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This work presents the results of a 4-year study (2009–2012) investigating the mixing and photoreactivity of
dissolved organic matter (DOM) in the Nelson/Hayes estuary (Hudson Bay). Dissolved organic carbon (DOC),
colored DOM, and humic-like DOM decreased with increasing salinity (r2 = 0.70–0.84). Removal of DOM was
noticeable at low to mid salinity range, likely due to degradation and/or adsorption to particles. DOM
photobleaching rates (i.e., decrease in DOM signal resulting from exposure to solar radiation) ranged from
0.005 to 0.030 h−1, corresponding to half-lives of 4.9–9.9 days. Dissolved organic matter from the Nelson and
Hayes Rivers was more photoreactive than from the estuary where the photodegradation of terrestrial DOM
decreased with increasing salinity. Coincident with the loss of CDOM absorption was an increase in spectral
slope S, suggesting a decrease in DOM molecular weight. Marked differences in photoreactivity of protein- and
humic-like DOM were observed with highly humidified material being the most photosensitive. Information
generated by our study will provide a valuable data set for better understanding the impacts of future hydroelec-
tric development and climate change on DOMbiogeochemical dynamics in the Nelson/Hayes estuary and coastal
domain. This study will constitute a reference on terrestrial DOM fate prior to building additional generating
capacity on the Nelson River.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

As the largest inland sea in the world, Hudson Bay receives a cumu-
lative annual discharge of ~710 m3 yr−1 from 42 rivers (Déry et al.,
2005). The Nelson River (southwest Hudson Bay) contributes as much
as 34% of the total freshwater into Hudson Bay. The presence of hydro-
electric development has also altered the timing andmagnitude of river
discharge to the coastal environment (Déry et al., 2005). Collecting
baseline data constitutes a pre requisite prior to building additional gen-
erating capacity on the Nelson River. The total annual export of riverine
dissolved organic carbon (DOC) is estimated at ~5.5 Tg C yr−1 (Déry
et al., 2011), representing approximately 23% of the annual input of
Arctic rivers draining directly into the Arctic Ocean (Mundy et al.,
2010). The spatial distribution of chromophoric and fluorescent
dissolved organic matter (CDOM and FDOM, respectively) in the
Hudson Bay system has been described (Granskog et al., 2009, 2011;
Granskog, 2012; Guéguen et al., 2011) and has revealed the predomi-
nance of terrestrially derived DOM (up to 89%) in Hudson Bay surface
waters.
).
Estuaries are particularly important for the carbon cycle as they con-
stitute the interface between terrestrial and marine ecosystems where
DOM is subject to biotic and abiotic transformations due to abrupt
changes in physical chemical conditions (Bianchi, 2007). Conservative
mixing processes are often considered to dominate DOM cycling in
estuaries (e.g., Granskog et al., 2005; Guéguen et al., 2011; Kowalczuk
et al., 2010;Markager et al., 2011; Retamal et al., 2007). However, signif-
icant deviations from the conservative mixing line can be observed
when flocculation, resuspension, in situ production, photobleaching,
and biological degradation occur (Alling et al., 2010; Gardner et al.,
2005; Tzortziou et al., 2007). Additionally, photochemical transforma-
tions can impact estuarine DOM as terrestrial DOM components
can be more photoreactive compared to marine components
(Obernosterer and Benner, 2004; Shank et al., 2009). Previous studies
of arctic estuaries estimated that between 6% and 10% of DOM can
be photomineralized (Bélanger et al., 2006; Osburn et al., 2009). For
estuaries with long residence times, including the Nelson/Hayes sys-
temwhere the average residence time of river water is months in the
coastal environment (Granskog et al., 2009), DOM photoalteration
may have a significant influence on DOM distribution and composi-
tion (Dainard et al., 2015; Granskog, 2012; Helms et al., 2008, 2013;
Moran et al., 2000; Osburn et al., 2009; Skoog et al., 1996; Timko et al.,
2014).
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Climatic warming in high latitude environments can result in the
reduction in sea ice and an increase in riverine flow to surface marine
waters (Peterson et al., 2006). Both processes affect DOM distribution
and composition. The reduction in sea ice cover can enhance light
penetration and thus DOM photomineralization, a major sink of terres-
trially derived DOM in coastal environments (Blough and Del Vecchio,
2002). The aim of this study was to investigate the changes in DOM
characteristics induced by mixing with Hudson Bay water and sunlight
irradiation. Specifically, the concentration and the composition of DOM
were determined along an estuarine transect in the Nelson/Hayes
estuary in summer 2009–2012. The fluorescence properties of DOM
determined by excitation–emission matrix and parallel factor analysis
(EEM-PARAFAC; Stedmon and Bro, 2008; Murphy et al., 2013) were
used to assess the composition of FDOM along the river-coastal transect
conducted in 2009–2012. The relationships between DOC, CDOM,
FDOM, and salinity were investigated in order to establish a mixing
model for accurate prediction of the quality and quantity of DOM
exported in Hudson Bay. In addition, experimental light exposure treat-
ments were performed to identify alterations to the DOM pool during
photochemical processing.

