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Dissolved lignin phenols and optical properties of dissolved organic matter (DOM)

were measured to investigate the sources and transformations of terrigenous DOM

(tDOM) in Otsuchi Bay, Japan. Three rivers discharge into the bay, and relatively

high values of syringyl:vanillyl phenols (0.73 ± 0.07) and cinnamyl:vanillyl phenols

(0.33 ± 0.10) indicated large contributions of non-woody angiosperm tissues to lignin

and tDOM. The physical mixing of river and seawater played an important role in

controlling the concentrations and distributions of lignin phenols and chromophoric

DOM (CDOM) optical properties in the bay. Lignin phenol concentrations and the

CDOM absorption coefficient at 350 nm, a(350), were strongly correlated in river and

bay waters. Measurements of lignin phenols and CDOM in bay waters indicated a

variety of photochemical and biological transformations of tDOM, including oxidation

reactions, photobleaching and a decrease in molecular weight. Photodegradation and

biodegradation of lignin and CDOMwere investigated in decomposition experiments with

river water and native microbial assemblages exposed to natural sunlight or kept in the

dark. There was a rapid and substantial removal of lignin phenols and CDOM during

the first few days in the light treatment, indicating transformations of tDOM and CDOM

can occur soon after discharge of buoyant river water into the bay. The removal of lignin

phenols was slightly greater in the dark (34%) than in the light (30%) during the remaining

59 days of the incubation. Comparison of the light and dark treatments indicated

biodegradation was responsible for 67% of total lignin phenols removal during the 62-day

incubation exposed to natural sunlight, indicating biodegradation is a dominant removal

process in Otsuchi Bay.

Keywords: terrigenous dissolved organic matter, lignin phenols, chromophoric dissolved organic matter,

photodegradation, biodegradation, Otsuchi Bay

INTRODUCTION

The global riverine flux of particulate and dissolved organic carbon to the ocean is ∼0.4 PgC y−1

(Schlesinger and Melack, 1981). Dissolved organic carbon (DOC) comprises more than half of this
flux and is an important component of the global carbon cycle (Hedges et al., 1997). Lignin is a
phenolic polymer common to all vascular plants (Hedges and Mann, 1979) and a useful biomarker
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of terrigenous dissolved organic matter (tDOM) in the ocean
(Meyers-Schulte and Hedges, 1986; Opsahl and Benner, 1997).
Low concentrations of lignin phenols in the Atlantic and
Pacific oceans reflect average oceanic residence times of tDOM
ranging from decades to a century, suggesting ocean margins
could be important hot spots for tDOM transformations
(Hedges et al., 1997; Opsahl and Benner, 1997). Biodegradation
and photodegradation of tDOM are major processes in the
remineralization of tDOM in ocean margins (Miller and
Zepp, 1995; Benner and Opsahl, 2001; Fichot and Benner,
2014). Photochemical processes play an important role in
the degradation of lignin phenols in seawater (Hernes and
Benner, 2003; Fichot and Benner, 2012), and recent studies have
demonstrated biodegradation is the main removal process in
rivers and river-influenced ocean margins (Ward et al., 2013;
Fichot and Benner, 2014). Photochemical processes have been
shown to enhance the microbial degradation of tDOM, thereby
contributing to its remineralization (Miller and Moran, 1997;
Moran et al., 2000; Mopper and Kieber, 2002; Obernosterer and
Benner, 2004; Fichot and Benner, 2014).

Chromophoric dissolved organic matter (CDOM) is
ubiquitous in marine waters and plays a significant role in
marine biogeochemical cycles (Nelson et al., 2010; Yamashita
et al., 2013). CDOM absorption coefficients and spectral slopes
(S) are useful indicators for estimating DOC concentrations
and sources, tDOM molecular weight and the extent of
photochemical alteration (Del Vecchio and Blough, 2002;
Helms et al., 2008; Fichot and Benner, 2011, 2012; Spencer
et al., 2012; Yamashita et al., 2013). Lignin is an important
chromophore in tDOM, and S275–295 is a useful indicator of
tDOM transformations and degradation (Helms et al., 2008;
Fichot and Benner, 2012). The applicability of this optical tracer
of tDOM relies on a strong nonlinear relationship between
S275–295 and the DOC-normalized lignin yield in rivers and
along the freshwater-marine continuum in river-influenced
ocean margins (Fichot and Benner, 2012; Fichot et al., 2013).
The ratio of absorption at 250 nm and 365 nm (E2/E3) is another
optical property that strongly correlates with aromatic content,
molecular weight and degradation of DOM (de Haan, 1972; Lou
and Xie, 2006; Helms et al., 2008; Spencer et al., 2012; Bouillon
et al., 2014; Santos et al., 2014).

The present study investigated the riverine sources and
transformations of lignin and CDOM in Otsuchi Bay on
the Pacific Ocean coast of Japan. Measurements of lignin
phenols and CDOM were used to trace tDOM in the river
and bay waters, and a lignin decomposition experiment was
used to determine the susceptibility of riverine DOM to
photochemical and biological degradation. These experiments
demonstrate relationships between lignin phenols and CDOM
optical properties and provide a framework for interpreting field
data and the transformations of tDOM in bay waters.

