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Abstract Combining stable carbon isotopic signatures (5'C-
DOC) and optical properties of dissolved organic matter
(DOM), we examined spatial variability in the sources and
reactivity of DOM from Oregon-Washington coastal waters,
with a particular focus on evaluating whether these measure-
ments may reliably trace terrigenous DOM in coastal oceans.
We sampled four stations on the continental shelf and four
stations on the continental slope near the mouth of the
Columbia River, with sampling depths ranging from 0 to
1,678 m. Nitrate and phosphate concentrations were largely
controlled by organic matter (OM) regeneration although the
river plume may have led to excess nitrates in relation to
phosphates near the river mouth and/or the surface. Four
fluorescence components (C1 to C4) were identified by using
excitation emission matrices-parallel factor analysis. C1 and
C2 were assigned as humic-like components which
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represented degraded DOM rather than OM of allochthonous
or autochthonous origin. C3 and C4 were both labile, protein-
like components representing autochthonous contributions,
while C4 was more sensitive to diagenesis. In the shallow
water layer (salinity <32.5 and depth <50 m), the variation in
absorption properties (SUVA,s4 and €,5), fluorescence index,
freshness index ((3/cv), percent fluorescence of C3, and 5'°C-
DOC revealed that the Columbia River plume exported DOM
that was characterized by greater aromaticity, higher molecu-
lar weight, and being more decomposed than marine, autoch-
thonous DOM. However, these signatures of terrigenous
DOM disappeared rapidly with increasing depth and offshore
distance. In the intermediate and deep water layers (salinity
>32.5), the DOM indices were most driven by diagenesis,
with changes in percent fluorescence components indicating
increasing accumulation of humic DOM relative to protein-
like DOM with depth. Principal component analysis that
collectively assessed the DOM indices suggests that diagene-
sis was the primary factor driving the spatial variability of
DOM properties in the study region, underlining challenges in
tracing allochthonous DOM in coastal waters.

Keywords Dissolved organic matter (DOM) -
Oregon-Washington coastal waters - Columbia River plume -
Stable carbon isotope (5'°C) - Absorption properties -
Fluorescence properties - Excitation emission matrices-parallel
factor analysis (EEM-PARAFAC)

1 Introduction

Dissolved organic matter (DOM) plays a pivotal role in a
variety of environmental and ecosystem processes in aquatic
systems. DOM attenuates ultraviolet-B penetration and pro-
vides protection to aquatic biota (Williamson and Zagarese
1994), influences the forms and mobility of ecotoxins and
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pollutants (Driscoll et al. 1988; Worrall et al. 1997; Yamashita
and Jaffé 2008), as well as provides basal substrate and energy
to heterotrophic food webs (Benner 2003; Kirchman 2003). In
coastal waters, where terrigenous, allochthonous DOM (i.e.,
DOM originating from land and transported to oceans via
rivers) and marine, autochthonous DOM meet, large spatial
variability in DOM properties has been reported (Guo et al.
2007; Para et al. 2010). In particular, coastal environments
represent a hotspot where terrigenous DOM is diluted, trans-
formed, or removed (Opsahl and Benner 1997; Para et al.
2010). However, it remains challenging in tracing terrigenous
DOM after it enters the ocean, and thus the reactivity and fate
of terrigenous DOM in marine environments remain poorly
described.

As DOM is a complex mixture of various constituents,
multiple indices are usually necessary to trace terrigenous
DOM in marine waters. Lignins, as an abundant component
in terrestrial vascular plants, have been long considered as the
most effective tracer of terrestrial inputs to marine environ-
ments (e.g., Opsahl et al. 1999; Walker et al. 2009). However,
lignin phenol analysis is not only expensive, time consuming,
and labor intensive but also requires large volumes of water
samples that may be difficult to obtain in some research
cruises. More recent studies have demonstrated that DOM
optical measurement, which is a more rapid and less expen-
sive approach requiring only a small volume of water, may
generate a suite of indices for tracing terrigenous DOM
(Murphy et al. 2008; Walker et al. 2009, 2013; Fichot et al.
2013). This approach evaluates the light-absorbing fraction of
DOM (also referred to as “‘chromophoric DOM” or “CDOM”)
through absorption and fluorescence measurements (Mopper
and Schultz 1993; Prahl and Coble 1994). More recently, the
development of three-dimensional excitation and emission
matrix (EEM)—parallel factor analysis (PARAFAC) technique
allows differentiating components with dissimilar chemical
structures and compositions contributing to CDOM, such as
humic-like and protein-like substances (Stedmon et al. 2003).
Such information, in combination with the information from
more conventional, one-dimensional absorption characteriza-
tion, allows inferring CDOM sources in relation to its reactiv-
ity to microbial and photochemical alterations, yielding in-
valuable insights into sources and processes responsible for
the production, transformation, and degradation of DOM
(Kowalczuk et al. 2003; Yamashita and Tanoue 2003; Guo
et al. 2007; Murphy et al. 2008). Notably, a few recent studies
have reported correlations between EEM-PARAFAC compo-
nents or absorption indices and more source-specific lignin
phenols (Walker et al. 2009, 2013; Osburn and Stedmon 2011;
Fichot et al. 2013), illustrating the great potential for develop-
ing and applying optical property-based indices for tracing
terrigenous OM in oceans.