2. Materials and methods

2.1. Sample collection and processing

Surfacewater samples (Fig. 1)were collected as part of the ArcticNet
theme 3.1 project, during four summer cruises (July 26–August 03,
2009; August 21–27, 2010; September 13–17, 2011; August 27–
September 01, 2012). Additional samples were collected under the
Fig. 1. DOM sampling (● 2009; □ 2010; ♦2011; 2012) in the Nelson/Hayes River estuary
represented by red dots and orange squares.
ice between March 02 and March 22, 2009, in the Nelson Estuary.
Samples (n = 132) were collected across a salinity range of 0–28 and
immediately gravity filtered from Niskin bottles using precombusted
glass-fiber filters (0.7 μm pore size, GF/F). DOC samples were stored
frozen (−20 °C), whereas CDOM/FDOM samples were refrigerated
(4 °C) for 2–3 months until analysis.

2.2. Photodegradation experiments

Seven 0.2-μm filtered (Nuclepore, Millipore) natural surface
water samples (Fig. 1) were transferred to 12 mL quartz tubes with
Teflon-faced silicone septa closures (acid washed and rinsed) and
exposed to irradiation in an Atlas Suntest CPS+ solar simulator
equipped with a xenon arc lamp filtered to provide light in the wave-
length range of ~300 nm to ~800 nm. The light spectrum produced
by the solar simulator is very close to that of natural sunlight. The
2-day continuous solar simulator irradiation equates to ~6.9 days
under Arctic summer solstice. Samples were collected at 4 time
points (12, 24, 36, 48 h) over a 48-h time period. Each time point
was sampled in duplicate for rivers and estuarine samples (S1–S6)
and in quadruplicate for bay samples (S7). The dark controls were
aluminum foil covered quartz tubes and kept in the solar simulator
alongside the testing samples and collected at each sampling time.
The samples were kept in a water bath at ambient temperature
(22–25 °C) during photoirradiation.

DOM photobleaching absorbance and fluorescence values at time
t (at) were fitted as follows:

at ¼ a0�e−kt ð1Þ
and Hudson Bay. Winter 2009 and summer 2012 photoirradiated DOM samples were



44 C. Guéguen et al. / Journal of Marine Systems 161 (2016) 42–48
where a0 is the initial value and k is the measured first-order
photobleaching rate coefficient. Photobleaching half-lives (t1/2) under
simulated solar radiation were calculated using k and by setting
at/a0 = 0.5.

2.3. Chemical analyses

DOC analysiswas conducted by high-temperature combustion using
a Shimadzu total organic carbon TOC-V analyzer (Mundy et al., 2010).
Blanks were negligible and the standard error over three injections
was typically b2%. Salinity (Sp; Millero, 2013) was measured using
CTD conductivity calibrated with water samples measured with a
Guildline Autosal 8400 salinometer.