MATERIALS AND METHODS

Study Area and Sampling Overview
Otsuchi Bay is a semi-closed coastal area along the Sanriku ria
coast in northern Japan, and is one of the areas struck by a

FIGURE 1 | (A) Sampling sites in the three rivers in the catchment basin and in

Otsuchi Bay (B) mid-salinity stations in the upper bay near the mouth of the

Unosumai River.

massive tsunami associated with the 2011 Tohoku earthquake.
The tsunami caused considerable damage along the Pacific side
of the Tohoku Region and the northern part of the Kanto Region
(Kazama and Noda, 2012). The Otsuchi River, Kozuchi River
and Unosumai River flow into Otsuchi bay. The catchments of
these 3 rivers are 116, 66, and 150 km2, respectively (Coastal
Oceanography of Japanese Island, 1985). The total freshwater
discharge into the bay ranges from 3 to 35m3 s−1. Approximately
55% of the freshwater entering the bay comes from the Unosumai
River, with 30 and 15% freshwater coming from the Otsuchi and
Kozuchi Rivers, respectively (Anbo et al., 2005). Water exchange
between the bay and coastal ocean is rapid, with water residence
time within the bay estimated to be on the order of a week to a
month based on the residual current (3–5 cm s−1; Otobe et al.,
2009) and the physical dimensions of the bay (length 7 km; wide
2–4 km; Fukuda et al., 2015). Water circulation changes on a
seasonal basis in Otsuchi Bay. The density current is affected
by river discharge, tide-induced residual current and seasonal
changes in wind (Otobe et al., 2009). Fukuda et al. (2015) recently
investigated nutrient dynamics in the water column following
the 2011 Tohoku earthquake and noticed 3 distinct periods: (1)
a stratified period (stratification between Tsugaru current with
high salinity and river water: May-September), (2) a mixing
period (October-January), and (3) an Oyashio current intrusion
period (low salinity and low temperature: February-April).
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Other studies also indicated that river inflow is the key factor
controlling water exchange and nutrient concentrations in this
bay (Furuya et al., 1993; Kawamiya et al., 1996; Anbo et al.,
2005; Fukuda et al., 2007), thereby suggesting river inflow has
a major influence on DOM dynamics. Hence, although water is
frequently flushed out of the bay to the coastal zone, terrigenous
DOM is likely an important driver of the biogeochemical cycles
in the bay.

Samples were collected from the 3 rivers and along a transect
in Otsuchi Bay during 2012–2013 (Figure 1A). Water samples
from the rivers were collected using a bucket, and water samples
from the bay were collected at the surface (1 m) and near the
bottom using a Niskin bottle (maximum depth of 78m at station
L0). In order to assess the vertical distribution of tDOM in the
middle of the bay, seawater samples were collected at different
depths at station L3 in November 2013. The depths of each
station were: 78m at L0, 44m at L1, 41m at L2, 35m at L3,
26m at L4, 18m at L5, 7m at L6, and 17m at L8, respectively.
The average salinity values (mean ± 1-standard division, 1-SD)
were 32.39 ± 0.26 (n = 6) and 33.60 ± 0.08 (n = 4) in
September and November 2012; 33.57 ± 0.08 (n = 12), 33.25 ±
0.64 (n = 18), 32.62 ± 1.63 (n = 22), and 33.34 ± 0.35
(n = 5) in March, May, July and November 2013, respectively.
These data demonstrate that the freshwater volume represented
a small fraction of the total water volume of the bay during all
seasons.

In Otsuchi Bay, the water exchange rate can be very rapid
with dramatic salinity increases over a short distance from
river mouths to the bay. This often makes it difficult to
interpret an accurate mixing model. In order to overcome this
issue, additional samples were collected in the limited area of
mid-salinity range around the Unosumai River mouth at station
U1-U8 (Figure 1B) in November 2014 for optical analyses, and
the average salinity was 29.77± 5.17 (1-SD, n = 14).

Lignin Extraction and Analysis
Seawater and river samples were filtered through Whatman R©

polycarbonate filter (1-µm pore size) and then acidified to ca.
pH 2.5 using sulfuric acid. Most of the in-situ lignin samples
were acidified immediately after filtration, but a few samples were
stored at low temperature in the dark until acidification ∼48 h
after collection. Dissolved lignin was then extracted from either
10 L (seawater) or 5 L (river water) by solid phase extraction
(SPE) on a C18 cartridge (Varian MegaBond Elut) at a flow
rate of ∼50mL min−1 using a peristaltic pump (Masterflex L/S
tubing pump, Cole-Parmer; Louchouarn et al., 2000; Hernes and
Benner, 2002). Before extraction, 50mL of methanol was passed
through the cartridges followed by 1 L of acidified Milli-Q water
(pH= 2.5). After extraction, the cartridges were stored at 4◦C
until elution with 30mL methanol. The eluate was then stored
at −20◦C. Eleven lignin phenols were produced by the CuO
oxidation method, and were identified and quantified using an
Agilent 7890 gas chromatograph equipped with a Varian DB5-
MS capillary column and an Agilent 5975 mass selective detector
(Kaiser and Benner, 2012).

Total dissolved lignin concentrations were calculated as
the sum of 11 lignin phenols (TDLP11; nmol L−1) from

four phenol families: p-hydroxy phenols [p-hydrobenzaldehyde
(PAL), p-hydroxybenzoic acid (PAD), p-hydroxyacetophenone
(PON)], vanillyl phenols [vanillin (VAL), vanillic acid (VAD),
acetovanillone (VON)], syringyl phenols [syringaldehyde (SAL),
syringic acid (SAD), acetosyringone (SON)] and cinnamyl
phenols [p-coumaric acid (CAD) and ferulic acid (FAD)]. The
sum of nine phenols (TDLP9), including PAL, PAD, PON,
VAL, VAD, VON, SAL, SAD, and SON, was also presented in
this study. Finally, the ratios of p-hydroxy to vanillyl phenols
(P/V), syringyl to vanillyl phenols (S/V), cinnamyl to vanillyl
phenols (C/V), acid/aldehyde ratios of p-hydroxy [(Ad/Al)P],
acid/aldehyde ratios of vanillyl [(Ad/Al)V], and acid/aldehyde
ratios of syringyl phenols [(Ad/Al)S] were also calculated.

