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Photodegradation of dissolved organic matter (DOM), collected from two upstream and one downstream sites in the
Lake Biwa watershed in Japan, was investigated using fluorescence properties of three-dimensional excitation emission
matrix (3-D EEM). Solar irradiation caused a decrease in the dissolved organic carbon (DOC) concentration and in the
fluorescence peak intensity (FI) of fulvic acid (FA)- and protein-like substances in DOM. Mineralization of DOC during
an irradiation period (13 days) was observed to be higher in upstream samples (32–36%) compared to that in downstream
sample (16%). DOC concentration in samples stored in the dark significantly decreased in the downstream sample (16%),
while those in upstream samples hardly decreased (1–8%). The FI of FA-like substance decreased by 72–84% during 13-
days irradiation (integrated solar intensity = 176 MJ m–2). The protein-like fluorescence was only observed in the down-
stream sample and the net decrease in the FI was 59% in the irradiated sample. The first-order reaction kinetics was
applied to analyze the photodegradation of DOM. Two-step photodegradation was suggested for the fluorescent DOM
(FDOM), while not for the DOC. Results obtained here suggested that FA-like FDOM is more susceptible to
photodegradation compared with those of protein-like substances and DOC.
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as benzene containing carboxyl, methoxylate and phenolic
groups, hydroxycoumarin-like structures,  and
fluorophores containing the Schiff-base system,
chromone, xanthone, and quinoline derivatives (Senesi,
1990; Leenheer and Croue, 2003). On the other hand,
amino acids in freshwaters have been detected in a com-
bined form, mostly humic bound or colloidal in river
waters (Volk et al., 1997; Baker et al., 2007) and affected
by anthropogenic sources (Baker, 2001, 2002a, 2002b;
Mostofa et al., 2005a). FA- and protein-like substances
are the major components of the fluorescent dissolved
organic matter (FDOM) in natural waters (Senesi, 1990;
Coble, 1996; Yamashita and Tanoue, 2003 and references
therein). The florescent components such as FA- and
protein-like substances have been investigated by the
three-dimensional excitation emission matrix (3-D EEM).
Due to simplicity of the 3-D EEM technique, it is now
widely used for characterization of FDOM and for
determinations of the nature, sources and quantity of
FDOM in natural waters (Baker, 2001, 2002a; Coble,
1996; Yamashita and Tanoue, 2003; Mostofa, 2005;
Mostofa et al., 2005a, b). The 3D-EEM of FA- or humic-
like substances in the aquatic DOM, in general, has been
shown a major fluorescence peak within a range of exci-
tation/emission (Ex/Em) wavelengths of 320–390/420–
490 nm (Coble et al., 1990; Senesi, 1990; Leenheer and
Croue, 2003; Coble, 1996; McKnight et al., 2001).

INTRODUCTION

The major components of dissolved organic matter
(DOM) in freshwaters are humic substances, carbohy-
drates and amino acids (Steinberg and Münster, 1985;
Malcolm, 1985; Volk et al., 1997; Baker, 2001; Baker and
Spencer, 2004; Engelhaupt and Bianchi, 2001). The domi-
nant fractions of humic substances (HS) in DOM are
fulvic acids (FA) which are ubiquitous in natural aquatic
ecosystems (Malcolm, 1985; Senesi, 1990). Although the
composition of DOM can vary temporally and spatially,
HS is, in general, the most abundant in stream waters
(50~80%), and the ratio of FA to humic acid (HA) is gen-
erally as high as 9:1 (Malcolm, 1985). FA has highly com-
plex chemical structures and variable composition
(Malcolm, 1985, 1990; Senesi, 1990; Münster et al.,
1999). The molecular structure of FA has been identified
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Protein-like fluorescence peaks have been detected at Ex/
Em = 280–285/321–360 nm (Baker, 2001, 2002a; Coble,
1996; Yamashita and Tanoue, 2003).