Using DOM optical properties, the assessment of mixing
between terrigenous and marine DOM has been conducted
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largely in estuaries and surface, near-shore coastal waters,
where CDOM signatures usually showed inverse relationships
with salinity to various extents (Kowalczuk et al. 2003; Guo
et al. 2007; Para et al. 2010). However, what remains insuffi-
ciently studied is vertical and lateral transport of terrigenous
DOM to deeper and more offshore coastal waters. In these
regions, a steep salinity gradient is not found, but terrigenous
DOM can be widely distributed through active physical
mixing processes such as river plumes and Ekman transport.
In the present study, we sampled waters off the Washington-
Oregon coasts of various distances and depths, and assessed
the suitability of DOM optical properties in tracing terrige-
nous DOM distribution. Our study site was near the mouth of
the Columbia River, which is the largest source of freshwater
from the US West Coast to the Eastern Pacific Ocean. Because
the spatial extent and amount of terrigenous DOM in coastal
environments are often associated with the magnitude of
freshwater inputs (Blough et al. 1993; Rochelle-Newall and
Fisher 2002), the study area has the potential to be significant-
ly influenced by terrigenous DOM. Our sampling region also
included deeper and more offshore waters, where riverine
DOM may have travelled through seasonal Ekman transport
and associated upwelling/downwelling. In addition to a suite
of DOM indices derived from absorption and fluorescence
measurements, stable carbon isotopic composition of DOC
(5'*C-DOC) was measured as an additional valuable tool to
distinguish between terrigenous and marine materials in estu-
arine and marine environments (Benner et al. 2005; Osburn
and Stedmon 2011). Our results provide insights into whether
measuring 5'>C-DOC values and DOM optical properties
may provide effective and reliable tracers of terrigenous
DOM in oceans.

2 Methods
2.1 Study site

As part of the Early Career Investigator Oceanographic
Research Training Cruise (cruise W1106A) organized by the
University-National Oceanographic Laboratory System
(UNOLS) in July 9-14, 2011, we sampled off the
Washington-Oregon coasts, including four stations on the
continental shelf and four stations on the continental slope
(Fig. 1, Table 1). The major current in the study region is the
wind-driven California Current that is derived from the
Subarctic Current. The California Current flows southward
and is generally strongest in summer, influencing shallow to
middle-depth water over the continental shelf and slope
(Huyer et al. 1975; Hickey 1979; Huyer 1979; Hill and
Wheeler 2002). The dominant alongshore wind stress during
our sampling was southward, resulting in offshore Ekman
transport that often induces upwelling off the Oregon-
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Fig. 1 Map showing the eight sampling stations off the Washington-Oregon coasts

Washington coasts in summer. However, during our sampling
cruise, the sea surface temperatures and coastal upwelling
indices indicated that the sampling stations were not signifi-
cantly influenced by coastal upwelling, which mostly oc-
curred in the region between 35 and 44°N, south of our
sampling stations (Data from NOAA Coast Watch, http://
coastwatch.pfel.noaa.gov/elnino.html).

All the sampling stations were situated at a region where the
Columbia River plume could reach and influence surface water

chemistry (http://bragg.coas.oregonstate.edu/ORCoast/
Calendars/Calendar 201107; Fiedler and Laurs 1990; Lohan
and Bruland 2006; Aguilar-Islas and Bruland 2006). The average
discharge of the Columbia River was 4,057 m>/sin2011, and our
sampling captured a period of relatively high discharges, i.e.,
average 7,098 m*/s for the sampling days. High river discharges
are typical from May to June, created by snowmelt, and then
usually decrease to minimum flow during August to September
(Neal 1972; Thomas and Weatherbee 2000).
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Table 1  Physical parameters of the sampling stations
Station ID  Offshore  Coordinates Water column  Shallow layer Intermediate  Chl-a maximum  Euphotic
distance depth (m) depth range (m)* layer depth  depth (m) zone
(km) range (m)* depth (m)°
Shelf Station ~ Shelf-1 22 44.99°N, 124.30°W 163 0to24 24 to 68 11 17
Shelf-2 18 45.43°N, 124.20°W 138 0to 20 20 to 59 10 8
Shelf-3 22 46.18°N, 124.26°W 95 0to 16 16 to 27 6 13
Shelf-4 36 46.19°N, 124.44°W 135 0to0 20 20 to 61 9 6
Slope Station  Slope-1 67 45.45°N, 124.83°W 885 0to 50 50to 111 48 27
Slope-2 102 45.43°N, 125.28°W 1601 0 to 48 4810 119 49 32
Slope-3 96 46.17°N, 125.23°W 1620 0to 41 41 to 105 23 7
Slope-4 72 46.24°N, 124.90°W 810 0to 37 37to 111 20 27

# Delineating salinity is 32.5 between shallow and intermediate water and 33.5 between intermediate and deep layer

® Euphotic zone depth = the depth where photosynthetic available radiation (PAR) is 1 % of its surface value

2.2 Sample collection and analysis

Sample collection All containers and sampling equipment that
could be in direct contact with sampled water were either
combusted at 450 °C for 5 h for glass materials or acid soaked
(10 % HCI) and thoroughly rinsed with Milli-Q for plastic
materials. Water samples were collected aboard the R/V
Wecoma using Niskin bottles on a 12-bottle rosette. Samples
were then transferred to polycarbonate bottles and approximately
500 mL water was immediately filtered through pre-combusted
GEF/F filters (Whatman, nominal size 0.7 pm). The filtrates were
stored frozen in the dark prior to subsequent analyses.

DOC concentration and stable carbon isotopes The water
samples were submitted to G. G. Hatch Isotopic Laboratory
at the University of Ottawa for the analysis of DOC concen-
trations and §'>C-DOC. Samples were run on an OI
Analytical “TIC-TOC” Combustion Analyzer (Model 1030)
interfaced with continuous flow to a Finnigan Mat
DeltaPlusXP isotope ratio mass spectrometer. Blank waters
were run between every sample. Data were normalized using
internal standards (sucrose and potassium phthalate) that were
calibrated against the usual international standards (USGS40
and 41). The 2 sigma analytical precision was 2 % for the
DOC concentration, and +/— 0.2%eo for the isotopes.