Chl. a and CDOM Analysis
Samples were gravity-filtered directly from the Niskin bottle and
through pre-combusted Whatman R© GF/F filters (0.7-µm pore
size). The GF/F filters were immediately stored at –20◦C in
the dark for chlorophyll a (Chl. a) measurements (Suzuki and
Ishimaru, 1990). The filtrate was collected in pre-combusted glass
vials (teflon-lined cap), and stored frozen in the dark for CDOM
analysis. CDOM absorbance was measured from 200 to 800 nm
using a dual-beam spectrophotometer (UV-1800, Shimadzu) and
with Milli-Q used as the blank. A 5-cm quartz cell was used for
most samples, and a 3-cm quartz cell was used for a few samples.
The method of Yamashita and Tanoue (2009) was used to convert
absorbance to Napierian absorption coefficient.

Absorption coefficients of CDOM decreased with increasing
wavelength andwere fit to the following exponential equation (1):

a (λ) = a (λi) e
−S(λ−λi) (1)

where a(λ) and a(λi) are the absorption coefficients at wavelength
λ and reference wavelength λi (m−1), respectively, and S is
the spectral slope coefficients (nm−1) over the corresponding
spectral range (λ − λi). The CDOM absorption coefficients at
250 nm [a(250)] and 350 nm [a(350)], and the spectral slope
coefficients between 275 and 295 nm (S275–295) and between 350
and 400 nm (S350–400), and the slope ratio (SR) of S275–295 to
S350–400 were reported in this study. The ratio of absorption
coefficient at 250 nm to that at 365 nm (E2/E3) was also
calculated.

tDOM Decomposition Incubation
Experiment
A large sample was collected from the Unosumai River in
July 2013 in order to investigate the photochemical and
microbial degradation of tDOM. River water was filtered through
a Whatman R© polycarbonate membrane (1-µm pore size),
collected in an acid-washed Nalgene carboy. Four polycarbonate
containers (30 L) were filled with the filtrate and incubated in a
water bath (24 ± 5◦C during incubation) for 62 days on the roof
of a building at the University of Tokyo. Two containers were
covered with quartz plate and exposed to natural sunlight. The
other two containers were wrapped with aluminum foil and used
as a dark treatment. Killed controls were not used, so we assume
lignin removal in the dark was due to microbial degradation.
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TABLE 1 | Dissolved lignin phenol concentrations (TDLP9), composition ratios [P/V, S/V, C/V and (Ad/Al)V] and CDOM absorption coefficient at 350nm

[a(350)] and spectral slope 275–295nm [S275–295] in the rivers.

Month aRainfall (mm) Sampling site bTDLP9 (nmol L−1) P/V S/V C/V (Ad/Al)V a(350) (m−1) S275–295 (nm−1)

Nov 2012 29.5 Otsuchi River 5.97 0.74 0.81 0.50 0.64 0.32 0.0160

Kozuchi River 12.2 0.73 0.81 0.45 0.68 0.68 0.0165

Unosumai River 26.3 0.69 0.76 0.43 0.70 1.03 0.0132

Mar 2013 17.5 Otsuchi River 6.43 1.16 0.77 0.37 1.11 0.38 0.0068

Kozuchi River 12.3 0.80 0.77 0.37 0.80 0.47 0.0113

Unosumai River 31.4 0.65 0.64 0.24 0.79 1.05 0.0105

May 2013 11.5 Otsuchi River 6.90 0.65 0.67 0.24 0.91 0.49 0.0115

Kozuchi River 11.6 0.74 0.75 0.44 0.74 0.46 0.0151

Unosumai River 35.1 0.57 0.69 0.28 0.73 1.33 0.0136

July 2013 186.5 Otsuchi River 37.6 0.52 0.73 0.22 0.78 0.78 0.0138

Kozuchi River 57.3 0.59 0.69 0.22 0.76 1.26 0.0133

Unosumai River 80.7 0.52 0.61 0.17 0.79 1.88 0.0136

Nov 2013 18.5 Otsuchi River 16.0 0.88 0.87 0.39 0.77 0.58 0.0127

Kozuchi River 22.3 0.85 0.75 0.27 0.69 0.79 0.0129

Unosumai River 34.9 0.75 0.68 0.29 0.79 1.22 0.0130

aRainfall data is from Japan Meteorological Agency (http://www.jma.go.jp/jma/index.html). It is the cumulative rainfall results for 10 days before sampling date at station Tsukimoushi.
bTDLP9: sum of syringyl phenols, vanillyl phenols and p-hydroxy phenols.

P/V: molar ratio of p-hydroxy phenols to vanillyl phenols.

S/V: molar ratio of syringyl phenols to vanillyl phenols.

C/V: molar ratio of cinnamyl phenols to vanillyl phenols.

A photo-radiometer (Delta OHM, spectral range: 315∼400 nm)
was equipped to monitor UVA irradiance. Subsamples were
collected after 3, 10, 20, 41, and 62 days of incubation,
and subsamples were filtered through 1-µm filter before
the extraction of lignin and CDOM measurements. Simple
exponential decay constants (k) (d−1) were calculated to examine
the susceptibility of lignin phenols to photochemical and
microbial degradation. Equation (2) was used to fit to derive k,

Ct = C0 × e−kt (2)

where Ct is the lignin phenol concentrations (TDLP9) at time t,
and C0 is the initial lignin phenol concentrations (TDLP9).