It was reported that the fluorescence properties of ter-
restrial FDOM changed due to natural solar effects from
upstream to the lacustrine environments at the watershed
level (Mostofa et al., 2005b; Hayakawa et al., 2003). The
upstream DOM has unique characteristic properties due
to the sole sources of origin, such as forests or swamp
ecosystems (Steinberg and Münster, 1985; Malcolm,
1985, 1990). But the DOM in downstream waters is a
mixture with various kinds of origins, such as upstream
waters, agricultural fields, urban activities, and autoch-
thonous input. Considering these differences in sources
of DOM among stream waters, it is of interest to investi-
gate alterations of DOM and FDOM in the aquatic envi-
ronment. Yoshioka et al. (2007) reported the systematic
changes in the molecular size of DOM and in the fluores-
cence peak position between river and lake waters. Solar
and biological processes might affect the molecular size
and fluorescence property of DOM components.
Photodegradation of DOM and FDOM have been reported
in river (Amon and Benner, 1996; Mostofa et al., 2005b)
and coastal waters (Moran et al., 2000; Vähätalo and
Wetzel, 2004). Amon and Benner (1996) described
photodegradation of DOC in river waters, but they did
not discuss fluorescence properties of FDOM. Studies on
the photodegradation of FDOM are still limited.

In this study, solar irradiation experiments were con-
ducted for upstream and downstream waters collected
from the Lake Biwa watershed in the central Honshu Is-
land in Japan. This study investigated the photochemical
alterations of the fluorescence properties of FA-like and
protein-like substances in FDOM and DOC concentra-
tions during a 13-day irradiation period. The spatial dif-
ferences in the photodegradation kinetics of DOC and
FDOM between upstream and downstream waters were
also discussed in this study.

MATERIALS AND METHODS

Sampling
Water samples were collected from two upstreams, the

Kago (KG) and the Nishi-Mataya (NM), and one down-
stream, the Yasu River (YR) in the Lake Biwa watershed
(35°15′ N, 136°05′ E), Japan (Fig. 1). KG is situated in
the upstream of Seta River, and NM is situated in the
upstream of Ane River (Fig. 1). Yasu River is the longest
river (64 km) among all the rivers existed in the Lake
Biwa watershed and its drainage area is 366 km2 (Fig. 1).
Upstream waters originate through leaching of ground-
water from high mountainous regions, which are densely
shaded with mixed forests growing on granitic substrates.
The waters in the downstream river are drained from dif-

ferent sources at downstream sites, such as agricultural
fields and artificial land covers along the river as well as
from the upstream region. There were several reasons to
choose two upstream sites (KG and NM) and the down-
stream site (YR). The level of DOC concentration in KG
(about 100 µM C) was the highest among upstream sites
in the Lake Biwa watershed, while that in NM (about 40
µM C) was medium, although fluorescence properties
were quite similar among sites in upstream regions
(Mostofa et al., 2005b). The YR showed the highest level
of DOC concentration (~200 µM C) among all the rivers
existed in the Lake Biwa watershed, except for small chan-
nels (Mostofa et al., 2005b).

Polycarbonate bottles were used to collect samples.
After sampling, bottles were covered with black
polyethylene bags to protect the water samples from the
solar radiation until the photodegradation experiment.
Water samples were filtered with precombusted (450°C)
glass-fiber filters (GF/F, Whatman, Maidstone, UK).
Quartz bottles (100 ml in volume) were used for solar
radiation and glass bottles (100 ml in volume) were used
for dark incubation for water samples. The polycarbonate,
quartz, and glass bottles were cleaned with an alkaline
detergent (2% solution of Extran MA O3, Merck Japan,
Tokyo, Japan), hot water, and pure water (Milli Q TOC,
Millipore, Tokyo, Japan). The quartz and glass bottles
were then combusted at 450°C for 2 h.