Absorption properties Absorbance of CDOM was measured
using a UV—visible Spectrophotometer (Shimadzu UV-1800)
from 190 to 700 nm at an interval of 1 nm. All samples were
measured in a 1-cm quartz cell. Between each sample, the
sample cell was extensively cleaned with Milli-Q water. The
baseline of the instrument was checked regularly through
Milli-Q water measurements.

Fluorescence properties Fluorescence measurement was con-
ducted by using a Fluoromax 4 (Horiba), following the

@ Springer

procedure detailed in Yamashita et al. (2011). Excitation
wavelengths spanned from 240 to 450 nm using 5-nm incre-
ments, and the corresponding emission spectrum was collect-
ed from 320 to 550 nm at 2-nm increments. Fluorescence
spectra were corrected for inner filter corrections using
UV-visible absorption spectra according to McKnight
et al. (2001). The EEM of Milli-Q water was subtracted
from sample EEMs. The excitation and emission correc-
tion factors supplied by the manufacturer were applied
for correction of instrument-specific responses (Cory
et al. 2010). Fluorescence intensity was daily corrected
to the area under the water Raman peak (excitation=
350 nm). Following the statistical approach used in
Stedmon et al. (2003), the PARAFAC model was con-
structed in MATLAB using the DOMFluor toolbox from
Stedmon and Bro (2008). A four-component EEM-
PARAFAC model (C1-C4) was validated by split-half
analysis and random initialization. The relative abundance of
each of these four fluorescent components (Ci, i = 1 to 4) was
calculated as:

4
%Fci = Fei/TF x 100 = Fc;/ (Z Fci> x 100 (1)
i=1

where F; represented fluorescence intensity of each specific
fluorescent component and TF was total fluorescence
intensity.

Ancillary parameters Samples were submitted to Dauphin
Island Sea Laboratory (AL, USA) for the analysis of dissolved
nutrients (phosphate, nitrate, nitrite, and ammonium). The
samples were measured on a Skalar San + continuous flow
autoanalyser with wet chemistry modules designed for stan-
dard colorimetric techniques for the individual analytes (NO,
and NO;  consistent with EPA method 353.2, NH; consistent
with EPA method 350.1, and PO,> consistent with EPA
method 365.3). Sample absorbance was compared with
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regression statistics based on a five-point standard curve for
each analyte, and the results were baseline and drift corrected
throughout the sample run.

In situ physical and biological data, including depth, salin-
ity, temperature, dissolved oxygen, photosynthetically active
radiation (PAR), and chlorophyll-a (Chl-a) fluorescence, were
obtained from a SeaBird Electronics plus 19 conductivity
temperature depth (CTD) profiler equipped with a dissolved
oxygen sensor and a Chl-a fluorometer aboard the R/V
Wecoma.

Statistical analysis The significance level, «, was set at 0.05
for all statistical analyses. Non-parametric, Spearman correla-
tion was conducted to assess the correlation of two variables.
A subset of DOM parameters was selected for principal com-
ponents analysis (PCA) based on the assumptions from PCA:
(1) sampling adequacy, which was measured with the Kaiser-
Meyer-Olkin test (>0.5); (2) intercorrelation between selected
variables (Bartlett’s test of sphericity, p<0.5) without extreme
multicollinearity (the determinant of the correlation matrix
>0.00001). DOM parameters were standardized prior to the
PCA analysis, and PCA components with eigenvalues >1
were extracted.

3 Results and discussion
3.1 Physical and chemical context

Based on the salinity-depth profiles of our sampling stations,
the water column was divided into three layers (Fig. 2)—a
shallow layer where salinity increased rapidly with depth, an
intermediate layer where salinity increased gradually with
depth, and a deep layer where salinity remained relatively
stable. The salinity value delineating the three layers was the
same for all the sampling stations, that is, 32.5 between the
shallow and intermediate layer and 33.5 between the interme-
diate and deep layer (Table 1). The salinity delineating shal-
low versus intermediate layer was consistent with the tradi-
tional delineation boundary for the Columbia River plum
water, which was historically defined as waters contiguous
to the mouth of Columbia River with salinities less than 32.5
(Barnes et al. 1972). Formed as a result of mixing of river
water and coastal seawater, the plume is often manifested as
shallow (2-20 m) surface lens of low-salinity water in coastal
waters (Hickey et al. 1998) and acts as a conduit for delivering
macro- and micro-nutrients from land to coastal oceans (Hill
and Wheeler 2002; Aguilar-Islas and Bruland 2006; Lohan
and Bruland 2006). In our sampling month, this plume was
transported offshore and southward by Ekman transport
through the extent of the study region (http://bragg.coas.
oregonstate.edu/OR Coast/Calendars/Calendar 201107). Our

samples in the shallow layer showed salinities ranging
between 23.8 and 32.5, indicating that they were influenced
by the plume.

