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ABSTRACT

Concentrations of dissolved organic matter (DOM), dissolved humic substances (DHS), and DOM-complexed Fe
(DOM-Fe) in Yamakuni and Oita Rivers, Japan, of which headstream is near in location, flow pass length is similar, but
watershed soil type differs, were investigated. Soil organic matter level was higher in black Andosols distributing 67%
of the watershed area of the Oita River than in Cambisols covering 90% of the watershed area of Yamakuni River.
However, the DOM concentration in the Yamakuni River (0.44 - 1.62 mg-C-L™") tended to be higher than that in the
Oita River (0.13 - 1.37 mg-C-L™"). DHS accounted for 49% - 80% of DOM in both rivers. Fe and DOM-Fe concentra-
tions showed a trend to increase toward downstream but decrease at the estuary in both rivers. DOM-Fe accounted for
26% - 90% and 55% - 93% of dissolved Fe in the Yamakuni and Oita Rivers, respectively. Correlation analysis sug-
gested that the DOM-Fe concentration in the river water was controlled by the capacity for supplying Fe ions rather
than that for supplying DOM. Although the ability to form a complex with Fe was suggested to be greater in the DOM
in the Oita River than that in the Yamakuni River, the DOM-Fe concentration at the estuary was similar in the two riv-
ers. Thus, the effect of soil organic matter level in the watershed area on the supply of Fe or DOM-Fe to the estuarine
ecosystem was not significant.

Keywords: Dissolved Organic Matter (DOM); Dissolved Humic Substances (DHS); DOM-Complexed Fe (DOM-Fe);
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1. Introduction any pH, are a major DOM component in the aquatic en-
vironment [2,7]. Highly reactive functional groups in
fulvic acids can form stable complexes with polyvalent
metals [8,9]. It was determined that most of the Fe in
seawater is bound to DOM [10,11], and that terrestrial
DHS in seawater exhibits strong Cu-binding behavior
[12]. As such, it is considered that the DHS significantly
contribute to the maintenance of ecosystems in estuarine
and coastal areas through the delivery of Fe and other
nutritional elements.

Sources of DOM and DHS in river water are basin soil,
sediment, atmospheric deposits, and aquatic organisms.
In Japan, mountainous areas covered with forest occupy
approximately 60% of the land. Cambisols formed in
these mountainous areas under broadleaf tree forests or
secondary forests of Japanese cedar and cypress trees
constitute the major soil type (53% of total area; [13]).
Black Andosols, which are formed in volcanic products
and are rich in HS, are also widely distributed (17%),
whereas peat soil, another humus-rich soil associated
with wetlands, is found in a small proportion (4%). Riv-
*Corresponding author. ers rise from steep mountains, flow through narrow hills

Dissolved organic matter (DOM) in aquatic environ-
ments has a number of biogeochemical functions, includ-
ing supplying energy and nutrients to aquatic biota [1-3].
In aquatic environments, trace elements such as Fe and
Cu are supplied from sediment and terrestrial sources, the
chief component of which is soil in the watershed area.
The Fe ions necessary for photosynthesis in algae exist in
natural water in the form of divalent and trivalent ions.
Ferrous ions are readily oxidized to ferric ions, and then
hydrolyzed and precipitated under neutral or basic condi-
tions. However, ferric ions in a water body can remain
dissolved by forming water-soluble complexes with DOM,
which then act as the Fe source for aquatic biota [4-6].
Humic substances (HS) are dark-colored natural or-
ganic matter produced secondarily from the dead bodies
and metabolites from various organisms in the environ-
ment. Dissolved HS (DHS) in water are classified as hu-
mic and fulvic acids on the basis of their differences in
solubility at low pH. Fulvic acids, which are soluble at
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and plain areas, and empty into the sea. Thus, the flow
rate of river water is generally high. Under these circum-
stances, basin soils are considered to be the main source
of DOM in river water [14,15].

