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Abstract

The optical characteristics of coloured dissolved organic matter (CDOM) were analyzed in the Great Whale River and adjacent Hudson Bay
(55° N, 77° W) in the eastern Canadian Low Arctic, and in the Mackenzie River and adjacent Beaufort Sea in the western Canadian High Arctic
(70° N, 133° W). Sampling was during ice-free open water conditions. Both rivers contained high concentrations of dissolved organic carbon
(3 and 6 mg DOC 1! in the Great Whale River and Mackenzie River, respectively) and CDOM (a3 of 11 and 14 m™"), resulting in a substantial
load of organic matter to their coastal seas. There were pronounced differences in the CDOM characteristics of the two rivers, notably in their
synchronous fluorescence scans (SFS). The latter showed that the Mackenzie River was depleted in humic materials, implying a more mature
catchment relative to the younger, more recently glaciated Great Whale River system. SES spectra had a similar shape across the freshwater—
saltwater transition zone of the Great Whale plume, and DOC was linearly related to salinity implying conservative mixing and no loss by
flocculation or biological processes across the salt front. In contrast, there were major differences in SFS spectral shape from the Mackenzie
River to the freshwater-influenced coastal ocean, with a marked decrease in the relative importance of fulvic and humic acid materials. The
SFES spectra for the coastal Beaufort Sea in September—October strongly resembled those recorded for the Mackenzie River during the high
discharge, CDOM-rich, snowmelt period in June, but with some loss of autochthonous materials. These results are consistent with differences
in freshwater residence time between the Mackenzie River and Great Whale River coastal ocean systems. Models of arctic continental shelf
responses to present and future climate regimes will need to consider these striking regional differences in the organic matter content,
biogeochemistry and optics between waters from different catchments and different inshore hydrodynamic regimes.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction web, and for consumers at higher trophic levels that feed on
microbes or on DOM directly. The coloured fraction of this

Dissolved organic matter (DOM) plays a major role in the dissolved organic matter is a complex pool of autochthonous
ocean as carbon and energy sources for the microbial food materials, derived from in situ photosynthetic activity and pro-
cessed microbially, and allochthonous materials, that are rich
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affects primary production (Pienitz and Vincent, 2000; Leh-
mann et al., 2004). The composition and reactivity of
CDOM in aquatic ecosystems are still poorly understood,
however, various optical techniques, including spectrofluores-
cence, are providing new insights from diverse environments
(McKnight et al., 2001; Peuravuori et al., 2002).

The sources and dynamics of DOM are of special interest in
the coastal Arctic Ocean. These environments receive inputs
of freshwater from large rivers that drain arctic tundra and
peatlands as well as subarctic boreal forest. It has been
estimated that more than 25% of the world’s soil carbon lies
in these catchments, and there is concern about how ongoing
climate change may mobilise these stocks and transport
them to arctic seas (Waelbroeck and Monfray, 1997; Gulledge
and Schimel, 2000; Guo et al., 2003). The carbon derived from
arctic rivers appears to be a major source of terrigenous DOM
to the deep ocean (Opsahl et al., 1999; Dittmar, 2004), and
changes in the magnitude and composition of this material
therefore have broader oceanographic implications. At pres-
ent, arctic rivers deliver 3300 km? y*1 of water to the Arctic
Ocean (about 11% of the total freshwater input to the world
ocean; Rachold et al., 2004) and 8.5 t of dissolved organic car-
bon km ™2 ! (Telang et al., 1991; about 10% of the total
DOM export by rivers to the world ocean; Opsahl et al.,
1999). Global circulation models predict that the arctic basin
will experience greater and more rapid warming than
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elsewhere over the course of this century, and there is increas-
ing evidence that global climate change has already begun to
have significant impacts on permafrost degradation and terres-
trial vegetation dynamics at high northern latitudes (ACIA,
2004).

The objectives of the present study were to determine the
CDOM properties of two northern rivers that discharge to
arctic seas (Great Whale River and Mackenzie River,
Fig. 1), and to evaluate how these properties change over the
arctic continental shelf. Great Whale River is one of the
main inflows to Hudson Bay. It lies in the forest tundra region
of the eastern Canadian low Arctic and drains large areas of
boreal forest in the southern parts of it catchments. The Mack-
enzie River is more representative of the large rivers that dis-
charge into the Arctic Ocean. It lies in the western Canadian
Arctic, 2500 km to the west of Great Whale River, and drains
tundra and boreal forest, ultimately discharging its sediment
and organic-rich waters into the Mackenzie shelf region of
the Beaufort Sea.