The concentrations of nitrate (NO5 ) and phosphate (PO,
showed an overall increasing trend with depth, and they were
positively correlated with each other for the majority of the
samples (Fig. 3). Excluding those samples with
disproportionally high nitrate concentrations, the slope of the
nitrate vs. phosphate regression line was ca. 15 (Fig. 3), which
is similar to the Redfield ratio (16:1) and the 14:1-15:1 ratio
found in the global ocean waters (Tyrrell and Law 1997). This
pattern suggests that organic matter regeneration regulated the
variation in the concentrations of nitrate and phosphate in most
of our samples. On the other hand, the samples with dispro-
portionately high nitrate values were found in the shallow
water layer with salinity <32.5, as well as in the deep layer
from the station closest to the Columbia River mouth, i.e.,
shelf-3, indicating that freshwater input associated with the
Columbia River plume may be responsible for the excess
nitrate in relation to phosphate. Previous work has shown that
the Columbia River plume water was characterized by high
ratios of nitrate to phosphate, i.e., 40 pM nitrate and 1 pM
phosphate in winter and spring while 10 uM nitrate and
0.25 uM phosphate in summer and autumn (Sullivan et al.
2001).

3.2 Concentrations and stable carbon isotopic values of DOC

In the shallow layer, the DOC concentrations ranged between
58 and 153 uM and averaged 98+25 puM, comparable to the
range previously reported for the surface waters off the
Oregon and Washington coasts, i.e., 74 to 105 uM (Hill and
Wheeler 2002). The DOC concentrations did not vary as a
function of salinity in the shallow layer (Table 2), suggesting
similar DOC values between riverine and coastal surface
waters in the study area. The DOC values for the intermediate
and deep water layers averaged 88+42 uM, and they were
overall lower than those in the shallow layer, agreeing with
many observations that DOC concentrations decreased with
depth in water column due to removal of labile compounds in
shallow waters by heterotrophic microbes (Guo et al. 1995;
Ogawa and Tanoue 2003).

The 5'*C-DOC values ranged between —26.5 and —19.9 %o
in the study region. Based on a general range for autochtho-
nous and allochthonous materials, i.e., =30 to —18%o for
marine, phytoplankton-derived organic carbon and —31 to
—27%o for riverine organic carbon (note that riverine signa-
tures incorporate those of terrestrial plants and freshwater
phytoplankton ( Montgomery et al. 2000; Retamal et al.
2007; Staal et al. 2007; Lu et al. 2010), the values of our
samples suggest the dominance of autochthonous DOC in the
study region.
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3.3 DOM absorption and fluorescence indices

The absorption properties of DOM provide information about
the aromaticity and molecular weight of DOM. Two parameters
commonly used are SUVA,s4 (L mg C 'm™"), which is defined
as the UV absorbance at 254 nm measured in inverse meters
normalized to DOC concentration (mg/L) in milligrams per liter
(Weishaar et al. 2003), and &5 (mole C' cm™"), commonly
defined as molar absorptivity at 280 nm measured in inverse
centimeters (Chin et al. 1994). SUVA,s4 and &30 have been
found to be positively correlated with percent aromatic carbon
(Weishaar et al. 2003) and molecular weight (Chin et al. 1994).
In general, terrigenous DOM from decomposed higher plants
and soils has greater aromaticity and molecular weight than
autochthonous DOM (Chin et al. 1994; Sulzberger and
Durisch-Kaiser 2009; Lu et al. 2013, 2014), and thus higher
SUVA,s4 and &g, values may be interpreted as larger contri-
butions of terrigenous DOM.

Fig. 3 Nitrate versus phosphate
concentrations in the water
samples from the eight sampling 1004
stations off the Washington- 90 -
Oregon coasts 30 -
70 4
60 -
50 4
40
30 4
20
10 -
0

Nitrate Concentrations (M)

SUVA,s4 and &40 values were strongly correlated with
each other in the shallow layer as well as in the intermediate
and deep layers (Table 2). SUVA,s,4 averaged 0.8+0.6 L mg
C ' m™" (n=47), which was comparable to the reported value
for the Pacific Ocean fulvic acid sample (SUVA,5,=0.6 L mg
C ' m™") (Weishaar et al. 2003). For the shallow layer sam-
ples, SUVA,s, averaged 1.1£0.8 L mg C' m™', lower than
the range observed for freshwater and brackish water samples,
e.g., 1.7-53 L mg C ' m' for freshwater humic substances
from various locations in the US and Antarctica (Weishaar
et al. 2003) and 2.6-10.6 L mg C' m' for samples with
salinity between 8 and 26 from the Elizabeth River estuary in
the lower Chesapeake Bay (Helms et al. 2008). &£,59 values
ranged between below detection to 280 mol C™' ¢cm ™', which
were overall lower than the values observed for surface and
pore waters from rivers and lakes, e.g., 60-919 mol C"' cm™'
in Chin et al. (1994). Overall, SUVA,s4 and &5 showed that
DOM in our samples had lower aromaticity and molecular

not included in the regression line

/from the station closest to the columbia river mouth: shelf-3
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Table 2  Spearman correlation coefficients (p) among various DOM
indices as well as between the DOM indices and depth, salinity, or
dissolved oxygen concentrations for the shallow layer (below the gray

diagonal cells, in italic) and for the intermediate and deep layers (above
the gray diagonal cells, in bold)*

Intermediate DOC 3C- SUVA, €0 B:ot FI %Fci %Fc, %Fcs %Fcq Depth  Salinity Dissolv
deep concent DOC 54 ed
rations oxygen

Shallow
DOC -0.14 -0.47* -0.45%* 0.32 0.21 -0.54* -0.54* 0.33 0.45% -0.35 -0.39* 0.07
concentrations
3" c-DoC -0.03 0.18
SUVAs, 0.19 -0.30
€ 280 0.07 -0.22
Bia -0.64%  0.45*
FI 0.17 -0.30
%Fci 0.53* -0.35
%Fcs 0.71* -0.47*
%Fcs3 -0.56*  0.61%
%Fca -0.56%  0.37*
Depth 0.90% -0.48*
Salinity 0.13 0.39 -0.47 -0.46 0.82* 0.69* -0.50%  -0.27 0.61% 0.21 0.94%* -0.52%
Dissolved oxygen  0.10 0.12 0.12 0.18 0.24 -0.07 -0.16 -0.07 -0.06 0.01 0.34 0.30

*p<0.05 (the correlation is significant at the level of x=0.05)

#Sample size varied from 16 to 17 for the shallow layer and from 22 to 32 for the intermediate and deep layers

weight than DOM from terrestrial, freshwater systems, indi-
cating primarily an autochthonous origin.