Soil-derived DOM can be transferred to rivers through
leaching after percolation into soil layers and by the in-
flow of surface water. The inflow also carries soil parti-
cles, and some of the organic matter attached to the par-
ticles may be extracted by rivers. The main transport
route of DOM may vary depending on climatic condi-
tions, vegetation, and soil properties [16-18], which may
influence the quantity and quality of DOM in rivers.
However, the influence of the watershed soil type on the
supply of DOM and DOM-associated metals to rivers has
not been evaluated. To access this unsolved problem,
comparison of rivers with similar climatic conditions and
different types of watershed soils is a way. In the present
study, the concentrations of DOM and DOM-complexed
Fe (DOM-Fe) in two major rivers flowing through Oita
Prefecture, Kyushu Island, Japan, were investigated.
These rivers contain Cambisols and Andosols as major
soils in their basins. The organic C content was generally
larger in Andosols than in Cambisols especially in the A
horizon. Although no technique is available to determine
the concentration of DHS-complexed Fe, DHS concen-
tration was also measured because of their strong ability
to form complexes with Fe.

ET AL. 711

2. Materials and Methods
2.1. Sampling Sites

Water samples were collected from two rivers in Oita
Prefecture, Japan: Yamakuni and Oita (Figure 1). The
headstream of the Yamakuni River is in Mt. Hiko, and
Cambisols have formed along the basin (90% coverage;
[19]). Yamakuni River has a 56 km flow pass and 540
km? catchment area, and flows into the Suo Rough Sea in
the northern part of Kyushu Island. Its annual discharge
was 6.20 x 10® m® in 2007 [20]. The following five loca-
tions near the headstream to the estuary were chosen as
sampling points: Point 1, 33°29'46.81"N, 131°58'02.05"E;
Point 2, 33724'25.99"N, 131°02'05.26"E; Point 3, 33°27"
45.22"N, 131°06'51.67"E; Point 4, 33°30'08.70"N, 131°
10'12.68"E; and Point 5, 33°36'18.68"N, 131°10'41.85"E.
Points 2-4 were chosen among places where distances
from the next points are 10 - 20 km and a footpath or a
bridge is available.

The Oita River rises from the Kuju Mountains and
flows into the Gulf of Beppu in the eastern part of Kyu-
shu Island. The flow pass length is similar to the Yama-
kuni River, 55 km, and catchment area is 650 km? with
67% coverage by Andosols [21,22]. The annual dis-
charge of the Oita River was 9.57 x 10* m® in 2007 [20].
The following five sampling points near the headstream
to the estuary with similar distances to those between the
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Figure 1. Locations of the Yamakuni and Oita Rivers. These rivers flow to Suo Rough Sea and Gulf of Beppu, respectively.
Broad lines indicate rivers. Dotted lines indicate the boundary of prefectures. Closed circles indicate sampling points.
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sampling points in the Yamakuni River were chosen:
Point 1, 33°7'29.89"N, 131°17'38.88"E; Point 2,
33°7'49.25"N, 131°20'48.15"E; Point 3, 33°11'2.28"N,
131°27'7.93"E; Point 4, 33°11'27.77"N, 131°33'14.04"E;
and Point 5, 33°14'48.41"N, 131°37'1 1.71"E.

2.2. Sample Collection

Duplicate water samples (500 mL) were collected in
August (summer) and November (autumn) in 2007, and
February (winter) and May (spring) in 2008, in polypro-
pylene bottles previously washed with § M HNO;. Sam-
ples were collected directly (Points 1 and 2) or trans-
ferred from those collected in a polypropylene pre-
washed bucket (Points 3-5) into the bottles. The bottles
were carried to the laboratory under refrigerated condi-
tions. The summer samples were accidentally frozen be-
fore the analysis was completed; therefore, another series
of samples was collected in August in 2009.

In August 2009, duplicate samples were also collected
from three tributary streams ahead of (stream from Ya-
bakei Dam) and beyond (the Tutami and Atoda Rivers)
Point 3 in the Yamakuni River (Figure 1) as well as from
the coastal levees near Point 5 of the Yamakuni and Oita
Rivers. The stream from Yabakei Dam flows into the
Yamakuni River throughout the year.

2.3. Measurements of DOC and General Water
Chemistry

Portions of water samples were used for measuring pH
(M-12, Horiba, Tokyo, Japan) and transmitted light (tur-
bidity) at 660 nm (UV-2450, Shimadzu, Kyoto, Japan).
The remaining samples (400 mL) were filtered through
precombusted glass fiber filters with a pore size of 0.40
um (GB-140, Advantec, Tokyo). The filters used were
dried at 105°C for two hours and weighed to determine
the amount of suspended solids (SS).