Experimental design
The photodegradation experiment was conducted from

May 20 to June 1, 2001 on the roof of the Institute for
Hydrospheric-Atmospheric Sciences, Nagoya University,
Japan. To examine the effects of solar radiation, fifteen

Ane River

Amano River

Echi River

Yasu 
River

Seta River

Ado River

i

Fig. 1.  Lake Biwa watershed, Japan and water sampling sites
of the Kago (KG) upstream (site 1), the Nishi-Mataya (NM)
upstream (site 2) and the Yasu River (YR) downstream (site 3).
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quartz bottles were filled with the filtered water (ca. 100
ml) of each sample, sealed with Teflon-coated butyl-
rubber stoppers and aluminum caps, and then submerged
into an in-flow water bath, in which tap water was con-
tinuously supplied to control the water bath temperature
(Mostofa et al., 2005b). Fifteen glass bottles were filled
with sample water and sealed with Teflon-coated butyl-
rubber stoppers and aluminum caps. As a control experi-
ment under the dark condition, these glass bottles were
wrapped with aluminum foil and placed in the same bath.
The daily solar incident intensity during the experiment
was measured using a Pyranometer (MS-801F, EKO In-
struments Co. Ltd., Tokyo, Japan). The temperature in
the water bath was recorded using a thermo recorder (TR-
71S, T & D corporation, Matsumoto, Japan). During the
experiments, the water bath temperature fluctuated be-
tween 25 and 35°C.

Incubated bottles were withdrawn in triplicate for each
treatment after 1, 4, 7, 10, and 13 days of irradiation. In-
tegrated solar intensities at the respective days were 22,
44, 92, 141, and 176 MJ m–2. For the DOC concentration
measurement, the 15 ml of water sample from each sam-
ple bottle was poured into the brown glass bottle (30 ml
in volume) in triplicate. Twenty-five µl of 6N HCl solu-
tion was added to remove dissolved inorganic carbon
(DIC). For fluorescence measurement, about 6 ml of each
sample was introduced to the small brown bottle (10 ml
in volume) in duplicate. These bottles were sealed with
Teflon-coated butyl-rubber stoppers and aluminum caps,
stored in a freezer (–40°C), and analyzed within seven
days.

Analytical methods
DOC concentration was measured using a high-

temperature catalytic oxidation method (Yoshioka et al.,
2002). System blanks were determined according to the
software installed in the TOC 5000 A (Shimadzu Co. Ltd.,
Kyoto, Japan). System blanks and pure water blanks were
on average 2–4 µM C and 6 µM C, respectively. To cal-
culate the DOC concentration, only system blanks were
used for data correction.

EEMs of samples were measured using a fluorescence
spectrophotometer (F-4500, Hitachi Ltd., Tokyo, Japan),
according to previous research (Mostofa et al., 2005b).
The scanning ranges were 225–400 nm for excitation (Ex)
and 225–500 nm for emission (Em). Readings were col-
lected at intervals of 5 nm Ex with 1 nm Em wavelength.
The wavelength accuracy was within ±2 nm. The fluo-
rescence spectra were measured in triplicate and were
averaged for each sample. Fluorescence intensities (FI)
of water samples were calibrated as quinine sulfate unit
(QSU) using the fluorescent intensity of quinine sulfate
solution (the FI of 4 µg liter–1 quinine sulfate solution =
4 QSU) at Ex/Em = 350/450 nm.