The fluorescence index (FI) is defined as the ratio of emission
intensity (470/520 nm) at 370 nm excitation and has been adjusted
since FI was initially introduced as the ratio of fluorescence
intensity at 450 and 500 nm (McKnight et al. 2001; Jaff¢ et al.
2008). FI has been widely used to infer relative contributions of
microbial versus terrigenous DOM, on the basis that organic
materials from microbial sources generally have greater FI values
than those from terrestrial sources (McKnight et al. 2001; Jaffé
et al. 2008; Lu et al. 2013, 2014). Although FI and the two
absorption indices were all associated with terrigenous versus
autochthonous source contributions of DOM, the correlations
between FI and SUVA,s, and between FI and &5, were weak
and not significant (Table 2), indicating decoupling between these
source indicators. In the shallow layer, FI showed a positive
correlation with salinity, in agreement with the expectation that
the contributions of terrigenous DOM decreased in more saline
waters. This correlation, however, was not observed in the

intermediate and deep water layers, suggesting a rapid disappear-
ance of source-tracking signals with increasing depth (see more
discussion in Section 3.6).

The “freshness index” (F/«v), calculated as emission intensity at
380 nm divided by the emission intensity maximum observed
between 420 and 435 nm at excitation of 310 nm, has been used to
measure the diagenetic status of DOM (Wilson and Xenopoulos
2009; Fellman et al. 2010). Large values of this ratio correspond to
less diagenetically altered DOM, as (3 represents recently
microbially produced DOM and « denotes highly decomposed
DOM (Wilson and Xenopoulos 2009; Fellman et al. 2010). In our
samples, F/a values varied between 0.65 and 1.30, which were
overall higher than those values observed in terrestrial systems
(e.g., between ca. 0.5 and 0.7 for stream water DOM in Wilson
and Xenopoulos 2009). The reliability of F/c as a freshness index
is further supported by its positive correlation with the concentra-
tions of dissolved oxygen (DO) in the intermediate and deep
layers (Table 2), which is a rough indicator of the relative ages
of water masses—older, deeper water not recently in direct contact
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with shallow, oxygen-rich layers or the atmosphere tends to have % 9 % 3 >
low levels of DO. On the other hand, no correlation was found L‘i g L‘i g %
between [/« and the source-tracking parameters, i.e., SUVA,s4, g % g i‘; ; E:
€550, and FI (Table 2), suggesting that the DOM diagenetic status = % = % é g
was not tightly coupled to its sources in the study region. 8= 82 £ z
3.4 EEM-PARAFAC fluorescence components P P2 E ¢
and their source assignment Z —z = —z = 32 z 2
Using EEM-PARAFAC, we identified four fluorescence com- g g % %D é ~§ %D 2 %%ﬁ
ponents (Table 3, Fig. 4). Fluorescence components 1 and 2 (C1 > T T o
and C2) have excitation and emission ranges similar to the “M” E E
and “C” peak, respectively. The “M” and “C” peaks have been é E é
found in a diverse range of environments including streams, . _ £ é £ 3
rivers, and oceans, and they are thought to represent humic-like 2 § g & g _E
DOM that is aromatic, highly conjugated, and of high molecular % 8 S § g Q g § g _.G;J
weight (Stedmon and Markager 2005a, b; Coble 2007). é = g = o0 & o0 & o0 g
Although in some studies the two peaks have been attributed 2 - _
to different sources, i.e., the “M” peak has been related to g 2 § s
autochthonous origin while the “C” peak has been associated E _ g § = §
with terrigenous sources representing riverine OM in marine % g el ES % g
environments, others have suggested that these two components E § % 3 = 2 E
are ubiquitous products of biological degradation of OM rather § E g 3 ) 5 5
than indicating a terrigenous or marine origin (Coble 1996, é - . .
2007; Murphy et al. 2008). In our samples, the relative abun- 3 § é % a2
dances of fluorescence of C1 (%F¢;) and C2 (%F,) were g = é 2 252
strongly correlated (Table 2), suggesting that these two compo- 2 g § E E% %\% 2
nents were regulated by the same or similar sources/processes. ;g é ;; g = 25 E
Percent F, exhibited a negative correlation with the /v values | =5 S & 3 3
as well as with the DO values in the intermediate and deep i )
layers, and percent F; negatively correlated with G/« in the g _ 8 % g
shallow layer (note that there was also a weak correlation be- 2| B ©z ¢ =
tween %Fc, and fla, Spearman p=—0.48, p=0.06; Table 2), % ;% g ° g ‘%
suggesting that these two fluorescence components represented §' S=3 |3 g £ E
refractory, more decomposed DOM resulting from OM degra- = ©
dation. C1 and C2 dominated the fluorescent DOM, accounting £ % z § z Z 2
for 36.1+9.7 and 25.847.9 % of total fluorescence, respectively. % < é % § é g g
Fluorescence components 3 and 4 (C3 and C4) showed § § 5 %o g EO ji = £
fluorescence spectra similar to protein-like DOM (Table 3, § 2 §°§ =8 £ =8 %’, é é
Fig. 4). Free dissolved tryptophan has an excitation maximum 5 E § % < = N =
at 278 nm and an emission maximum at 354 nm while free g o &
dissolved tyrosine has excitation and emission maximums at 2|28
275 and 303 nm, respectively (Stedmon and Markager 2005b). E o< © aE
C3 and C4 were assigned as tyrosine-like DOM and Lg s §
tryptophan-like DOM, respectively. In general, protein-like “E :é % ® Q S 9
DOM is more enriched in aquatic algae and bacteria than in S| &8 E N N v oo
terrestrial plants and soils (Determann et al. 1998; Stedmon and 2 == v 9 w0
Markager 2005b), and it is overall more labile to biological % 8 E = = S o
utilization than humic and fulvic DOM from higher plants g [_% é § § § §
(Fellman et al. 2010; Lu et al. 2013). In our samples, we found 3 2
that both %F -3 and %F 4 positively correlated with the DO - %
level in the intermediate and deep layers (Table 2), indicating 2 E
that these components were less abundant in “old” waters and gl 3 O 3) S 3
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thus supporting that they represented labile components. C3
and C4 comprised 24.2+8.5 and 13.8+14.4 % of total fluores-
cence, respectively, and they were overall less abundant than
degraded, humic-like components represented by C1 and C2.
Despite that C3 and C4 were both assigned as protein-like
compounds representing labile, autochthonous sources, their
abundances correlated only in the intermediate and deep
layers. In the shallow layer, C4 appeared to be driven more
by DOM freshness, as evidenced by its correlation to the 3/a
ratio, while C3 may be regulated more by source inputs as it
correlated with salinity and the other source parameters in-
cluding FI, SUVA,s4, and &5¢ (Table 2). The decoupling of
C3 and C4 agrees with the previous observation that these two
components may have dissimilar reactivity. For example,
Stedmon and Markager (2005b) found that a component
similar to C3 was not utilized during bacterial mineralization
over a 7-day incubation, while a component similar to C4 can
be efficiently removed by both UV irradiation and microbial
degradation. These results are similar to our observation that
C3 was more a source tracer for autochthonous materials,
while C4 was more controlled by DOM diagenetic status.