RESULTS

Dissolved Lignin Phenols and CDOM in the
Otsuchi, Kozuchi and Unosumai Rivers
Lignin phenol concentrations varied from 2 to 5-fold among
rivers and on a seasonal basis. Overall, TDLP9 ranged from
5.97 to 80.7 nmol L−1 (Table 1), and TDLP11 ranged from 7.09
to 87.0 nmol L−1 (Table S1). The Otsuchi River consistently
exhibited the lowest concentrations, whereas the Unosumai
River consistently exhibited the highest concentrations. Lignin
concentrations for all three rivers were several-fold higher in
July 2013, following a period of heavy rainfall (Table 1). In
contrast, lignin phenol compositions exhibited little seasonal
variability. Lignin phenol ratios [P/V, S/V, C/V, (Ad/Al)p,

(Ad/Al)v, (Ad/Al)s] were slightly higher in the Otsuchi River and
lower in the Unosumai River. The P/V ranged from 0.52 to 1.16,
S/V ranged from 0.61 to 0.87, C/V ranged from 0.17 to 0.50
(Table 1). The (Ad/Al)P, (Ad/Al)V , and (Ad/Al)S ranged from
1.00 to 1.69 in (Ad/Al)P; 0.64–1.11 in (Ad/Al)V and 0.50–0.78 in
(Ad/Al)S, respectively (Table 1 and Table S1).

The absorption coefficients of CDOM at a(250) and a(350) (±
range of duplicate samples) in the rivers ranged several-fold from
1.79 (± 0.05) to 7.08 (± 0.08) m−1 and from 0.32 (± 0.01) to 1.88
(± 0.02) m−1, respectively (Table 1 and Table S1). The spectral
slope coefficients, S275–295 and S350–400, ranged from 0.0068 to
0.0165 and 0.0105 to 0.0167 nm−1, respectively, and the slope
ratio, SR, ranged from 0.65 to 1.14 (Table 1 and Table S1). The
lowest S275–295, S350–400 and SR values were all observed inMarch
2013. The E2/E3 ratios ranged from 3.78 to 7.23 (Table S1).

Dissolved Lignin Phenols and CDOM in
Otsuchi Bay
The changes in chlorophyll a concentrations, lignin phenol
concentrations, and CDOM absorption coefficients along the
river-ocean continuum in Otsuchi Bay are shown in Figure 2.
Chlorophyll a concentrations ranged from 0.23 to 9.96µg
L−1, peaking at mid-salinities in July 2013 and dropping to
relatively low concentrations at salinities >32 (Figure 2A).
TDLP9 and CDOM absorption in surface waters decreased
with increasing salinity, which was consistent with their
terrigenous origin (Figures 2B,C; Table 2 and Table S2). Lignin
concentrations (TDLP9) and the CDOM absorption coefficient
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a(350) were significantly linearly correlated (R2 = 0.63,
p < 0.001, n = 32). Lignin concentrations ranged
from 1.47 to 24.5 nmol L−1 (TDLP9) in surface waters and
2.46 to 14.3 nmol L−1 in subsurface waters, respectively
(Table 2). The CDOM absorption coefficient, a(350), ranged
from 0.17 (± 0.01) to 0.55 (± 0.01) m−1 in surface water
(Table 2) and 0.12 to 0.38 (± 0.01) m−1 in subsurface
waters.

Seasonal variations in lignin phenol compositions were
minimal, whereas compositions varied significantly across the
salinity gradient (p < 0.001). In surface waters, P/V, S/V,
and (Ad/Al)V changed rapidly at salinities >32 (Figures 3A–C).
The P/V, S/V, and (Ad/Al)V in surface waters ranged from
0.59 to 2.71, 0.40 to 0.75, and 0.79 to 1.25, respectively
(Figures 3A–C; Table 2). The S275–295 also increased at salinities
>32 (Figure 3D). No clear trends were observed between salinity
and C/V (range 0.16–0.28), (Ad/Al)P (range 1.16–2.40), and
(Ad/Al)S (range 0.48–0.75; Table 2 and Table S2). In surface and
subsurface waters, S275–295 ranged from 0.0213 to 0.0319 nm−1

and 0.0243 to 0.0331 nm−1 (Table 2 and Table S2), S350–400
ranged from 0.0135 to 0.0177 nm−1 and 0.0125 to 0.0176 nm−1,
SR ranged from 1.23 to 2.25 and 1.49 to 2.24, and E2/E3 ranged
from 7.16 to 13.0 and 8.16 to 14.6, respectively (Table S2). Lignin
phenol concentrations (TDLP9) were strongly correlated with
S275–295 in surface and subsurface waters (R2 = 0.91, p < 0.001,
n = 23 in surface water; R2 = 0.72, p < 0.01, n = 9 in subsurface
water).

Variations in lignin phenol compositions (C/V, S/V, P/V)
and S275–295 among river and surface seawater samples are
shown in Figure 4. Lignin phenols in rivers had elevated S/V
and C/V compared to the surface waters of Otsuchi Bay, and
bay waters with salinities <32 had S/V and C/V values that
clustered between the river and high salinity (>32; Figure 4A).
These observed trends were consistent with the rivers being the
major source of lignin in the bay, and with physical mixing and
decomposition processes shaping the parameters. The P/V and
S275–295 were relatively low in the rivers and increased in the
bay, and confirmed the riverine source of the tDOM and CDOM
and the role of physical mixing and decomposition processes
(Figure 4B). Five lower salinity (<32) samples had P/V values
similar to those in river water. These samples had S275–295 values
that were intermediate between those in river and higher salinity
bay waters. At higher salinities (>32), there was a broad range
in P/V (0.6–2.6), indicative of mixing and alteration processes
(Figure 4B).