The absorbance of CDOM samples was measured from 250 to
700 nm using a Shimadzu ultraviolet visible UV 2550 dual beam
spectrophotometer and a 10-cm rectangular quartz cell (Guéguen
et al., 2011). A 1-cm quartz cell was used for CDOM absorbance
measurements of photoirradiated samples (S1–S6) because of
the limited sample volumes available at each irradiation time; the
quadruplicates of the photoexposed S7 samples were combined
prior to CDOM measurement using a 10-cm quartz cuvette. Ultra-
pure water from a Milli-Q system was used as reference. Samples
were warmed at room temperature in the dark before measurement.
The cuvette was thoroughly rinsed with Milli-Q water between
samples. The measured absorbance A corrected for the Milli-Q
blank was converted to an absorption coefficient a (m−1) according
to the equation:

aλ ¼ 2:303� Aλ=L ð2Þ

where λ is the wavelength and L is the path length of the optical cell
in meters. The slopes of absorption spectra S275–295 and S350–400 were
extracted from the absorption data over the ranges 275–295 nm and
350–400 nm, respectively (Helms et al., 2008), using an exponential
decay curve fitted (Guéguen and Kowalczuk, 2013).
Fig. 2. Contour plots of five components validated by PARAFAC.
2.4. Fluorescence measurements and PARAFAC modeling

A fluorescence spectrometer (Fluoromax 4, Horiba JobinYvon) was
used to obtain the three-dimensional EEM spectra of the DOM samples
with excitation wavelengths in the range of 250–500 nm in 5-nm
intervals and with emission wavelengths ranging from 300 to 600 nm
in 5-nm intervals. The resulting EEMs were processed by (1) correcting
for instrument biases using protocols suggested by the manufacturer,
(2) subtracting an ultrapure water blank acquired daily to remove the
Raman and Raleigh scattering peaks from the EEMs, and (3) correcting
for the inner filter effects (Kothawala et al., 2013). Finally, the EEMs
were normalized to the area of an ultrapure water Raman peak mea-
sured on the same day (Lawaetz and Stedmon, 2009). The fluorescence
intensities were shown on a unified scale of Raman units (r.u.).

PARAFAC decomposes the complex mixtures of DOM fluorophores
into its main components (Stedmon et al., 2003). PARAFAC analysis
was carried out in Matlab R2012b using the DOMFluor toolbox
(Stedmon and Bro, 2008). Two samples with extreme leverage were
removed from the data set. The determination of the most suitable
number of components was achieved by the split-half analysis and
random initialization (Stedmon et al., 2003) whereby both halves
were successfully validated. The model was constrained to nonnegative
values (Stedmon et al., 2003), and no systematic residual was found in
the modeled EEMs.

3. Results and discussion

3.1. Fluorescent component analysis

Five fluorescent components were identified using EEM-PARAFAC,
including three humic-like (C1–C3) and two protein-like (C4–C5)
components (Fig. 2). The five PARAFAC components found in the
Nelson/Hayes system are common in river, estuarine, and coastal
waters (e.g., Chari et al., 2012; Guéguen et al., 2011; Guo et al., 2011,
2014; Stedmon et al., 2003; Sun et al., 2014). C1 and C2 had excitation/
emission maxima at 330/465 nm and b250/455 nm, which are close to
Warmer colors represented greater fluorescence intensities.
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the traditionally defined terrestrial humic-like fluorescence peaks C
and A, respectively (Coble, 1996, 2007). Component C3 had excitation/
emission maxima at b250 (310)/395 nm, which is attributed to peaks
A and M (Ishii and Boyer, 2012). Peak A is typical of terrestrial humic-
like material (Coble, 1996), whereas peak M is attributed to marine
sources (Coble, 1996; Coble et al., 1998) andmore recently tomicrobially
altered DOM (Stedmon and Markager, 2005). The fluorescence intensi-
ties of humic-like C1–C3 were very closely correlated (r2 = 0.98–0.99,
p b 0.05), suggesting similar sources and/or controlling factors. The
last two PARAFAC components C4–C5 had an emission maximum at
b400 nm and are thus attributed to protein-like components. C4 had
excitation/emission maxima at 280/345 nm, similar to the tryptophan-
like peak T (275/340 nm), whereas C5 had excitation/emission maxima
at 265/300 nm, similar to the tryptophan-like peak T (Coble, 1996).
Tyrosine and tryptophan-like components have been attributed to
autochthonous sources (Mopper and Schultz, 1993; Yamashita et al.,
2011) and tannin/lignin contribution (Cuss and Guéguen, 2015; Maie
et al., 2008).