3.5 Spatial variation in DOM properties
3.5.1 Shallow layer

Salinity is commonly used as a conservative tracer for riverine
and marine water mixing in studies of estuarine and coastal

Component 2 ~

Component 1

440 440

Component 3

Component 4 |

340 440 240 340 440

Excitation Wavelength (nm)

systems. In the shallow water layer, neither SUVA,s4 nor €59
showed a significant correlation with salinity (Table 2). However,
we observed that the two samples with low salinity (~24) had
much larger values for SUVA,s4 and &5 than those samples with
higher salinity (>28) (Fig. 5a, b). Thus, the weak significance of
the correlations may be due to the lack of samples with salinity
between 24 and 28, and possibly also the relative small sample
size in the shallow layer (n=17). Similarly, FI and %F 3 exhibited
low values for the two fresher samples and clustered values for
more saline samples, although both proxies significantly correlat-
ed with salinity (Table 2; Fig. 5c, d). The freshness indices
showed a similar pattern—@/a and %F; had distinct values for
the two samples with low salinity (Fig. Se, f), and both indices
varied as a function of salinity (Table 2). These observations
demonstrate that the Columbia River plume exported terrigenous
DOM of higher aromaticity and molecular weight than in situ
DOM to the shallow layer. This terrigenous DOM pool was also
more decomposed than autochthonous DOM in the shallow layer,
agreeing with the previous observation that terrigenous DOM
arriving at coastal waters has usually been altered through the
river-to-coastal ocean fluvial transit (Opsahl and Benner 1997;
Hernes and Benner 2003; Sulzberger and Durisch-Kaiser 2009).
However, the clustered DOM indices at higher salinities demon-
strate that riverine DOM signals quickly became indistinguishable
with distance from the sources, which may be a combined result
of increasing contributions of autochthonous CDOM and further
photochemical and microbial alteration of terrigenous CDOM in
more offshore environments.
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Another notable pattern is that 5'*C-DOC values varied as
a function of %F 5 (Table 2, Fig. 5g). Considering %F 3 as an
indicator of marine DOM, this correlation indicates that au-
tochthonous DOM was characterized by overall more positive
§'3C-DOC values than terrigenous DOM in the study region,
which is consistent with previous observations from different
geographic regions (Benner et al. 2005; Osburn and Stedmon
2011). However, the lack of a significant correlation between
'3C-DOC and salinity (Table 2), as well as the finding that
§'3C-DOC values of the two fresher samples were compara-
ble to those of more saline samples (Fig. 5h), suggests that
5'°C-DOC was a less unambiguous tracer of terrigenous
DOM than the other source indices in the study region. This
is unsurprising as the range for riverine OC (=31 to —27%o)
and marine OC (=30 to —18%o) overlaps (Retamal et al. 2007;
Staal et al. 2007). These ranges often vary geographically, and
at some regions, 5'°C-DOC can be a powerful tracer of
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terrigenous DOM. For example, Osburn and Stedmon
(2011) reported 5'>C-DOC values in the Kattega Sea in-
creased with salinity, with an upwardly curving pattern that
may represent mixing of terrigenous and marine sources.
Overall, only a very limited numbers of studies tracing terrig-
enous DOM in offshore marine environments have reported
5'3C-DOC values, and thus the robustness of 5'3C-DOC as a
source tracer should be further evaluated.

