concentration (Yates et al., 2019). In this study, the
upper reaches (Sites 1–3) were located in a canyon in the
mountains, and most of the land use land cover in the
watershed was forest. However, Site 4 was located in the basin,
with paddy fields and urban areas distributed around the site
(Figure 1). Connolly et al. (2018) stated that a small slope in the
watershed increases the residence time of water in the soil, which
enhances the leaching of DOM from the soil and, thus, increases
the DOM concentration in the stream. The contribution of
wetlands in the watershed is a well-known and major factor
controlling riverine DOC concentrations (Mulholland, 2003;
Laudon et al., 2004; Yamashita et al., 2010). Paddy field
outflow has also been suggested as a source of DOM in
riverine water (Ruark et al., 2010; Krupa et al., 2012; Suzuki
et al., 2015). The quality of DOM at Site 1, evaluated using PCA,
could be characterized as having a low molecular weight and low
aromaticity. The quality changed to high molecular weight and
high aromaticity at Site 4 (Figure 4). Reportedly, DOM
originating from forests has low molecular weight (Inamdar
et al., 2012; Bhattacharya and Osburn, 2020). However, DOM
from agriculture and wetlands have high molecular weights and
are rich in humic (Royer and David, 2005; Fellman et al., 2010;
Bhattacharya and Osburn, 2020). Allochthonous DOM with
humic characteristics was reported to load from flooded paddy
fields to tributaries during the cropping period, which strongly
influenced the DOM quality in tributaries (Abe et al., 2011).
These results imply that the increase in DOM concentration
accompanying the change in the quality from the upper to the
middle reaches is probably due to the contribution of the paddy
field outflow to the mainstream.

FIGURE 5 | Changes in the (A) dissolved organic carbon (DOC)
concentrations and (B) dissolved organic nitrogen (DON) concentrations
associated with the 40-days bioassay. Error bars represent the standard
deviation from triplicate incubation.
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The DOC and DON concentrations increased with
decreasing C/N ratio in the middle reaches of the Ishikari
River (Sites 4–11) (Figure 2). Moreover, the changes in these
concentrations could not always be explained by the
contribution of high levels of DOC and DON from major
tributaries (Figure 2). This implies that the contribution of
high levels of DOM with low C/N ratios from minor
tributaries, riparian zones, and/or biological production is a
probable reason for the increase in DOC and DON
concentrations. The DOM composition in downstream of
major tributaries is affected by various land use land cover
in the wide area of the watershed of the major tributaries, while
that in minor tributaries (including agricultural channels) may
be affected by simple land use land cover because the
watershed area of the minor tributaries is relatively small.
Therefore, similar to the change in DOM quantity from the
upper to the middle reaches, the increase in DOM
concentrations might be due to the contribution of flooded
paddy field-derived DOM fromminor tributaries that were not
sampled in this study. Furthermore, the PCA results showed
that the DOM was rich in protein-like fluorophores in the
middle reaches, particularly at Sites 6–8 and 11. Protein-like
fluorophore-rich DOM might have originated from microbial
sources and recent biological activity in both stream water and
riparian zones (Bernal et al., 2018). Moreover, the
autochthonous DOM, such as proteins, is known to increase
in the middle reaches owing to the open canopy of riparian
forests and shallow water depths that facilitate biological
production, such as algal growth. The production of
protein-rich materials by algae decreases the C/N ratio of
bulk riverine DOM (Westerhoff and Mash, 2002). In
addition, a negative correlation was evident between the
C/N ratio of the bulk DOM and FI (R = 0.62, p < 0.01;
Figure 6). These results imply that the C/N ratio in the
middle reaches was affected by the contribution of
autochthonous DOM, including protein-like and
autochthonous humic-like fluorophores. Furthermore, the

influx of groundwater-derived DOM from the riparian zone
in the middle reaches might have reduced the C/N ratio. This is
because low molecular weight and protein-like DOM is
abundant in the groundwater, as high molecular weight and
aromatic DOM is adsorbed by the soil (Inamdar et al., 2012).

In the lower reaches of the Ishikari River (Sites 12–15), DOC
and DON concentrations were variable, but the C/N ratio
tended to decrease with the river flow. The major tributaries
did not affect the DOM concentration substantially in the
mainstream of the Ishikari River (Figure 2). PCA loadings in
the downstream sites were plotted within a narrow region with
positive PC1 and PC2 (Figure 4), implying that the
composition of allochthonous DOM from minor tributaries,
including the agricultural channels (which were not observed
in this study), was similar to that of the mainstream at the
lower reaches of the Ishikari River. These results imply that the
contribution of allochthonous DOM from minor tributaries,
including agricultural channels flowing directly into the
mainstream, might be an important factor controlling the
DOC and DON concentrations in the lower reaches of the
Ishikari River. DOM in the lower reaches had higher molecular
weights and higher aromaticity than those in the upper reaches
(Figure 4). Thus, similar to the changes in the quantity and
quality of DOM in the upper to middle reaches, paddy field-
derived DOM was the probable source for the minor
tributaries, including the agricultural channels. Although
the DOM quality, mainly determined by its optical
properties, was similar in the lower reaches, the C/N ratio
(which was not largely influenced in the PCA) of bulk DOM
decreased with the river flow in the lower reaches, suggesting
that the C/N ratio of paddy field-derived DOM might be
changed in situ in the mainstream.