3.2. DOM composition

The DOC concentration ranged from 1.09 to 12.31 mg L−1, and the
absorption coefficient at 355 (a355) varied from 0.42 to 18.84 m−1

over the 4-year survey in the Nelson/Hayes system (Fig. 3A–B). Despite
significant variability at low salinities (Sp ~ 0), DOC and a355 were
strongly correlated at Sp N 10 (DOC = 0.83 × a355 + 1.63; r2 = 0.88,
n = 106). Noticeably, DOC and a355 were 1.5 times higher in the
Hayes River than in the Nelson River (12.3 vs 7.6 mg L−1 and 18.8 vs
9.2 m−1, respectively).

The spectral slope (S275–295; Fig. 3C) and Sr ranged from 0.015 to
0.025 nm−1 and from 0.86 to 1.49, respectively. Similar ranges were
reported in boreal rivers (Asmala et al., 2012; Guéguen et al., 2012)
and estuaries (Asmala et al., 2012; Guo et al., 2007, 2014; Helms et al.,
2008). Lower S275–295 values are synonymous of higher DOMmolecular
Fig. 3. Relationships between (A) DOC, (B) a355, (C) S275–295, (D–H) C1–C5 and Sp in 2009–2
triangles ( ).
weight and aromaticity (Guéguen and Cuss, 2011; Helms et al., 2008).
Despite variability (Fig. 3C), fairly constant S275–295 values were found
at Sp b 20 before increasing to higher Sp. This decrease in DOM molec-
ular weight is congruent with the decrease of terrestrial humic-like C1
abundance. The rise in S275–295 at higher salinitymay be caused by addi-
tional sources of low molecular weight material such as production
of low molecular weight (Cuss and Guéguen, 2015) protein-like
(Fig. 3G–H) and/or enhanced photochemical degradation (Blough and
Del Vecchio, 2002; Helms et al., 2008). Comparison of S275–295 values
between the freshwater end members showed that the Hayes River
had lower S275–295 values (0.015 vs 0.018 nm−1), suggesting that
DOM in Hayes estuary was more aromatic and higher in molecular
weight than that in the Nelson.

The humic-like fluorescence intensities of C1–C3 (Fig. 3D–F) de-
creasedwith increasing distance from the rivermouth,whereas patches
of high protein-like intensities were locally found within the estuary
(Fig. 3G–H). Like DOC and a355, higher humic-like intensities were
reported in the Hayes River compared to the Nelson River. Humic-like
intensities were 30 times (i.e., C2 and C3) to 76 times (i.e., C1) higher
in the Hayes River.

3.3. Mixing behavior

DOC, a355, and humic-like C1–C3 displayed a distribution tightly
coupled with salinity (r2 = 0.84, 0.78, and 0.70–0.76, respectively;
Fig. 3A–F). These high r2 values suggest that quasi-conservative mixing
significantly impacts DOM behavior in the Nelson/Hayes estuary. It
can be noted that DOC, a355, and C1–C3 in winter 2009 were above
the average conservative mixing lines. At any given salinity, DOC, a355,
and C1–C3 were higher in winter 2009 than in summer, suggesting
reduced estuarine mixing in winter. The presence of sea ice in close
proximity to the Nelson River mouth has been suggested to prevent
freshwatermixing (Kuzyk et al., 2008) and thus terrestrial DOMmixing
with bay water.
012 ( 2009; 2010; 2011; 2012). Winter 2009 samples were represented by black