A vertical profile at station L3 in November 2013 revealed
the variations in physical properties, lignin concentrations, and
CDOM with depth in the water column (Figure 5). A vertical
density gradient was observed in the upper few meters of
the water column (Figure 5A). Lignin phenol concentrations
(TDLP9) were maximal (8.41 nmol L−1) near the surface and
declined rapidly to 3.91 nmol L−1 at 20m (Figure 5A). The
a(350) tracked lignin phenol concentrations and decreased
rapidly with depth, whereas the P/V and S275–295 increased
rapidly with depth from 1.32 to 2.82 and 0.0281 to 0.0327 nm−1,
respectively (Figure 5B). The P/V, S/V, and C/V values in surface
water were 1.32, 0.68, and 0.24, respectively, and 2.82, 0.57,

FIGURE 2 | Relationships between salinity and (A) chlorophyll a (Chl. a),

(B) dissolved lignin phenol concentrations (TDLP9), and (C) CDOM

absorption coefficients [a(350)] in surface waters of Otsuchi Bay.

and 0.22, respectively, at 20m depth (Table 2). The observed
vertical trends in lignin phenols and CDOM were consistent
with physical mixing being a dominant process shaping the
observed distributions of tDOM concentration and composition
in the upper 20m of the water column. Similar changes in
concentrations and compositions of lignin phenols and CDOM
were observed when comparing surface and bottom waters at
other stations and during other seasons (Table 2 and Table S2).

Physical Mixing of CDOM in Otsuchi Bay
During November 2014, water samples were collected near
the mouth of the Unosumai River and adjacent bay waters to
investigate CDOM distributions and mixing across a salinity
gradient (Figure 1B). A simple conservative mixing model was
constructed using CDOM values from the Unosumai River as
a freshwater end member and coastal seawater from station L6
as a marine end member (Figure 6 and Table S3). Measured
values of a(350), a proxy for lignin phenol concentrations,
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TABLE 2 | Dissolved lignin phenol concentrations (TDLP9), composition ratios [P/V, S/V, C/V, and (Ad/Al)V], and CDOM parameters [a(350) and S275–295] in

Otsuchi Bay.

Month Sampling

site

Depth (m) Salinity Temp (◦C) TDLP9 (nmol L−1) P/V S/V C/V (Ad/Al)V a(350) (m−1) S275–295 (nm−1)