The preferential removal of C-rich or N-rich DOM may result
in negligible changes in the DOM concentrations but is evident as a
change in the C/N ratio (Wymore et al., 2015). Photochemical and
microbial degradation is the major degradation process for riverine
DOM (Wiegner and Seitzinger, 2001; Cory and Kling, 2018). The

FIGURE 6 |Matrix of Pearson’s correlation coefficients among each parameter. The significance is indicated by * (p < 0.05), ** (p < 0.01) and N.S. (non-significant).
The sample number for analysis was 27.
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humic-like substances and lignin phenols, which are components
of aromatic allochthonous DOM, are preferentially degraded by
sunlight (Opsahl and Benner, 1998; Moran et al., 2000; Benner and
Kaiser, 2011) andmight contribute to the decrease in the C/N ratio
of DOM along with river flow. However, SUVA254, which is an
index of the relative contribution of aromatic compounds of DOC,
increased with the river flow in the upper and lower reaches. The SR
values have been reported to increase with the photodegradation of
DOM (Helms et al., 2008), while they do not change with the
photodegradation of oceanic DOM (Yamashita et al., 2013). The SR
values decreased in the upper reaches and remained unchanged in
the middle and lower reaches, implying that variations in SR in the
Ishikari River cannot be explained solely by photodegradation.
Furthermore, peak A-type fluorescence components have been
reported to be photodegradation products or photorefractory
components (Chen et al., 2010; Yamashita et al., 2010). The
ratio of humic-like fluorophores (A/C) in the Ishikari River did
not change significantly with the river flow. These distribution
patterns of the optical proxies imply that photodegradation is not a
major process controlling the optical properties of DOM and the
C/N ratio of DOM in the Ishikari River.

Some studies have reported the preferential removal of amino
acids and neutral sugars by riverine and marine microbes
(Yamashita and Tanoue, 2003; Davis and Benner, 2007; Davis
et al., 2009; Benner and Kaiser, 2011). The C/N ratio of labile DOM
is generally lower than that of refractory DOM in marine
environments (Hopkinson and Vallino, 2005). The preferential
removal of N-rich DOM over C-rich DOM has also been
documented for riverine DOM (Wiegner et al., 2006;
Hendrickson et al., 2007; Wiegner et al., 2009; Islam et al.,
2019). However, in this study, DOC concentration decreased
while DON concentration did not change after 40 days of dark
incubation in samples obtained from the upper andmiddle reaches
(Figure 5). The results of the degradation experiments suggested
that DOC decomposed, while DON remained unchanged, causing
a decrease in the C/N ratio with the river flow in the upper and
middle reaches of the Ishikari River. The possible factors
contributing to the different degradations of DOC and DON
are discussed in the following subsection. In contrast, both
DOC and DON did not decompose during the 40 days of dark
incubation in samples obtained from the lower reaches (Figure 5).
These results suggest that the decrease in the C/N ratio of DOM
with river flow in the lower reaches might be the result of
biodegradation of C-rich DOM by large microorganisms
(>0.7 μm) that were not present in the bioassay of the study.

Bioavailability of DON and DOC in the River
Bioassay experiments were conducted to evaluate the
bioavailability of DOM in riverine water. The initial DOC
concentration was degraded by 17–29% in 40 days at four sites
in the upper and middle reaches, but the DOC concentrations did
not change significantly at the two downstream sites. This result
suggests that the labile DOC in the river is utilized by
microorganisms in the upper and middle reaches, whereas the
bio-refractory DOC accounts for a large proportion of DOM in the
lower reaches. However, the results of this study might
underestimate the actual loss of DOC, because large sized

microorganisms (>0.7 μm) were removed from the bioassay
experiments through filtration. As discussed in the previous
subsection, the decrease in the C/N ratio of DOM with river
flow in the lower reaches implies that large microorganisms
preferentially remove C-rich DOM over N-rich DOM.

The degradation rate of DOC (%) was not significantly
correlated with PO4

− or DIN concentrations at the six sites
(R = -0.49, p = 0.33, and n = 6 for PO4

−; and R = -0.55, p =
0.26, and n = 6 for DIN), suggesting that differences in the
concentration of inorganic nutrients did not affect the
biodegradation of riverine DOC, particularly by small
microorganisms (<0.7 μm), in this study.