Fig. 4. Change in (A) a355 and (B–F) C1–C5 upon photoexposure ( S1, S2, S3, S4, S5, S6, S7; see Fig. 1 for geographical locations).
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The residuals calculated between observed concentrations and the
conservative mixing line averaged −0.06 ± 0.63 mg L−1, 0.001 ±
1.49 m−1, 0.0001 ± 0.073 r.u., −0.0001 ± 0.111 r.u., and −0.0002 ±
0.061 r.u. for DOC, a355, and C1–C3, respectively. These errors were 12,
3, and 3–4 times lower than their respective average values reported
at Sp = 28–30. Although the residuals were more variable at Sp b 10
likely due to the variability in river composition, no significant dif-
ferences were found between residuals at low (Sp b 10), mid (Sp =
10–20), and high salinity (Sp N 20) (p N 0.05). While in general DOC
decreased with the increase in salinity (Fig. 3A; S1 A), deviations from
the conservative mixing lines were occasionally observed for a355 and
humic-like C1–C3 at low to mid-salinities (Sp b 10–20; Fig. S1B–E).
The DOM removal by degradation (Granskog, 2012; Osburn et al.,
2009) or adsorption to particles (Uher et al., 2001) leads to values falling
below the mixing line (Markager et al., 2011; Stedmon and Markager,
2003). However, a355 and humic-like removal were not systematically
observed during the 4-year survey. For example, removal of a355 was
found at Sp b 20 in 2011–2012 but not during the 2010 survey. Further
studies are required to better understand these temporal patterns.

The protein-like components C4–C5 (Fig. 3G–H; S1F–G) showed sig-
nificant deviations from the idealmixing line (i.e., conservativemixing),
indicative of internal estuarine sources (Stedmon and Markager, 2003;
Table 1
Percent loss (%loss) and parameters of first-order kinetics (k in h−1 and r2) for a355 and C1–C4

a355 C1 C2

%loss k [h−1] r2 %loss k [h−1] r2 %loss k

S1 60.64 0.021 0.97 27.56 0.022 0.98 33.78 0
S2 68.27 0.024 0.94 23.58 0.028 0.95 36.39 0
S3 48.75 0.022 0.94 23.41 0.019 0.87 34.13 0
S4 56.47 0.018 0.99 24.18 0.023 0.96 34.80 0
S5 51.25 0.018 0.87 21.25 0.014 0.96 35.78 0
S6 51.87 0.022 0.99 18.89 0.024 0.94 35.47 0
S7 51.52 0.013 0.91 12.22 0.011 0.58 25.79 0

n.s. means not significant.
Sun et al., 2014). The tryptophan-like C4 intensity decreased with
increasing salinity (r = −0.78; n = 57) before plateauing at Sp N 20.
This contrasts with tyrosine-like C5, where significant inputs were
found at low (b10) and high salinity (N20), whereas low C5 intensity
was reported at intermediate salinity (Sp ~10–20). The decoupling be-
havior between the two protein-like components indicated different
sources and /or degradation rates within the estuary.

3.4. DOM photodegradation

Solar exposure resulted in substantial losses in DOM absorbance and
fluorescence (Fig. 4). For the dark samples, there was almost no change
in CDOM and FDOM intensities after 2-day exposure compared to the
pre-irradiated samples, indicating no significant bacterial activity. The
percentage of a355 loss was 61–68%, 49–56%, and 52% for river (S1–2),
estuarine (S3–6), and bay samples (S7), respectively (Table 1). Also,
S275–295 and Sr were consistently higher on irradiated samples relative
to pre-irradiated samples. The marked increase in S275–295 and Sr with
irradiation time was found for all samples. For example, Sr increased
from 1.01 to 1.33 at S1–S2 and from 1.34 to 2.72 at S7. The increase in
S275–295 and Sr suggests a decrease in molecular weight and aromaticity
(Helms et al., 2008). (See Fig. 3.)
.

C3 C4

[h−1] r2 %loss k [h−1] r2 %loss k [h−1] r2

.016 0.96 28.87 0.019 0.98 9.79 0.0170 0.87

.022 0.94 26.00 0.025 0.95 10.80 0.0296 0.91

.017 0.90 27.24 0.021 0.95 13.65 0.0143 0.80

.018 0.97 28.34 0.023 0.95 12.46 0.0139 0.89

.010 0.96 24.90 0.015 0.97 14.64 0.0099 0.70

.016 0.96 22.71 0.022 0.94 16.94 0.0199 0.83

.005 0.86 19.54 0.013 0.81 25.16 n.s. n.s.