Sep 2012 L1 1 32.72 22.37 4.44 0.89 0.68 0.20 0.79 0.32 0.0313

L2 1 32.56 22.30 4.50 0.82 0.72 0.19 0.88 0.34 0.0306

L3 1 32.38 22.20 4.98 0.89 0.67 0.19 0.82 0.33 0.0305

L4 1 31.96 21.89 5.31 0.79 0.67 0.18 0.80 0.36 0.0289

L5 1 32.29 22.05 5.83 0.83 0.70 0.20 0.82 0.35 0.0294

L6 1 32.44 22.22 6.14 0.85 0.74 0.21 0.81 0.39 0.0286

Nov 2012 L0 1 33.66 15.34 1.47 1.22 0.60 0.23 1.25 0.17 0.0319

L1 1 33.51 14.82 1.85 1.08 0.57 0.23 1.01 0.19 0.0302

L5 1 33.56 15.07 2.55 1.04 0.66 0.24 0.94 0.19 0.0299

L6 1 33.67 15.27 2.72 0.98 0.75 0.27 0.85 0.20 0.0295

Mar 2013 L0 1 33.61 5.69 4.83 2.57 0.40 0.16 1.06 No data No data

L1 1 33.56 5.83 4.93 2.18 0.48 0.16 1.14 No data No data

L3 1 33.50 5.80 5.54 2.71 0.43 0.17 1.00 No data No data

L5 1 33.34 6.19 5.75 1.98 0.51 0.19 1.03 0.19 0.0283

L6 1 33.51 6.30 5.37 2.23 0.49 0.17 1.08 No data No data

May 2013 L0 1 32.75 11.92 7.39 2.25 0.56 0.22 1.03 No data No data

L0 78 33.72 8.73 5.20 3.93 0.54 0.27 1.17 No data No data

L1 1 33.31 10.77 6.44 2.69 0.55 0.22 1.05 0.22 0.0299

L3 1 32.82 12.16 7.15 2.19 0.60 0.23 1.00 0.19 0.0297

L3 35 33.62 8.75 6.19 3.46 0.53 0.21 1.10 0.18 0.0302

L5 1 33.29 10.71 9.02 2.21 0.58 0.23 0.97 0.21 0.0302

L6 1 33.02 12.20 11.7 1.51 0.65 0.25 0.89 0.24 0.0281

L6 7 33.39 9.49 6.88 1.68 0.63 0.23 0.98 0.22 0.0287

L8 1 30.93 14.74 10.7 1.34 0.66 0.28 0.92 0.26 0.0265

July 2013 L0 1 32.24 18.16 6.62 1.22 0.63 0.21 1.07 0.22 0.0297

L0 78 33.99 11.39 2.46 3.06 0.52 0.30 1.08 0.16 0.0303

L1 1 30.20 18.25 20.4 0.59 0.60 0.18 0.89 0.44 0.0237

L3 1 31.16 18.29 19.6 0.65 0.61 0.18 0.89 0.45 0.0231

L3 35 33.74 15.63 4.55 2.61 0.64 0.26 1.08 0.22 0.0293

L5 1 29.45 18.95 24.5 0.59 0.61 0.19 0.84 0.48 0.0226

L6 1 28.76 19.26 23.1 0.65 0.63 0.20 0.87 0.55 0.0213

L6 7 33.22 17.30 14.3 0.83 0.64 0.21 0.87 0.34 0.0253

L8 1 29.69 18.33 20.9 0.69 0.64 0.22 0.84 0.38 0.0237

Nov 2013 L3 1 32.71 14.98 8.41 1.32 0.68 0.24 0.88 0.27 0.0281

L3 5 33.46 15.17 6.03 1.60 0.66 0.23 0.98 0.24 0.0296

L3 10 33.49 15.08 4.58 2.45 0.57 0.20 1.17 0.20 0.0318

L3 20 33.51 15.02 3.91 2.82 0.57 0.22 1.22 0.17 0.0329

L3 35 33.53 15.03 4.13 2.64 0.55 0.19 1.15 0.17 0.0327

were consistently below the conservative mixing line at mid
salinities indicating some removal (<25%) of CDOM across the
salinity gradient in upper Otsuchi Bay (Figure 6A). Most values

of S275–295 were below the mixing line at salinities <28, with

values closer to the mixing line at higher salinities (Figure 6B),

which is consistent with the cumulative effects of photochemical

alteration of CDOM.

Lignin Decomposition Experiments with
Unosumai River Water
The photochemical and biological decomposition of lignin was
investigated in experiments with river water incubated under
natural sunlight and in the dark for 62 days (Figure 7). The light
treatment includes photochemical and biological processing,
whereas the dark treatment only includes biological processes.
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FIGURE 3 | Relationships between salinity and lignin phenol compositions (A) molar ratio of p-hydroxy phenols to vanillyl phenols (P/V), (B) molar ratio

of syringyl phenols to vanillyl phenols (S/V), (C) molar ratio of vanillic acid to vanillin phenols [(Ad/Al)V], and (D) the spectral slope coefficient of CDOM

absorption coefficient spectrum between 275 and 295nm (S275–295) in surface waters of Otsuchi Bay.

Concentrations of lignin phenols decreased rapidly (29%) during
the first 3 days in the light treatment compared with the dark
treatment (5%; Figure 7A). The rapid loss of lignin phenols in the
light treatment was accompanied by a sharp decrease in the S/V,
indicating a preferential removal of syringyl phenols (Figure 7C).
During the next 59 days, an additional 30% of lignin phenols were
removed in the light treatment, vs. 34% in the dark treatment
(Table 3). Relatively minor differences in P/V and S/V were
observed between the light and dark treatments. Slightly higher
P/V and lower S/V were observed in the light treatment after 62
days (Figures 7B,C). There was also a rapid decrease (27%) in
a(350) in the light treatment compared with the dark treatment
(∼0%) during the first 3 days (Figure 7D). During the following
59 days, there was a removal of an additional 40% of a(350)
in the light treatment and 20% in the dark treatment (Table 3).
The S275–295 increased dramatically in the light treatment but
only minimally in the dark treatment (Figure 7E). Likewise,
the (Ad/Al)v increased dramatically in the light treatment and
declined slightly in the dark treatment (Figure 7F). Throughout
the incubation period, S350–400 values increased by 21 and 10% in
the light and dark treatments, but the slope ratio (SR) increased
by 37% in the light treatment and decreased by 4% in the
dark treatment (Table 3). The E2/E3 ratio increased by 55 and
12%, in the light and dark treatment, respectively (Table 3).
In this incubation, TDLP9 was highly correlated with S275–295
R2 = 0.95, p = 0.001, n = 6) in both treatments, and similar
correlations were also observed between TDLP9 and E2/E3 (R

2 =

0.87, p < 0.01, n = 6).

After 62 days, lignin phenol concentrations, a(250), and
a(350) decreased by 59, 32, and 68% in the treatment exposed to
sunlight and by 39, 9, and 18% in the dark treatment (Table 3).
The steady decrease in a(250) and a(350) in both treatments
suggested the aromatic structures in lignin were effectively
degraded by microorganisms in the absence of ultraviolet
radiation. Simple exponential decay constants (k) were calculated
for lignin (TDLP9) removal in the light treatment (0.0125 d−1,
R2 = 0.81, p < 0.05) and dark treatment (0.0089 d−1, R2 = 0.92,
p < 0.01). Similar calculations for the different families of lignin
phenols indicated the following sequence of decay constants S >

V > P in both the light and dark treatments, in agreement
with similar patterns observed in degradation experiments using
DOM from the Broad River in South Carolina (Benner and
Kaiser, 2011).

The relative contributions of photochemical and biological
processes in the lignin decomposition experiments can be
estimated by comparing lignin removal in the light treatment
(41.7 ± 3.0 nmol L−1) to that in the dark treatment (28.1 nmol
L−1). Photodegradation, photo-enhanced biodegradation
and biodegradation occurred in the light treatment, whereas
only biodegradation occurred in the dark treatment. During
the 62-day experiments, lignin biodegradation in the dark
treatment accounted for 67% of the total lignin degradation
observed in the light treatment. Based on this calculation,
photodegradation and photo-enhanced biodegradation
accounted for 33% of the lignin removal in the light
treatment.
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FIGURE 4 | Scatter plots of lignin phenol compositions (A) S/V ratio vs.

C/V ratio, (B) P/V ratio vs. spectral slope S275–295 in river (blue

squares) and surface waters (yellow and red circles).