RESULTS AND DISCUSSION

Photodegradation of DOC
DOC concentrations of original samples (before irra-

diation) were 99 µM C in the KG upstream, 38 µM C in
the NM upstream, and 194 µM C in the YR downstream,
respectively. DOC concentrations gradually decreased
during the exposure to the sunlight (Fig. 2). At the end of
the experiment (integrated solar intensity = 176 MJ m–2),
DOC concentrations decreased by 36% in the KG, 32%

Integrated solar intensity (MJ m–2)

Integrated solar intensity (MJ m–2)

IIntegrated solar intensity (MJ md l i i (MJ –22))

Fig. 2.  Changes in the DOC concentrations with the integrated
solar intensity. A, the KG upstream; B, the NM upstream; C,
the YR downstream samples. Open circle, irradiated condition;
closed circle, dark condition. The error bar indicates the stand-
ard deviation.
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in the NM and 16% in the YR samples (Table 1). Under
the dark condition, DOC concentration hardly changed
in upstream samples (Figs. 2A and 2B). Therefore, the
irradiation caused almost all decrease in DOC in the up-
stream samples. On the other hand, the DOC concentra-
tion of YR sample significantly decreased by 16% under
the dark condition as much as under the irradiated condi-
tion (Fig. 2 and Table 1).  It  suggested that the
photodegradation was not effective in the downstream
sample of YR. In reported studies on the photodegradation
of DOC, the decrease in the DOC concentration in the
irradiated samples was 15–41% of the initial DOC con-
centration during the irradiation period (Table 1), while
that in the dark sample was less than 10%. Results of KG
and NM samples were similar to those in previous stud-
ies (Figs. 2A and 2B). On the other hand, the degradation
of the downstream DOC might be due to the microbial
activity, because the DOC concentration decreased un-
der the dark condition as well as under the light condi-
tion (Fig. 2C). It can be noted that the labile DOM
(LDOM) is mostly comprised of dissolved free amino
acids, carbohydrates, fatty acids, glucose, aldehydes,
oxalate, glyoxalate, few vitamins, steroids, and pesticides
(Moran and Zepp, 1997; Mann and Boddy, 2000; Ogawa
et al., 2001). These LDOMs might be introduced into the
downstream area of Yasu River from urban and agricul-

tural areas along the downstream locations. On the other
hand, the refractory nature of upstream DOM to micro-
bial degradation suggested the existence of large quan-
tity of humic substances (fulvic and humic acids).

Photodegradation of FDOM
The 3-D EEM of original samples exhibited a major

fluorescence peak at Ex/Em = 333 ± 3/472 ± 5 nm in the
KG upstream, 340 ± 5/458 ± 3 nm in the NM upstream,
and 340/435 ± 3 nm in the YR downstream samples (Ta-
ble 2 and Fig. 3). The peaks of upstream samples resem-
bled those of the humic-like fluorescence, the “peak C”
(Ex/Em = 350/420–480 nm) in seawater (Coble, 1996) or
standard Suwannee River fulvic acid fluorescence peak
(Excitation/Emission = 333 ± 3/469 ± 6 nm, Mostofa et
al., 2005a). The peak in the YR downstream sample was
similar to the peak C of emission wavelengths (441~449
nm) in waters from U.K. river (Baker and Spencer, 2004).
Protein-like (tryptophan-like) peak “peak T” was detected
at Ex/Em = 280/338 ± 2 nm in the original YR down-
stream sample (Fig. 3B). However, the peak T was not
found in the KG and NM upstream samples.

During the consecutive irradiation period, Ex and Em
wavelengths of the fluorescence peak C in irradiated sam-
ples gradually shifted from longer to shorter wavelength
regions, i.e., blue-shift of the peak position (Table 2). One-

Table 1.  Comparison of the decreases in DOC and FI of FA-like (peak C) and protein-like (peak T)
fluorescence during the irradiation period between this study and reported studies

nd: not detected.
*The increase in FI of peak C or peak T during the incubation period.