We applied UV—visible and synchronous fluorescence
(SFS) spectroscopic techniques to characterize these waters.
Stable isotope signatures (6'°C and 6'°N) of the seston were
also measured as a complementary guide to the offshore
gradients in terrigenous vs. autochthonous carbon sources.
Specially we addressed the following questions: (1) are the
properties of DOM uniform among arctic inflows, as indicated
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Fig. 1. The two sampling locations in northern Canada: Mackenzie River (MR, black circles); Estuarine stations (Z, white circles); and offshore Arctic Ocean
stations (AO, grey circles). Additional CASES 2002 stations (partially filled circles) that were also sampled for surface absorption: Great Whale River (GWR,
black triangles); Estuarine stations (E, white triangles); and Hudson Bay stations (HB, grey triangles).
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by these two systems that are well-separated geographically;
and (2) do DOM properties change across the estuarine transi-
tion from freshwater to marine associated with the changes in
salinity. These questions are of broad interest given the current
increase in water and organic matter export from rivers to the
Arctic Ocean, and the likely acceleration of this trend in the
future (Peterson et al., 2006; Waelbroeck and Monfray, 1997).

2. Materials and methods
2.1. Study sites

Great Whale River (GWR) is 416 km long and flows
through boreal forest and forest tundra ecozones in subarctic
Québec, Canada, before discharging into Hudson Bay at
Kuujjuarapik (55°16'22” N, 77°46'02” W; Fig. 1). The
0.42 x 10° km? drainage area is characterized by discontinu-
ous permafrost and its vegetation is mostly composed of black
spruce and small shrubs (Hudon et al., 1996). The summer
river discharge is 400—800 m>s~!, with an annual mean of
666 m> s~ (Goldstein and Jacobsen, 1988; Hudon et al.,
1996). This system is estimated to transport 0.09 x 10°ty ™
of dissolved organic carbon (DOC) into Hudson Bay (Hudon
et al., 1996).

The Mackenzie River (MR) is the longest river in Canada
(1600 km) and discharges into the Beaufort Sea at Tuktoyak-
tuk (70°8'45"” N, 133°30/'41” W; Fig. 1). For 2002 the summer
discharge at a downstream site (Arctic Red River station
10LCO014) varied from 9640 to 21,100 with values around
13,000 m® s " during the fall period of sampling. The drainage
area is 1.707 x 10 km? and begins at Great Slave Lake, itself
fed by many tributaries and rivers from the western subarctic
and arctic regions of Northwest Territories. Large expanses
over the northern parts of the Mackenzie basin are underlain
by permafrost, even in the sediments of the marine delta
(Millot et al., 2003). The vegetation cover is mainly composed
of boreal forest in the northern and western mountainous parts
of the catchment. The northeastern part of the basin contains
tundra, while the lowlands of the central basin are occupied
by deciduous forest, riparian spruce and abundant thermokarst
lakes and peatland (Millot et al., 2003; Spears and Lesack,
2006 and references therein). The Mackenzie River system
is estimated to deliver an annual load of 2.65 x 10°t of
DOC into the Beaufort Sea (Telang et al., 1991). It also
delivers 2.1 x 10°t of particulate organic carbon (POC), the
largest riverine POC loading of all the arctic inflows (Droppo
et al., 1998; Rachold et al., 2004).

Sampling was undertaken during open water conditions in
July—August (GWR) and September—October (MR) of
2002. Surface water samples were obtained at freshwater sites
(GWR and MR stations) in each river, estuarine stations
(E and Z series) and marine sites over the continental shelf
in Hudson Bay (HB) and the western Arctic Ocean (AO) along
transects perpendicular to the coast. Additional samples from
the Mackenzie River (MR3) were taken during the period of
high discharge on 17 June 2004 (flows at that time \;verel:

60% of the peak snowmelt discharge of about 30,000 m" s

that occurred in late May), and from two major tributaries
of the Mackenzie River, the Arctic Red River (ARR) and
Peel River (Peel), in August 2004. Both of these tributaries
flow from mountain catchments to the tundra and join the
Mackenzie River approximately 25 km before its discharge
into the sea.