DISCUSSION

Riverine Sources of Lignin and CDOM
The Unosumai River is the source of more than half of
the freshwater, CDOM and lignin entering Otsuchi Bay from
continental runoff. Lignin concentrations in the Unosumai River
were typically several-fold higher than those in the Otsuchi and
Kozuchi rivers. Concentrations of lignin phenols and CDOM
absorption were highest during July when precipitation was
the highest recorded during this study. This observation is
consistent with other observations of high lignin and CDOM
concentrations during major precipitation events in other river
systems (Spencer et al., 2009; Amon et al., 2012; Shen et al., 2012).
A different pattern was observed in November 2012, when higher
precipitation was associated with lower lignin concentrations,
potentially due to snowmelt (Baker et al., 2000).

The S/V and C/V values indicated the lignin in these
rivers originated primarily from non-woody angiosperm tissues
(Hedges and Mann, 1979). The P/V, S/V, and C/V values were
similar to those in theMississippi River (Shen et al., 2012), but the
S/V and C/V were higher than those in large Arctic rivers, which
have greater contributions from gymnosperm vegetation (Amon
et al., 2012). Although lignin phenol compositions in rivers
draining into Otsuchi Bay were similar to those observed in the
Mississippi River, the TDLP11 concentrations in the Mississippi
River (146.2 ± 56.3 nmol L−1; Shen et al., 2012) were three to
nine times higher than the average TDLP11 in the rivers flowing
into Otsuchi Bay.

FIGURE 5 | Vertical profiles of (A) lignin phenol concentrations (TDLP9),

temperature and density (σT), (B) CDOM absorption coefficient a(350),

spectral slope S275–295 and lignin composition P/V at station L3 in

November 2013. Temperature and density data are form

conductivity-temperature-depth (CTD) sensors at each 0.1 m.

Lignin concentrations were not strongly coupled with
discharge in the Otsuchi and Kozuchi rivers, indicating other
factors influence lignin and CDOM concentrations. High
discharge was associated with lower lignin concentrations and
a(350) in the Otsuchi River. This could be the result of human
activities and land use, considering the river sampling site is
located downstream of the city of Otsuchi and many people
migrated here after the 2011 Tohoku earthquake. Previous
studies have observed that land use, vegetation cover and
hydrology play important roles in shaping the quantity and
quality of CDOM and DOM in rivers (Yamashita et al., 2011;
Walker et al., 2013; Mann et al., 2014). Strong relationships
were observed between lignin phenol concentrations and CDOM
absorption coefficients a(250) (R2 = 0.88, p < 0.001, n = 15)
and a(350) (R2 = 0.87, p < 0.001, n = 15), indicating the
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potential for using these optical parameters as tracers of lignin
in river and bay waters.

Biodegradation and Photodegradation of
Lignin and CDOM
Exposure to solar radiation led to the rapid decomposition
of lignin and CDOM in this study. Losses of lignin phenols
and CDOM absorption were several times greater in the light
than in the dark during the first 3 days of the experiments,
which is consistent with the known susceptibility of lignin to
photodegradation (Opsahl and Benner, 1998; Stubbins et al.,
2010). Following this initial burst of photodegradation and
photobleaching, lignin phenol decay rates were similar during the
next 2 months in the light and dark treatments. Photochemical
processes can produce bioavailable photoproducts (Miller and
Moran, 1997; Obernosterer and Benner, 2004), but the similar
rates of lignin degradation in the light and dark treatments
during the ensuing 2 months indicated photochemical processes
had a minor impact on lignin biodegradation after the initial
3 days of solar exposure. In contrast, alterations of a(350) and
S275–295 continued to be much greater in the light treatment,
suggesting some photobleaching was not directly linked with
lignin decomposition. The biodegradation decay rate for lignin
in the Unosumai River was higher than that observed in the
Broad and Mississippi rivers (Opsahl and Benner, 1998; Fichot
and Benner, 2014), which could be related to more rapid
mobilization and transport of tDOM in the Unosumai River
basin.

Previous studies have observed varying susceptibility to
photodegradation among lignin phenols (Opsahl and Benner,
1998; Spencer et al., 2009; Benner and Kaiser, 2011). In the
present study a relatively small increase in P/V and decrease in
S/V was observed in the light treatment, whereas the (Ad/Al)V
increased rapidly in the light treatment. The rapid increase in
(Ad/Al)V was matched by rapid increases in S275–295 and E2/E3.
Previous studies have linked increases in S275–295 and E2/E3 with
decreases in the average molecular weight of DOM (de Haan,
1972; Helms et al., 2008). Overall these observations indicated
the photodegradation of lignin is accompanied by a decrease
in its molecular weight, as previously demonstrated during the
photodegradation of lignin in Mississippi River water (Opsahl
and Benner, 1998). Relatively minor increases in S275–295 and
E2/E3 were observed in the absence of solar radiation even
though the rate of lignin biodegradation and photodegradation
were similar after the initial 3 days of decomposition. Losses of
a(350) were substantially higher than those of lignin phenols
in the light treatment, whereas losses of a(350) were lower
than those of lignin phenols in the dark treatment. It appears
the pathways of lignin and CDOM degradation are different
in the presence and absence of solar radiation (see section
below).