Microbial degradation of DOC has been observed in previous
studies (Wikner et al., 1999; Royer and David, 2005; Wiegner
et al., 2009). The bio-degraded DOM at four sites in the upper and
middle reaches was probably derived from forest or paddy fields,
while bio-refractory DOM at the two sites in the lower reaches
might be derived from paddy fields. Although the direct
relationship between microbial reactivity and land use land
cover has not been extensively studied, Asmala et al. (2013)
reported that DOM originating from a catchment dominated
by natural forests and peatlands was less biodegradable than that
from agricultural areas.

DOM in the lower reaches (Sites 14 and 15) can be
characterized as possessing high molecular weight and high
aromaticity (Figure 4), which is generally considered to be
typical characteristics of bio-refractory materials (Bhattacharya
and Osburn, 2020). The biodegradability of DOM has been
related to the contribution of protein-like fluorophores to the
total fluorophores (Balcarczyk et al., 2009; Fellman et al., 2009;
Petrone et al., 2011). Relationships between biodegradability and
B/A and B/C, which correspond to the contribution of protein-
like fluorophores in total fluorophores, were observed in this
study (R = 0.83, p = 0.04, and n = 6 for B/A; and R = 0.82, p = 0.05,
and n = 6 for B/C). These results imply that the abundance of
protein-like substances may affect the biodegradability of riverine
DOC, particularly by small microorganisms, in the Ishikari River.

Notably, no significant change occurred in the DON
concentration during the biodegradation experiments at any of
the six sites. DON generally degrades during incubation in the
dark (Seitzinger and Sanders, 1997; Stepanauskas et al., 2000;
Wiegner et al., 2009), and N-rich DOM is generally considered to
be more biodegradable than C-rich DOM (Wiegner et al., 2006;
Hendrickson et al., 2007; Petrone et al., 2009;Wiegner et al., 2009;
Islam et al., 2019). In contrast, no change or increase in DON
concentration was observed in several dark incubation
experiments conducted previously (Kaushal and Lewis, 2005;
Wiegner et al., 2006; Pisani et al., 2017), which was similar to
the results of our dark incubation experiments (Figure 5).

The fact that DON concentration did not change but the DOC
concentration decreased can be considered to be a case where riverine
microorganisms degrade non-N-containing organic compounds but
do not decompose N-containing organic compounds. However, this
mechanismdid not seem to be the case for riverineDOM in this study,
because DOC degradability was related to the relative abundance of
protein-like fluorophores (peak B), and DON concentration was
positively correlated with the abundance of protein-like
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fluorophores (R= 0.85;Figure 6). These results imply that protein-like
fluorophores, which are N-containing organic compounds, were
selectively degraded during the dark incubation period.

Another possible explanation for the different behaviors of DOC
and DON during the biodegradation experiments is that the
decomposition and production of N-containing organic
compounds occur at the same extent. Hence, the microorganisms
take upN-containing organic compounds with higher C/N ratios and
release N-containing organic compounds with lower C/N ratios. This
mechanism is consistent with the findings of Pisani et al. (2017), who
reported the production of many new N-containing organic
compounds during dark microbial incubation of riverine DOM.

CONCLUSIONS AND IMPLICATIONS

This study investigated the spatial distribution of DOC and DON
concentrations and the C/N ratio with DOM optical properties in
the Ishikari River Basin, and dark incubation experiments were
conducted to determine the bioavailability of DOC and DON as a
factor controlling their spatial distribution. A major factor
influencing the DOC and DON concentrations as well as the
optical properties of DOM in the mainstream might be the input
of high levels of DOM with high molecular weight and high
aromaticity from flooded paddy fields. In addition to the
allochthonous input, the input of autochthonous DOM with a
low C/N ratio and selective removal of C-rich DOM were
suggested to be important factors in decreasing the C/N ratio
of DOM with the river flow in the mainstream.

This study discussed the factors determining riverine DOM
characteristics based on changes in the DOM concentration and
optical properties. However, using optical properties of DOM
alone may not be sufficient to identify the origin and dynamics of
riverine DOM. The addition of other parameters to optical
properties of DOM may lead to improved identification of the
origin and dynamics of riverine DOM. For example, the stable
carbon isotope (δ13C) of DOC can be used to determine the origin
of DOM in rivers (Bhattacharya and Osburn, 2020).

The results of the dark incubation experiments and changes in
the C/N ratio of DOM with river flow in the mainstream suggest
different roles of small and large microorganisms in the
degradation of riverine DOM. The dark incubations of

riverine DOM with different sizes of inoculum (Grunert et al.,
2010) may clarify the relationships between the degradability of
various DOM components and the size of microorganisms. In
addition, the role of biofilms at the riverbed in the degradation of
riverine DOM should be explored (Battin et al., 2016). The
relationship between degradable DOM components involved
in the C/N ratio and the type of microorganisms may improve
our understanding of riverine DOM as a source of energy and/or
organic nutrients in river ecosystems.
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