2.2. Suspended particulate material (SPM)

SPM samples were filtered onto pre-combusted and pre-
weighed, 47 mm diameter GF/F filters (nominal pore size
0.7 um) and then stored frozen until laboratory analysis.
Filters were oven-dried at 60 °C overnight, cooled to room
temperature in a desiccator and re-weighed.

2.3. DOM sampling

Samples were filtered through sterile 0.22-pm Nuclepore
membrane filters and the filtrate was then stored in
acid-washed, sample-washed amber bottles in the dark at
4 °C until further analysis. Samples were subsequently ana-
lyzed within 2 months of collection for CDOM absorption,
synchronous fluorescence properties (SFS) and for dissolved
organic carbon concentrations. To test for any effects of stor-
age we repeated SFS measurements on 0.22-pm filtered
Great Whale River samples after 5 months of storage at
4 °C. This showed no change in spectral form, with peak
fluorescence at 300 nm of 1.25 QSU (quinine sulfate units)
in the initial scan, and 1.20 QSU at the end of the 5 months
(3% change).

2.3.1. CDOM absorption measurements

CDOM absorption was measured in acid-cleaned 10-cm
quartz cells using a Hewlett—Packard 8452A diode array
spectrophotometer (GWR samples) and a Varian Cary Bio
300 scanning spectrophotometer (MR samples). Samples
were scanned at 2 nm intervals between 250 and 820 nm
(HP 8452A) and at 1 nm intervals between 200 and 850 nm
(Cary Bio 300), against MilliQ pure water. The spectrum
was corrected for the absorption offset using the mean value
for wavelengths greater than 800 nm.

The absorption coefficients were calculated as:

a(2) =2.303 x A(A)/L

where A(A) is the optical density for wavelength A and L is the
cell path length in metre. The CDOM properties were modeled
using a non-linear regression from 300 and 650 nm for the
relationship:

a(/\) =dzp) X CS(3207A>

where aj, is the absorption coefficient at 320 nm and S is the
slope of the regression. The regression coefficients (%) for all
curves were greater than 0.997, so the need to add a constant
to the regression model for a better fit was not considered
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necessary for these high CDOM containing waters (Stedmon
et al., 2000).

2.3.2. Synchronous fluorescence spectroscopy (SFS)

This technique provides a guide to the chemical structure,
complexity, degree of humification as well as the molecular
weight of CDOM (Kalbitz and Geyer, 2001; Peuravuori
et al., 2002; Kowalczuk et al., 2003). Complex molecules of
low molecular weight (less than 5000 Da) fluoresce when
excited at shorter wavelengths (280—323 nm) and likely
represent autochthonous organic matter (including protein-
like compounds) coming from in situ biological processes
such as primary production, detritus production and ‘sloppy
feeding’ by zooplankton. Molecules of medium molecular
weight (approximately 15,000 Da and smaller than
30,000 Da) are more complex compounds, typically fulvic
acids coming from autochthonous but mostly allochthonous
processes, and their maximum emission is located between
324 and 432 nm. Humic acids fall in the high molecular
weight group and fluoresce maximally at higher wavelengths
(433—593 nm) (Chen et al., 2003). In addition to the overall
scans we used the ratio of integrated areas under the spectrum
of these three wavebands as an index of CDOM composition
and state of transformation (Kalbitz and Geyer, 2001): LA/
H2 as the ratio of fluorescence integrated over the waveband
280—323 nm to that over the waveband 433—595 nm, and
MMH2A as the ratio of integrated fluorescence 324—432 nm
to integrated fluorescence 433—595 nm.

Samples were scanned over the excitation wavelength
range 200—600 nm in acid-cleaned 1-cm quartz cells with
a Shimadzu FR5000 spectrofluorometer (for GWR samples)
and with a Cary Eclipse 3000 (for MR samples). For both in-
struments, the scans were made in synchronous mode with
a slit width of 5 nm on both sides and a constant difference
between the excitation and emission wavelengths of 14 nm
(Belzile et al., 2001). The spectra were corrected for the base-
line, and for inner filter effect using the absorption data for
each sample, as in Mobed et al. (1996). Both instruments
were checked for wavelength accuracy using the Raman
peak for water. This confirmed the accuracy of the Cary and
showed a 3-nm red shift for the Shimadzu. A correction for
this minor wavelength offset was applied to the Shimadzu
scans. For quantitative comparisons, the fluorescence output
from both fluorometers was converted to quinine sulfate units
(QSU) using a standard of quinine sulfate dihydrate (Sigma—
Aldrich no. 22640) dissolved in 0.02 N sulfuric acid
(Velapoldi and Mielenz, 1980). The two instruments were
cross calibrated with the same quinine sulfate solution and
the fluorescence output was expressed on the same QSU scale
for both instruments. The quinine sulfate solution had the
same spectral shape in both instruments, with the 3 nm offset
for the Shimadzu as detected in the Raman tests. The scans
were subsequently smoothed with a second order polynomial
using a single wavelength-step forward (SigmaPlot 8.0). To
enhance spectral differences and hidden peaks for a more
detailed analysis of spectra, the second derivative of the SFS
scans was calculated with the Savitzky—Golay algorithm in