The DOC concentration in the filtered water samples
was measured using a total organic carbon analyzer
(TOC-V¢py, Shimadzu) after the pH of sample was ad-
justed to around 1.5 with 3 M H,SO,4 and CO, in the
sample was excluded by sparging with N,. Concentra-
tions of various elements in the samples acidified with 1
M NO; were determined using an inductively coupled
plasma spectrometer (ICP-AES; IRIS-AP, Nippon Jarrell-
Ash, Kyoto). Anion concentrations were determined us-
ing an ion chromatograph (PIA-1000, Shimadzu).

2.4. Measurements of DHS and
DOM-Complexed Metals

To determine the concentration of DHS, 40-mL filtered
water samples were acidified (pH 1.5) with 3 M H,SO,
and passed through a column packed with prewashed 3
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mL Supelite DAX-8 (SUPELCO, Bellefonte, PA, USA).
The resin was then washed with 9 mL of 0.1 M H,SO,.
The eluate and the washing fluid were combined and
filled up to a volume of 50 mL (DAX-8 non-adsorbed
fraction). The DOC concentration in the DAX-8 non-
adsorbed fraction was determined using TOC-Vpy. The
DOC concentration in ultrapure water after the same
procedures (triplicate) was measured as a reference. The
DHS concentration was estimated from the difference
between total DOC and DOC in the DAX-8 non-ad-
sorbed fraction, corrected for the C concentration in the
reference.

The concentration of DOM-Fe was determined in a
similar manner with these differences: 3 mL of pre-
washed Q Sepharose Fast Flow (Amersham Bio-Sciences,
Uppsala, Sweden), an anion exchange resin, was used
instead of DAX-8, and the water sample was applied
without pH regulation. In this procedure, approximately
90% of DOM was adsorbed onto the resin. Metal con-
centrations in the Q Sepharose non-adsorbed fraction
were determined using IRIS-AP. The difference in Fe
concentration between the original samples and the Q
Sepharose non-adsorbed fractions was regarded as the
DOM-Fe concentration [23,24]. Concentration of Fe in
the ultrapure water blank treated by the same method as
the DOM samples was lower than the detection limit.

2.5. Statistical Analysis

Average of duplicated samples was used as one data in
statistical analysis. The significance of the differences in
concentrations of DOC, DHS, dissolved Fe, DOM-Fe,
and the other water chemistry among the five sampling
points in the two rivers was estimated by two-way
ANOVA, in which four data from different seasons were
regarded as replicates. Relationships between two prop-
erties were examined by correlation or regression analy-
sis.

3. Results

3.1. DOC and DHS Concentrations in Yamakuni
and Oita Rivers

The DOC concentration in the Yamakuni River was 0.44 -
1.62 mg-C-L™" and that in the Oita River was 0.13 - 1.37
mg-C-L™" (Figure 2(a)). The DHS concentration in the
Yamakuni River was 0.29 - 1.29 mg-C-L™" (49% - 80%
of DOM) and that in the Oita River was 0.09 - 1.04
mg-C-L™" (49% - 79% of DOM) (Figure 2(b)). In the
Oita River, both the DOC and DHS concentrations
tended to increase from the headstream toward the estu-
ary. Although similar trends were observed in the Ya-
makuni River, the DOC and DHS concentrations at Point
3 (1.38 - 1.49 and 0.74 - 1.07 mg-C-L™", respectively)
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Figure 2. Concentrations of DOC (a) and DHS (b) in the
Yamakuni and Oita Rivers. Different letters indicate sig-
nificant differences at P < 0.05.

were consistently greater than those at Point 4 (1.02 -
1.47 and 0.62 - 1.16 mg-C-L™", respectively).