Samples Irradiation time Decrease (%) References

[DOC] FI of peak C FI of peak T

This study
Irradiated condition

KG 13 days 36 72 nd
NM 13 days 32 84 nd
YR 13 days 16 80 59

Dark condition
KG 13 days 1 15* nd
NM 13 days 8 6* nd
YR 13 days 16 14* 6*

Reported studies
Irradiated condition

Rio Negro 75 hours 15 nd nd Amon and Benner, 1996
Satilla Estuary 70 days 31~36 53~56 37~45 Moran et al., 2000
Lake Tuscaloosa 42 days 41 nd nd Vähätalo and Wetzel, 2004

Dark condition
Rio Negro 75 hours 1.2~2.7 nd nd Amon and Benner, 1996
Satilla Estuary 51 days 3~9 0.5~12 12~23*
Lake Tuscaloosa 42 days nd nd nd Vähätalo and Wetzel, 2004
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day of irradiance (22 MJ m–2) caused the largest change
in the blue-shift of the peak C. However, the peak posi-
tion was almost unaltered under the dark condition dur-
ing the 13-days incubation period (Figs. 3E and 3F, Table
2).

The FI of the peak C in upstream samples decreased
rapidly over the control during the irradiance of 22 MJ
m–2 and then decreased more gradually during the rest of
the incubation period (Figs. 4A and 4B). In the case of
YR sample, the decrease in the FI of the peak C was the
largest between 22 and 44 MJ m–2 irradiance (Fig. 4C).
The net decrease in FI at the peak C in irradiated samples
was 72% in KG upstream, 84% in NM upstream, and 80%
in YR downstream waters at the end of the experiment
(Table 1). High degradation of FI during the initial pe-
riod of the solar exposure has been reported (Del Vecchio
and Blough, 2002). This phenomenon seems to be due to
the decomposition of highly photosensitive fluorophores
existing in the FA-like components in FDOM. Such
fluorophores belong to the lowest energy band in a mol-
ecule and, accordingly, are very sensitive to solar irra-
diation (Senesi, 1990; Del Vecchio and Blough, 2002).

The FI of the peak C in the dark samples slightly in-
creased by 6–15%. Slight increases in the Ex/Em wave-

lengths of the peak C position, i.e., red-shift, were found
during the incubation period, although they were not sig-
nificant (Table 2).

The Em wavelength of the peak T in the YR down-
stream sample was gradually shifted from 338 nm to 328
nm in irradiated samples, while the Ex wavelength was
almost fixed during the irradiation (Table 2). In the dark
samples, both Ex and Em wavelengths of the peak T were
not changed. The FI at the peak T gradually decreased in
irradiated samples while it hardly changed in dark sam-
ples (Fig. 4D). The total loss in FI at the peak T were
about 59% in the YR sample after 13 days of solar irra-
diation (Table 1). Protein-like substances are usually con-
sidered to be microbiologically labile (Baker and
Inverarity, 2004). However, the experimental results, ob-
tained here, suggested that the protein-like substances in
the YR sample were microbiologically refractory. Even
though the filtration using glass fiber filter might elimi-
nate most of microbes, the decrease in the DOC concen-
tration under the dark condition clearly demonstrated the
microbial degradation of dissolved organic matter in the
YR sample (Fig. 2C). The decrease in the FI of the peak
T, therefore, did not directly associate with that in DOC
concentration. The experimental results (Fig. 4D) sug-

Samples Irradiation time ISI Peak C position (Ex/Em: nm) Peak T position (Ex/Em: nm)

days (MJ m−2) Irradiated condition Dark condition Irradiated condition Dark condition