3.5.2 Intermediate and deep layers

SUVA,s4, €250, and FI showed unsystematic patterns relative
to salinity in the intermediate and deep layers (Fig. 6a—d;
Table 2), suggesting that these indices cannot trace terrigenous
materials in deeper coastal water where terrigenous DOM
accounts for only a minor fraction of total OM. In addition,
terrigenous compounds may have been significantly altered
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Fig. 6 Variation of DOM indices
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through the transit from shallow to deep waters.
Photochemistry can be an important mechanism in altering
and remineralizing terrigenous compounds in euphotic zones
(e.g., Sulzberger and Durisch-Kaiser 2009; Para et al. 2010),
and terrigenous OM that has survived microbial degradation
in rivers and estuaries can become bioavailable to marine
microbial communities (e.g., Spencer et al. 2008). It should
also be noted that using a longer path length (e.g., 5, 10, or
100 cm) can improve the accuracy/sensitivity of measure-
ments of absorbance indices and thus their suitability as
source tracers. For example, using a 5-cm cuvette, Walker
et al. (2013) noted that CDOM absorption at 320 nm was
better suited to trace riverine OM exported to the Arctic Ocean
than EEM-PARAFAC components.

Positive correlations were found between depth and DOM
freshness indices. With increasing depth, %Fc; and %Fc,

increased while B/a, %Fcs, and %Fc4 decreased (Table 2,
Fig. 6e-h), indicating that deeper DOM was more diageneti-
cally altered. The values of %Fc3 and %Fc4 were highly
variable above ca. 600 m and remained relative stable and
low at depths below this level, while %Fc; and %Fc,
remained high and stable below ca. 600 m. These patterns
suggest that fresh, labile DOM was rapidly removed in the
upper 600 m, resulting in accumulation of humic compounds
resistant to microbial degradation in deeper waters. These
findings coincide with many coastal and open ocean studies
demonstrating that labile and semi-labile DOM is usually
removed in the upper approximately 500 m of water columns
(Guo et al. 1995; Ogawa and Tanoue 2003). A recent review
by Benner and Amon (2014) further highlighted this general
trend widely observed in the ocean, noting a shift from high
abundance of bioreactive components (i.e., proteins, lipids,
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carbohydrates) in surface waters to rather uncharacterized,
biodegraded compound mixtures in deep waters.

Several patterns that were not found in the shallow layer
appeared in the intermediate and deep layers: (1) correlations
between DOC concentrations and relative abundance of the
fluorescence components—DOC increased with %F3; and
%F 4 but decreased with %F¢; and %F, (Table 2), indicat-
ing that DOC quantity was regulated by the relative abun-
dance of reactive compounds in deep waters; and (2) signifi-
cant correlations between the absorption indices (SUVA,s4
and &,g() and humic fluorescence (%F ¢ or %F,), suggesting
that factors controlling the absorption and fluorescence indi-
ces were more similar in deep waters. These changes from
shallow to deep waters reflect a transition in main factors
governing DOM variability with increasing depth. DOM
properties were mainly driven by allochthonous versus au-
tochthonous contributions in shallow waters, but more by
diagenesis-controlled removal of labile, autochthonous com-
pounds in deep waters. As a result, resistant humic com-
pounds, irrespective of autochthonous or allochthonous ori-
gins, became the primary component regulating DOM con-
centrations and optical properties in the intermediate and deep
layers.

3.5.3 PCA analysis integrating shallow, intermediate,
and deep water layers

PCA analysis was conducted to integrate the multiple DOM
indices generated in order to assessing the variation with depth
and salinity. The two samples with the lowest salinity (<25)
were not included, as their distinct values would have masked
more subtle variation in the other samples. Using sampling
adequacy and multicollinearity as selection criteria, we gen-
erated a PCA analysis that included 3/«, DOC concentrations,
%FC2, %Fc3, %Fc4, and SUVA254.

Two principal components, PC1 and PC2, explained 47
and 28 % of total variance, respectively. PC1 was positively
controlled by %F ¢4 and 3/a but negatively by %F ¢, (Fig. 7a).
Thus, PC1 measured the diagenetic status of DOM, with
higher PC1 scores representing fresher DOM and lower scores
corresponding to more decomposed DOM. PC1 negatively
correlated with depth (Spearman p=-0.54, p<0.001), and
PC1 scores were higher and more variable for samples in the
upper ca. 100 m (Fig. 7b), suggesting that biological degra-
dation was most active above this depth. PC2 had positive
loadings for %Fc3 and DOC concentrations and negative
loadings for SUVA,s,. Since source composition mainly in-
fluenced SUVA,s4 and %F 3 in the shallow layer and diagen-
esis affected the relationships among %Fc3, SUVA,s4, and
DOC concentrations (as discussed in the Sections of 3.5.1 and
3.5.2), PC2 was influenced by both the sources and diagentic
status of DOM. PC2 did not show a pattern relative to salinity
(p=-0.24, p=0.139) or depth (p=—0.21, p=0.178). Samples
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in the upper ca. 600 m showed more variable scores than those
below (Fig. 7c), suggesting that source- and diagenesis-related
signatures were largely removed in the upper 600 m, leaving
behind deeper DOM with more homogenous properties.

3.6 Can CDOM indices effectively trace terrigenous DOM
in marine environments?

Although multiple CDOM indices and §'*C-DOC were eval-
uated in the present study, we did not identify an unambiguous
tracer for terrigenous DOM inputs to the intermediate and
deep water layers. This observation is in agreement with a
number of studies where linear correlations were found be-
tween CDOM indices along a steep salinity gradient but
became relatively stable in regions with subtle gradients
(e.g., Murphy et al. 2008; Walker et al. 2013). As such, it is
challenging to reliably trace terrigenous DOM in deeper and
more offshore environments solely with CDOM indices.