In August 2009, DOC and DHS concentrations in river
water samples collected from the tributary streams of the
Yamakuni River and in seawater samples collected at
coastal levees close to Point 5 of the two rivers were also
determined (Table 1). The DOC and DHS concentrations
in the stream flowing from Yabakei Dam ahead of Point
3 were 2.76 and 2.15 mg-C-L™", respectively, which were
larger than those at any of the sampling points in the
Yamakuni River. On the other hand, the DOC and DHS
concentrations in the Tsutami River flowing into the
Yamakuni River between Points 3 and 4, 0.98 and 0.62
mg-C-L™', respectively, were smaller than those at Points
3 and 4. The DOC and DHS concentrations in the Atoda
River, which also flows into the Yamakuni River be-
tween Points 3 and 4, were similar to those at Point 3,
1.67 and 1.13 mg-C-L™", respectively. The DOC and
DHS concentrations in the seawater samples were 1.66 -
2.42 and 1.10 - 1.62 mg-C-L™", respectively. These values
were similar to those at Point 5 in the Yamakuni River

Copyright © 2012 SciRes.
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while greater than those at Point 5 in the Oita River.

3.2. DOM-Fe Concentration in Yamakuni and
Oita Rivers

The dissolved Fe concentrations in the Yamakuni and
Oita Rivers were 0.001 - 0.021 and 0.001 - 0.035 mg-L™",
respectively; these concentrations showed a trend to in-
crease from Point 1 to Point 3 or 4 and then decrease at
Point 5 (Figure 3(a)). The DOM-Fe concentrations ac-
counted for 26% - 90% and 55% - 93% of dissolved Fe
in the Yamakuni and Oita Rivers, respectively; these
concentrations also tended to increase from Point 1 to
Point 3 or 4 and then decreased at Point 5 (Figure 3(b)).
The dissolved Fe and DOM-Fe concentrations in the
stream from Yabakei Dam in August 2009 (Table 1)
were 0.048 and 0.043 mg-L ™", respectively, which were
larger than those at any sampling point in the Yamakuni
River. The Fe and DOM-Fe concentrations at the Tutami
(0.005 and 0.004 mg-L™") and Atoda Rivers (0.019 and
0.017 mg'L™") were smaller than or similar to those at
Point 3. The Fe and DOM-Fe concentrations in the sea-
water samples were 0.006 - 0.011 and 0.003 - 0.008
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Figure 3. Concentrations of dissolved Fe (a) and DOM-Fe
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cate significant differences at P < 0.05.
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Table 1. Concentrations of dissolved organic carbon (DOC), dissolved humic substances (DHS), dissolved Fe, and DOM-
complexed Fe samples collected from tributary streams of the Yamakuni River and coastal levees near Point 5 of the Yama-

kuni and Oita Rivers in August 2009.

Sampling Site DOC (mg-C-L™") DHS (mg-C-L™) Fe (mg'L™) DOM-Fe (mg-L™")
Tributary Stream
Yabakei Dam 2.76 2.15 0.048 0.043
Tutami River 0.98 0.62 0.005 0.004
Atoda River 1.67 1.13 0.019 0.017
Coastal levee
Yamakuni River 1.66 1.10 0.006 0.003
Oita River 242 1.62 0.011 0.008

mg- L™, respectively (Table 1). These values were simi-
lar to those at Point 5 in the Yamakuni River but larger
than those at Point 5 in the Oita River.

3.3. Water Chemistry of Yamakuni and Oita
Rivers

The chemistry of water samples taken from the Yama-
kuni and Oita Rivers is presented in Table 2. Cd, Cr, Mn,
Mo, Ni, Pb, and Zn were not detected in most samples.
The predominant inorganic anions were CI', NO;, and
SO; . The spatial variation in pH of the Yamakuni River
was small, while SOf[ , Ca, and Mg concentrations in-
creased drastically between Points 1 and 2. An increase
in turbidity, SS, K, and Si and a decrease in SOf{ and
Ca were observed between Points 2 and 3. In the Oita
River, the maximum concentration of SO,  was re-
corded at Point 1, while those of Ca, K, and Mg were
observed at Point 2, except for Point 5, where the influ-
ence of seawater was clear. Thus, these properties and
the concentrations of other trace elements did not show a
similar pattern of spatial variation as those of DOM and
Fe concentrations. The SS in the Oita River increased
toward the estuary. Although turbidity frequently showed
a similar trend as the SS, there was no significant corre-
lation between them in either river.