the program PeakFit version 4.0. Derivative analysis has
been previously used to analyze fluorescence in organic mix-
tures (Patra and Mishra, 2002) and in the optical analysis of
other complex multicomponent systems, for example to
identify pigment peaks in natural phytoplankton absorption
spectra (Millie et al., 1997).

2.3.3. Dissolved organic carbon

DOC concentrations were obtained by high temperature
oxidation using a Shimadzu TOC Analyser 5000A with detec-
tion limits of 0.05 mg1~" over the range 1—10 mg1~' using
KHCgH,0, as the carbon standard. Before analysis, samples
were acidified with 0.01 N HCI to a final pH of 2.0 and then
bubbled with CO,-free nitrogen for a prolonged period
(7 min) to ensure the removal of all DIC, as recommended
for carbonate-rich waters (Sharp et al., 1993).

2.4. Isotopic analysis of POM

Two to five litres of surface water were collected at each
site along the freshwater—saltwater transect on the GWR
and MR. Water was kept cold until filtration of the suspended
particulate organic matter (POM) onto pre-combusted
(500°C, 1h) Whatman GF/F filters. These were stored
frozen at —20 °C until subsequent analysis. Samples were
acidified with fuming 36% HCI (Kendall et al., 2001;
Yamamuro and Kayanne, 1995) and oven-dried at 60 °C
overnight. Isotopic analysis was carried out at the Commission
Géologique du Canada using a CF-IRMS (Fisons Instruments,
model VG Prism Isotech) coupled with an Elemental Analyser
(NA 2500 series). Stable isotope ratios were expressed in per
mil notation (9,) according to the equation:

0X = [(Rsample/Rslandard) - 1] x 1000

where X is '*C or '°N and R is the corresponding ratio '*C/'*C
or N/'N relative to PeeDee Belemnite and atmospheric
nitrogen standard values. The internal standards were vanillin
(Sigma—Aldrich) and USGS-25 for carbon and urea (Sigma—
Aldrich), IAEA-N1 and JAEA-N2.

3. Results
3.1. CDOM absorption parameters

The azp measurements showed high CDOM concentra-
tions in both rivers, with highest values in the Mackenzie
River, particularly during the high discharge period
(MR3, Fig. 1). In the Great Whale River system, az,, dropped
by 27% at the estuarine station (E) and to 55% of riverine
values at the offshore Hudson Bay station (HB), and was an
inverse function of salinity (r = —0.984; p < 0.0001) (Table 1,
Fig. 2c). The means for each of the sites were significantly
different from each other (non-parametric Tukey tests: GWR
vs. HB, ¢=1198; p=0.001; GWR vs. E, ¢g=5.11;
p=20.011; HB vs. E, ¢ =4.98; p =0.012).
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Table 1

Chemical and optical data from the Great Whale River and Mackenzie River systems. DOC, dissolved organic carbon concentration; ds,g, the absorption
coefficient at 320 nm; a3,,, the absorption coefficient normalized by DOC concentration; S, the spectral slope for light absorption by CDOM; and SPM, the total
suspended particulate matter. Values in parentheses are SE. Note that MR3 is for the high discharge period in 2004

Station Date Salinity DOC asno [ S SPM
(mgC17h (m™ m’g™h (nm™") (mgl™h

Great Whale River and Hudson Bay River

GWRI1-0m 23/07/2002 0.02 2.8 11.61 4.15 0.0156 6.98

GWR2-0m 26/07/2002 0.04 2.7 11.32 4.20 0.0158 7.23

GWR3-0m 03/08/2002 0.02 2.7 10.92 4.04 0.0158 8.14

GWR4-0m 05/08/2002 0.04 2.9 10.94 3.77 0.0168 8.40

GWRS5-0m 07/08/2002 0.03 3.8 11.86 3.12 0.0159 12.18

GWR6-0m 08/08/2002 0.04 3.0 11.90 3.97 0.0161 10.30

Mean river 2.98 (0.17) 11.42 (0.18) 3.88 (0.16) 0.0160 (0.0002) 8.87 (0.82)
Estuary