Results from the PCA analysis revealed part of the reason
for the ambiguity of CDOM indices as source tracers—these
indices were driven primarily by diagenesis and only second-
arily by source contributions. It has been widely reported,
from field observations to laboratory incubations, that diagen-
esis can alter DOM to such an extent that original source
signatures are largely removed. Because DOM components
reactive to photochemical and microbial degradation appear to
share similar isotopic and fluorescence signatures across study
regions and systems, the chemical characteristics of residual
DOM compounds we observed have been homogenized to
various extents (Opsahl and Zepp 2001; Fellman et al. 2009;
Lu et al. 2013). For example, '*C-depleted DOM compounds
and humic fluorescence components are preferentially degrad-
ed photochemically, while protein fluorescence components
are preferred by microbial remineralization (Opsahl and Zepp
2001; Fellman et al. 2009; Lu et al. 2013). Aligning with these
previous findings, we observed that degraded terrigenous
DOM from the two fresher samples in the shallow layer had
some indices (e.g., %Fcy, B/a) with values more similar to
degraded, deep marine DOM than to less-degraded DOM
from the shallow and intermediate layers.

It should be pointed out that only a limited number of
studies have been conducted to evaluate the suitability of
DOM optical properties in tracing terrestrial materials in ma-
rine environments (Hernes and Benner 2003; Osburn and
Stedmon 2011; Walker et al. 2009). In a study of CDOM in
the Canadian Archipelago and coastal Beaufort Sea surface
water, Walker et al. (2009) found a positive linear relationship
between four EEM-PARAFAC components and dissolved
lignin phenols within the riverine plume region, concluding
that these components were of a terrestrial origin. Likewise,
Osburn and Stedmon (2011) found that the intensity of a
fluorescence component correlated significantly with the
amount of lignin phenols in the Baltic-North Sea transition
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Fig.7 Loadings and scores of principal component analysis of DOM indices: a loadings for principal components 1 and 2 (PC1 and PC2); b PC1 score

vs. depth; and ¢ PC2 score vs. depth

zone. Using this component, these researchers were able to
estimate the fluxes of allochthonous DOM to seawaters. In
most cases, however, the identification of terrestrial fluores-
cence components did not rely on lignin data. Through char-
acterizing EEM fluorescence in the surface water (47 m) of
the Atlantic Ocean, Murphy et al. (2008) identified two
humic-like fluorescence components representing terrestrial
inputs, based on a general distribution that these components
had higher intensities in more near-shore waters. These re-
searchers detected these components in the open ocean (up to
>200 nautical miles offshore), where the concentrations were
estimated to be approximately 1.5 % of the concentrations in
rivers. Oftentimes, these source-tracking components are site
specific and not transferable to other geographic regions. For
instance, the component C2 found in our samples exhibited
spectra comparable to one terrestrial component (BERC3; Ex
= 370 (265), Em = 488) in Walker et al. (2009), and our
component C1 showed similar spectra to the terrestrial com-
ponent identified by Osburn and Stedmon (2011) (Ex =

240 nm and Em = 424 nm). By comparison, autochthonous
production of peak fluorescence that is similar to C2 and
BERC 3 has been pointed out by several studies (e.g.,
Romera-Castillo et al. 2010; Jorgensen et al. 2014; Tanaka
etal. 2014). These results strongly indicate that the source of a
particular fluorescence component can vary across geographic
regions, further demonstrating that CDOM indices may not be
reliable as terrestrial source tracer, particularly in environ-
ments where autochthonous CDOM is dominating.

Lastly, DOM indices may respond to a suite of interrelated
factors and processes, whereby the interpretations of the indi-
ces may change even within a specific study region. For
example, we observed that SUVA,s4 and e559 wWere more
indicative of source variation in the shallow layer but more
of diagenesis in deeper waters. Given that CDOM indices and
5'3C-DOC values represent bulk DOM properties susceptible
to biases from averaging various components, it is unsurpris-
ing that these indices do not always correspond to a specific
source or process. Using SUVA,s4 as an example, the high

@ Springer



30

Ocean Dynamics (2015) 65:17-32

ratios may be largely due to lignins from rivers but become
more related to uncharacterized compound mixtures with
increasing depth. Therefore, in order to obtain robust interpre-
tations of sources and degradation processes of DOM, it is
necessary that multiple tracers are simultaneously character-
ized and more sophisticated analytic techniques are incorpo-
rated, such as ultra-high-resolution mass spectrometry and
source-specific molecular biomarker characterizations.

4 Conclusions

We characterized DOM characteristics from the continental
shelf and slope along the Oregon-Washington coasts, and
evaluated the usefulness of CDOM indices and 5'°C-DOC
as tracers of riverine, terrigenous DOM. Results revealed high
spatial variability in the sources and reactivity of DOM from
the study site. In the shallow layer where riverine inputs were
significant, several DOM indices, including SUVAss4, €250,
FIL, Sla, 6"°C-DOC, and %Fcs, showed that the Columbia
River plume exported terrigenous DOM of characteristics
distinct from marine, autochthonous DOM. However, the
terrigenous signatures disappeared rapidly with increasing
depth and offshore distance, and the DOM indices did not
vary in a predictable fashion in the intermediate and deep
layers. Instead, diagenesis became the primary factor control-
ling DOM properties, as evidenced by the changes in the
relative abundance of the fluorescence components relative
to depth. PCA analysis further confirmed that the spatial
variation in the properties of DOM from the study region
was primarily controlled by diagenesis, highlighting chal-
lenges in tracing allochthonous DOM in deeper and more
offshore coastal environments.
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