KG
0 0 333 ± 3/472 ± 5 333 ± 3/472 ± 5 nd nd

1 22 318 ± 3/446 ± 9 338 ± 8/465 ± 2 nd nd

4 44 315/441 ± 1 337 ± 6/469 ± 8 nd nd

7 92 313 ± 3/437 ± 5 340/468 ± 5 nd nd

10 141 310/429 342 ± 8/463 ± 2 nd nd

13 176 308 ± 6/433 ± 4 335 ± 5/465 ± 2 nd nd

NM
0 0 340 ± 5/458 ± 3 340 ± 5/458 ± 3 nd nd

1 22 317 ± 3/448 ± 13 345/ ± 5/459 ± 10 nd nd

4 44 312 ± 3/427 ± 4 342 ± 8/465 ± 13 nd nd

7 92 312 ± 3/427 ± 4 342 ± 8/465 ± 13 nd nd

10 141 310 ± 5/423 ± 1 343 ± 6/461 ± 1 nd nd

13 176 312 ± 3/418 ± 2 345/473 ± 8 nd nd

YR
0 0 340/435 ± 3 340/435 ± 3 280/338 ± 2 280/338 ± 2

1 22 305/430 ± 2 338 ± 3/436 ± 4 280/331 ± 3 280/338 ± 2

4 44 318 ± 3/427 ± 1 337 ± 3/434 ± 1 280/330 ± 1 280/336 ± 3

7 92 310/427 ± 6 340/437 ± 3 280/329 ± 1 280/335 ± 1

10 141 310/431 ± 7 340/434 ± 2 280/327 ± 2 282 ± 3/342 ± 1

13 176 310 ± 5/428 ± 3 342 ± 3/438 ± 4 280/328 ± 1 280/337 ± 2

Table 2.  Changes in fluorescence peak position during the experiment

ISI: Integrated solar intensity.
nd: not detected.
±: The standard deviation among triptlicate bottles.
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gested that protein-like fluorescence in the YR sample
were photodegradable, or at least, that the decrease in the
peak T fluorescence required the irradiation. Volk et al.
(1997) reported that amino acids bound with humic sub-
stances. Humic components may protect the protein-like
components (or, amino acids) in such complexes to the
microbial degradation. The decrease in FI of the peak T
due to the irradiation was lower than that of the FA-like
fluorescence (peak C) in the YR waters (Table 1). It sug-
gested that the FDOM components containing protein-
like substances were less susceptible to photodegradation
compared to those of FA-like components.

Although DOC concentration in the YR waters under
dark condition was significantly decreased (16%), FIs of
peak C and peak T increased (Table 1). These results sug-

gested that the decrease in DOC concentration in the YR
sample under the dark condition was not due to the deg-
radation of FDOM.

Kinetics of photodegradation
Assuming a first-order kinetics for the

photodegradation of DOM, the changes in FI and DOC
due to irradiation can be expressed as follows.

Ln(FI/FI0) = –aS (1)

Ln(DOC/DOC0) = –bS (2)

where, a and b are the reaction rate constants for
photodegradation of FA-like FDOM and DOC, FI0 and
DOC0 are the initial FI and DOC, and S is the integrated
solar energy (MJ m–2), respectively. The degradation of
FDOM and DOC are clearly understood from the rela-
tions between the S and Ln (FI/FI0) (Figs. 5A, 5B and
5C) and Ln (DOC/DOC0) (Figs. 5D, 5E and 5F).

The degradation rates of the FA-like FI (a in Eq. (1))
were higher in the first 2-days of irradiation (~44 MJ
m–2) compared to those of the latter days (Figs. 5A, 5B
and 5C). The temporal change in the degradation rate
might be explained by the existence of the two types of
fluorophores in the FA-like component (Senesi, 1990;
McKnight et al., 2001; Moran et al., 2000). One type is
highly sensitive to irradiation, and another type is rela-
tively less sensitive. One of high sensitive fluorophore is
the Schiff-base derivatives (–N=C–C=C–N–) detected in
FA and HA in DOM, which shows a fluorescence peak at
Ex/Em = 360–390/450–470 nm (Laane, 1984). Del
Vecchio and Blough (2002) also suggested that the initial
high losses in FI were caused by a discrete class of (fluo-
rescent) chromophores, which are particularly sensitive
to photodegradation. Although the Ex wavelength for the
peak C in the original upstream samples (Table 2) was
shorter than that of the Shiff-base derivatives, it was sug-
gested that the Schiff-base type fluorophore might be a
candidate corresponding to the initial high loss in the FA-
like FI under the light condition.