4. Discussion

In previous reports, the DOC concentrations in clear river
water ranged from 0.52 to 2.1 mg-C-L™' [25-27], and the
proportion of DHS in DOM was 20% - 70% [28,29]. The
present results are mostly within those previously re-
ported. The increase in DOC and DHS concentrations
from the headstream toward the estuary in Oita River
indicate their gradual loading from the basin. The ten-
dency of DOC and DHS concentrations to increase to-
ward downstream in the Yamakuni River was disrupted
between Points 2 and 4 (Figure 2). Based on the addi-

Copyright © 2012 SciRes.

tional analysis of the tributary stream water, the intro-
ductions of dam water before Point 3 and Tutami stream
water before Point 4 were possible causes of the abrupt
increase in DOC concentration and decrease in DHS
concentration (Table 1). Thus, the different patterns in
the spatial variation in DOC and DHS concentrations
between the Yamakuni and Oita Rivers were attributable
to the difference in the influence of tributary streams.

When the DOC and DHS concentrations in the two
rivers were compared, they were larger in the Yamakuni
River than in the Oita River (P < 0.05). It was also true
for upper streams (Points 1 and 2) that have no influence
of tributary streams. Andosols, which are distributed in
the basin of the Oita River, contain larger amounts of soil
organic matter (15 - 37 kg:C-m> within 50 cm depth)
than Cambisols, which are distributed in the basin of the
Yamakuni River (4.6 - 24 kg-C-m > within 50 cm depth)
[19,22]. It was therefore considered that the difference in
the level of soil organic matter did not have a significant
effect on the DOC and DHS concentrations in river wa-
ter.

In the present study, the proportion of Fe occurring as
an organically bound form (50% - 100%) was compara-
ble with that in lake waters (30% - 60%; [30,31]) and in
other Japanese rivers (70% - 100%; [4]). As shown in
Figure 4, there was a positive correlation between the
concentrations of total dissolved Fe and DOM-Fe (P <
0.01). However, the concentration of neither DOC nor
DHS correlated to the DOM-Fe concentration, even
when the data from Point 5 was excluded. These results
suggest that the concentration of DOM-Fe in these river
waters was limited not by the capacity for supplying
DOM but by the capacity for supplying Fe ions in the
basin soil. The slope of the regression lines in Figure 4
was 0.90 for the Oita River and 0.80 for the Yamakuni
River, suggesting that the affinity of Fe to DOM, i.e. the
ability to form a complex with Fe of the DHS, non-humic
DOM, or both, was greater in the Oita River than in the
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Table 2. pH, turbidity, and concentrations of suspended solids (SS), inorganic anions and dissolved elements in the Yamakuni

and Oita Rivers.

_ Sampling . Sss cr NO, SO; Al Ca K Mg Na P Si
River point pH Turbidity »
(mg'L™)

Yamakuni 1 727 028 042 3.8 22 3.8 0.011 8.80 0.59 1.37 377 0001 647

0.09) (0.48) (0.26)  (0.6) (0.5) 0.5  (0.006) (275  (0.10) (0.38) (1.20)  (0.000) (1.00)

2 724 051 LIS 3.7 2.0 14.8 0.012 15.0 0.81 2.44 373 0004  6.04

0.12) (0.39) (0.93)  (0.4) (0.6) 4.8) (0009  (33) (0.20) (0.52) (1.05)  (0.003) (0.47)

3 727 190 2.2 3.6 1.8 6.5 0.016 10.1 1.86 2.34 397 0008 9.74

0.12) (0.20) (0.68)  (0.3) 0.7) 03)  (0.008) (3.5 (0.47) (0.68) (1.15)  (0.007) (0.43)

4 734 162 224 45 1.9 6.3 0.016 103 1.83 248 434 0005 105

0.13) (0.67) (1.15) (0.81) (0.87) (043)  (0.010)  (3.0) (0.42) (0.66) (1.13)  (0.007) (1.1)

5 728 189 433 293x10° 1.7 494 0.019 427 107 54.1 87.7 0017 7.54

0.23) (1.14) (1.40) (4.66 x 10*) (1.1) 601)  (0.012)  (28.9) (133) (36.0) (14.5)  (0.006) (2.10)