Transformations of Lignin and CDOM in
Otsuchi Bay
The physical mixing of river and coastal seawater played
an important role in controlling the distributions and

FIGURE 6 | Relationships between salinity and (A) a(350) and (B)salinity

and S275–295 in surface waters including mid salinity (U stations, red

circles) and high salinity (L stations, blue squares) samples in

November 2014. Dashed lines are conservative mixing curves constructed

using the Unosumai River as the riverine end-member and station L6 as the

marine end-member.

concentrations of lignin and CDOM in Otsuchi Bay. Our
seasonal data in Otsuchi Bay were limited, but a simple
mixing curve for a(350) indicated some lignin removal (up
to 25%) across mid salinities in the upper bay. Evidence
indicated photochemical and biological processes both played
a role in the decomposition of lignin and CDOM in the bay.
Molecular indicators of lignin transformations, including
P/V, S/V, and (Ad/Al)V , provided strong evidence of the
oxidation and decomposition of lignin at higher salinities
(>32) in surface and subsurface waters. Likewise, the spectral
slope (S275–295) indicated transformations of tDOM and
CDOM were evident at higher salinities in surface and
subsurface waters of Otsuchi Bay. Indeed, previous studies
(Helms et al., 2008; Fichot and Benner, 2012; Yamashita
et al., 2013) and our upper bay results (salinity <28) have
shown that the photochemical degradation of CDOM,
unlike microbial degradation, effectively increases S275–295.
Assuming photochemical processes were largely responsible
for spectral slope (S275–295) transformations (Helms et al.,
2008; Fichot and Benner, 2012), the elevated spectral slopes
observed in deeper waters indicated previous exposure to solar
radiation.

The decomposition experiments demonstrated the
susceptibility of lignin to microbial and photochemical
decomposition. As with previous experimental studies, solar
exposure promoted relatively rapid alterations of lignin and
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FIGURE 7 | Photochemical and biological degradation of DOM in Unosumai River water. Time-course changes in (A) lignin phenol concentrations (TDLP9),

(B) lignin phenol P/V composition, (C) lignin phenol S/V composition, (D) CDOM absorption coefficient a(350), (E) spectral slope S275−295, and (F) lignin phenol

(Ad/Al)V composition. Experiments were conducted with duplicate samples incubated under natural sunlight (light treatment; photochemical and biological processes;

open circles) and duplicate samples wrapped in aluminum foil (dark treatment; biological processes; closed circles). Plots are presented as average value ± range of

duplicate samples.

CDOM (Opsahl and Benner, 1998; Hernes and Benner, 2003;
Spencer et al., 2009; Benner and Kaiser, 2011; Fichot and
Benner, 2012). The relative contributions of photochemical and
biological processes in the transformation and decomposition
of lignin and CDOM is dependent on several environmental
variables, including solar irradiance, water clarity, microbial
community structure, temperature, and physical mixing. On the
Louisiana shelf in the northern Gulf of Mexico, biodegradation
dominated lignin transformations in the shelf mixed layer and
accounted for 60% of total decomposition of lignin (Fichot and
Benner, 2014). Photo-enhanced biodegradation accounted for
32% of total lignin decomposition and direct photodegradation
accounted for 8% of lignin removal on the Louisiana shelf.
Based on the relative contributions of photodegradation and
biodegradation in the lignin decomposition experiments, and

assuming solar exposure in the light treatment was similar to
that in surface seawaters of Otsuchi Bay, we estimated that
biodegradation accounted for 67% of total lignin removal and
photo-enhanced biodegradation plus direct photodegradation
accounted for 33% of total lignin removal.

This study confirms that biodegradation appears to be
a dominant process in the mineralization of lignin and
tDOM in the coastal ocean, and it indicates photochemical
transformations of fresh riverine tDOM can be significant
in the early stages of plume dispersal and mixing with
surface waters in the bay. The short water residence
times in Otsuchi Bay (∼0.5–1 month) indicate the
potential for substantial export of tDOM and associated
nutrients and trace elements from Otsuchi Bay to offshore
waters.
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TABLE 3 | Decomposition experiments of DOM in Unosumai River water under natural sunlight and dark treatments.

Days aIrradiance bTDLP9 P/V S/V C/V (Ad/Al)P (Ad/Al)V (Ad/Al)S a(350) (m−1) S275–295 (nm−1) SR E2/E3

dose (MJ m−2) (nmol L−1)

LIGHT TREATMENT

0 0.00 70.7 ± 4.3 0.54 0.59 0.14 1.16 0.78 0.61 2.01 0.0136 0.88 4.57

3 0.96 50.5 ± 0.9 0.48 0.51 0.11 1.25 1.02 0.66 1.47 0.0169 1.03 5.39

10 1.85 47.7 ± 1.5 0.42 0.54 0.12 1.29 1.14 0.70 1.16 0.0204 1.10 6.34

20 3.59 37.1 ± 1.5 0.48 0.57 0.14 1.36 1.22 0.69 0.93 0.0238 1.29 7.57

41 6.16 30.9 ± 2.8 0.61 0.55 0.14 1.14 1.23 0.64 0.72 0.0272 1.40 9.26

62 8.11 29.0 ± 1.8 0.75 0.53 0.16 1.03 1.14 0.57 0.65 0.0273 1.40 10.3

DARK TREATMENT

0 0 72.6 ± 1.2 0.48 0.59 0.14 1.15 0.75 0.56 1.95 0.0137 0.87 4.66

3 0 69.4 ± 0.7 0.46 0.55 0.12 1.12 0.76 0.54 1.98 0.0136 0.88 4.60

10 0 71.5 ± 0.3 0.46 0.55 0.12 1.09 0.73 0.51 1.85 0.0137 0.83 4.79

20 0 63.8 ± 1.3 0.51 0.58 0.14 1.09 0.72 0.55 1.74 0.0139 0.83 4.92

41 0 45.7 0.59 0.54 0.12 1.07 0.63 0.47 1.65 0.0145 0.84 5.12

62 0 44.5 0.60 0.57 0.15 1.08 0.65 0.59 1.60 0.0147 0.83 5.31

Signal data after 41 days in the dark treatment due to one of the two incubated container was broken.
a Irradiance dose was the results between wavelength 315∼400 nm during the incubation period.
bError indicates range of duplicate samples.
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