According to the model of the photodegradation of
the FDOM obtained here, the FA-like FI changed non-
linearly with DOC concentration (Fig. 6). Mostofa et al.
(2005b) found the direct proportion between DOC con-
centration and FA-like FI in upstream waters in the Lake
Biwa watershed. On the other hand, in Lake Biwa, into
which stream waters studied here flow, the DOC concen-
tration was rather higher than that expected from the FA-
like FI (Mostofa et al., 2005b). It was suggested that
allochthonous FDOM might be photodegraded and mixed
with autochthonous DOM in the lake (Mostofa et al.,
2005b). However, Nguyen et al. (2005) showed that a
green alga (Scenedesmus quadricauda) produced fulvic-

KG upstream YR downstream

peak T

peak C peak C

Fig. 3.  Examples of the 3-D EEM in original (A and B), irradi-
ated (C and D) and dark (E and F) samples showing the fulvic
acid-like (peak C) and protein-like (peak T) fluorescence in the
KG upstream (left panels) and the YR downstream (right pan-
els) waters, respectively.
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Fig. 4.  Changes in the FI of FA-like (A, B and C) and protein-like (D) substances with integrated solar intensity.
A, the KG upstream; B, the NM upstream; C and D, the YR downstream samples. Open circle, irradiated condition; closed circle,
dark condition. The error bar indicates the standard deviation.

Fig. 5.  Relationships between the Ln(FI/FI0) and the integrated solar intensity (A, B and C) and between the Ln(DOC/DOC0) and
the integrated solar intensity (D, E and F). A and D, the KG upstream; B and E, the NM upstream; C and F, the YR downstream
sample. Open circle, irradiated condition; closed circle, dark condition. Open triangle in C shows the change in the protein-like
FI under the irradiated condition.
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Fig. 6.  Changes in DOC concentration and FA-like FI during
photodegradation of DOM modeled by the first-order kinetics.
Original DOC concentration and FI are presented as follows.
Open circle, the NM upstream; open diamond, the KG upstream;
open triangle, the YR downstream sample.

like fluorescent materials (Ex/Em = 320–340 nm/400–
450 nm). Therefore, the careful examination may be
needed to study the origin and dynamics of FDOM in
lentic environments such as lake and pond.

Photodegradation of the protein-like FI in the YR sam-
ple was linear during the experimental period (Fig. 5C).
The degradation rate of the protein-like FI (0.0049 MJ–1

m2) was similar to that of FA-like FI at the second phase
of the photodegradation (0.0056 MJ–1 m2). It might indi-
cate that protein-like substances (or, amino acids) were
closely associated with FA-like substances (Volk et al.,
1997), or at least, that a same process contributed to the
decreases in protein-like and FA-like fluorescence.

The two-step photodegradation kinetics in the FA-like
FI was not found in the case of DOC (Figs. 5D, 5E and
5F). Degradation rates of upstream samples under the dark
condition (0.000066 MJ–1 m2 in KG and 0.00046 MJ m–2

in NM samples) were quite lower or negligible compared
with those under the irradiation condition (0.0026 and
0.0018 MJ–1 m2, respectively). Therefore, it was suggested
that the upstream DOM was highly refractory to micro-
bial degradation. The photodegradation rates of DOC in
KG and NM samples were significantly lower than those
of the FI. This indicates that DOC is less sensitive to ir-
radiation compared with FDOM. The DOC degradation
rate in the YR sample under the dark condition was al-
most as same as that under the irradiated condition. It
suggested that the microbiologically labile DOC predomi-
nated at the downstream. The effect of the coexisting
humic substances on the decrease in the protein-like fluo-
rescence should be examined to understand the degrad-
ability of the freshwater DOM. It was suggested that the
nature and composition of DOM were different between
upstream and downstream river waters, with respect to
the biological degradation as well as the photodegradation.
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