Oita 1 682 014 04 9.1 13 34.0 0.018 34.6 3.33 10.7 8.57 0044 223

0.50) (0.14) (0.31)  (030)  (0.10)  (23)  (0012) (129  (0.39) (3.7 (2.83) (0.007) (3.3)

2 7.80 1.08 144 5.9 1.4 28.0 0.041 425 5.02 15.7 1.1 0025 222

0.13) (0.61) (0.15) (0.10)  (0.30)  (1.6)  (0.006) (154)  (0.63) 6.3) (39 (0014 (2.3)

3 784 184 224 7.1 2.0 12.8 0.032 19.1 3.59 6.81 9.14 0045 186

0.19) (1.40) (1.75) (0.60)  (0.50)  (0.40)  (0.020)  (6.5) (0.50) 2.17) (2.80) (0.014) (1.1

4 785 266  4.14 12.0 1.9 16.5 0.031 21.5 4.99 9.38 130 0038 19.1

0.12) (147) (36) (19  (0.60) (2.30) (0.018) (8.0 (0.76) (3.65) (5.0)  (0.015) (1.4)

5 764 237 874 613x10° 09 825 0.021 95.6 162 207 136 0060 112

0.06) (0.65) (7.09) (4.31x10% (1.2) (604)  (0.009)  (44.0) (119) (170) (51)  (0.026) (42)

Values in paratheses are standard deviation (n = 4).

Yamakuni River, since concentrations of both DHS and
non-humic DOM were similar in the two rivers.

To analyze the cause of the decrease in DOM-Fe con-
centration at Point 5 in the Yamakuni and Oita Rivers,
the mixing ratio of river water with seawater was calcu-
lated from the Cl” concentration at Point 4 and that in
seawater (19.35 g'L™"). The calculated mixing ratio range
was 9% - 59% in the Yamakuni River and 6% - 68% in
the Oita River. This suggests that the decreasing propor-
tions of DOM-Fe at Point 5, 27% - 100% and 55% -
100%, were consistently greater than those due to dilu-
tion with seawater. Hence, if the DOM-Fe concentration
did not change between Points 4 and 5, the removal of
DOM-Fe occurred at the estuary. The decrease in DOM-
Fe concentration at estuaries has been reported by [32]
and [33]. According to [33], the decrease in DOM-Fe is

Copyright © 2012 SciRes.

due to co-precipitation with suspended particles or col-
loidal materials with increasing salt concentration. How-
ever, this factor did not likely affect the present results
because none of several parameters—turbidity, SS, DOC,
and DHS—decrease between Points 4 and 5. A possible
mechanism of the decrease in DOM-Fe is the replace-
ment of Fe with polyvalent cations in seawater, such as
Ca and Mg. Although the affinity of Ca and Mg to DHS
is much smaller than that of Fe, Ca and Mg may be able
to compete with Fe because they are present at much
higher concentrations than Fe (1000- to 45,000-times
more) [34]. The smaller ratio of DOM-Fe to total Fe at
Point 5 (50% - 80%) compared with those at Points 1-4
(70% - 100%) does not contradict this mechanism. Oth-
erwise, the addition of Fe-poor DOM between Points 4
and 5 or from the coastal sea might have masked the
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Figure 4. Relationship between concentrations of total dis-
solved Fe and DOM-Fe in the Yamakuni River (a) and the
Oita River (b).

flocculation or precipitation of Fe-rich DOM. Finally, the
DOM-Fe concentration at the estuary was similar between
the two rivers.

5. Conclusion

DOC, DHS, and DOM-Fe concentrations in the water
obtained from two rivers in Oita, Japan, showed increas-
ing tendencies from the headstream toward downstream.
Disruption of these tendencies in the middle of the Ya-
makuni River could be due to the influence of tributary
streams. A difference in the level of soil organic matter
in the watershed area did not affect the DOC or DHS
concentrations in river water. The dissolved Fe concen-
tration in river water was suggested to be controlled by
the Fe-supplying capacity of soils, while that at the estu-
ary was controlled by the solubility of DOM-Fe in sea-
water.
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