47C. Guéguen et al. / Journal of Marine Systems 161 (2016) 42–48
Like a355, S275–295, and Sr, large differences in fluorescence intensity
were found after solar irradiation. However, the effects of photo-
irradiation depended on the PARAFAC component examined. Among
all samples, the intensity of C1–C3 decreased after light exposure.
C1 and C3 experienced a relatively lesser amount of photobleaching
than did C2 (12–29% vs 26–36%; Table 1). The relative abundances of
C1–C4 were significantly lower after light exposure relative to dark
treatments. For example, a 12% to 28% decrease in C1 abundance
was found with the greatest loss found in river samples (S1–S2).
Furthermore, the abundance in ultraviolet humic-like C2 (peak A;
Coble, 1996) increased upon photoexposure at S1–S2 and S5–S6. The
photoproduction of peak A has been reported in streams and coastal
waters (Cawley et al., 2012; Lu et al., 2013; Stedmon et al., 2007). Unlike
the North Pacific study (Helms et al., 2013), the intensity of protein-like
C5 responded non-uniformly to light exposure in all samples. Protein-
like C5 intensity varied during the 48-h exposure, initially increasing
and then decreasingmarkedly after 24–36h exposure. Photoirradiation,
however, significantly increased C5 intensity compared to dark incubat-
ed and initial treatments. The photoproduction of protein-like C5 has
been reported in freshwater studies (McEnroe et al., 2013; Zhang
et al., 2013).

Significant statistical fits (p b 0.05) to Eq. (1) (Table 1) were found
for S1–S6, a355, and C1–C4, suggesting that first-order kinetics appropri-
ately describe CDOM and FDOM photobleaching in the Nelson estuary
system. Only a355 and C1–C3 showed significant fit to first-order kinet-
ics at S7. First-order rate constants ranged from 0.013 to 0.024 h−1

and, from 0.005 to 0.030 h−1 for a355 and C1–C4, respectively.
Photobleaching rates of humic-like DOM and a355 generally decreased
with increasing salinity. Although humic-like intensitieswere correlated
in the Nelson system (see Section 3.1), the photobleaching rates
(k, Table 1) of C1 and C3 were significantly higher than that of
C2 (p b 0.05). This result suggests that humic-like components have
different photoreactivity. Unlike pre-irradiated a355 and PARAFAC inten-
sities, the pre-irradiated C2–C3 abundances were positively correlated
with k (r2 = 0.60 and 0.48, respectively). Assuming that 2 days in the
Suntest solar simulatorwas equivalent to 6.9 days during Arctic summer
solstice, the estimated half-lives ranged from 4.9 to 9.9 days (average
5.4 days) at S1–S6. The Nelson/Hayes DOM half-lives were nearly
equivalent to those found in the Mackenzie River (3.7–4.8 days
for a330; Osburn et al., 2009) and in the Baltic Sea (0.5–3.0d for humic-
like DOM; Skoog et al., 1996). These half-life values are likely
underestimated as high turbidity in coastal Hudson Bay (Granskog,
2012) may limit light penetration and thus slow down photobleaching
of DOM.
4. Conclusions

This study provided evidence of freshwater discharge of DOM to
the Nelson/Hayes estuarine system in Hudson Bay and investigated
the effect of photoirradiation on DOM concentration and composi-
tion. Despite some temporal losses, DOC, a355, and humic-like DOM
decreased linearly with increasing salinity (r2 = 0.70–0.84) over
the 4-year survey in the Nelson/Hayes estuary system. These nega-
tive linear relationships were robust enough such that DOC, a355,
and humic-like could be used as tracers of coastal mixing in the Nel-
son/Hayes estuary system. Unlike protein-like component, CDOM
and humic-like FDOM showed significant photo reduction in their
intensities. Reported half-lives (4.9–9.9 days) were comparable to
previous studies in the Mackenzie estuary system. In conclusion,
this study could be used as a reference for future studies evaluating
the fate and distribution of terrestrial DOM in the Nelson/Hayes sys-
tem, where additional hydroelectric generating capacity is being
built.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jmarsys.2016.05.005.
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