E1-Om 24/07/2002 19.91 2.70 5.53 2.05 0.0157 12.99

E2-Om 30/07/2002 0.03 2.70 10.90 4.04 0.0158 9.48

E3-Om 04/08/2002 12.97 2.70 8.49 3.14 0.0157 6.42

Mean estuary 2.70 8.307 (1.55) 3.08 (0.58) 0.0157 9.63 (1.9)
Offshore

HB1-Om 22/07/2002 24.65 2.22 473 2.13 0.0167 10.02

HB2-0m 25/07/2002 24.65 2.94 491 1.67 0.0165 15.37

HB3-Om 28/07/2002 23.17 2.56 5.33 2.08 0.0170 11.42

HB4-Om 01/08/2002 24.48 2.36 4.95 2.10 0.0174 14.30

HB5-Om 08/08/2002 24.61 2.26 5.93 2.62 0.0185 15.60

Mean offshore 2.47 (0.13) 5.17 (0.21) 2.12 (0.15) 0.0172 (0.0003) 13.32 (1.12)
Mackenzie River and Beaufort Sea River

MR1-Om 08/10/2002 0.07 5.70 14.37 2.52 0.0179 42.51

MR2-0m 08/10/2002 0.07 4.90 12.18 2.49 0.0192 27.84

Mean river (October) 5.30 (0.40) 13.28 (1.10) 2.51 (0.02) 0.0185 (0.0006) 35.18 (7.34)

MR3-0m (June) 17/06/2004 0.07 4.80 16.87 3.53 0.0172 99.02
Estuary

Z1-Om 02/10/2002 24.46 1.60 2.02 1.26 0.0176 60.38

72-0m 03/10/2002 25.44 247 1.91 0.77 0.0182 17.26

Mean estuary 2.04 (0.44) 1.97 (0.08) 1.02 (0.25) 0.0179 (0.0003) 38.82 (21.5)
Offshore

AO5-0m 03/10/2002 30.09 1.15 0.87 0.76 0.0195 12.65

AO65-0m 02/10/2002 26.88 0.88 0.68 0.77 0.0254 1.75

A049-0m 28/09/2002 26.37 1.14 0.60 0.53 0.0217 0.96

Mean offshore 1.06 (0.09) 0.72 (0.08) 0.69 (0.08) 0.0222 (0.003) 5.12 (3.77)

The Mackenzie River showed a more complex pattern with
an initial 6.5-fold decrease at the Z stations, then variable
changes to minimum values for the transect towards the edge
of the arctic pack ice at station AO49 (0.60 m~ ). There was
a patch of increased aspo at stations AO66 (2.42 m~ ') and
AO56 (3.33 m™ ") (AO66 and AO56 only absorption properties
were available). This pattern is consistent with the mixing of
the MR plume with seawater 90—170 km offshore. This
offshore plume was isolated from the coast by high salinity wa-
ter at stations AOS5 and AO65 associated with wind-induced, in-
shore upwelling (details in Garneau et al., 2006). The
Mackenzie River system also showed a linear decrease in
aspo with increasing salinity (r = —0.934; p = 0.002; Fig. 2¢),
however, the absence of samples at intermediate salinities
means that this relationship should be interpreted with caution.

The absorption spectra for the Great Whale River system
remained relatively constant between sampling times for the
river and HB stations, and varied between the two extremes
in the estuarine transition zone, depending on the extent of

mixing (Fig. 2a). Spectral slope increased offshore as a non-
linear function of salinity, with a sharp rise in S-values at sa-
linities above 20 to a maximum of 0.0185 nm (Fig. 2d). The
river and estuarine surface samples (within the plume) did not
differ significantly in spectral slopes (n=3; F =09.20;
p =0.76), but the mean offshore (HB) S-value was signifi-
cantly higher relative to the river and estuarine stations
(n=3; p=0.010 and 0.009, respectively).

The Mackenzie River absorption spectra also showed a pro-
nounced offshore gradient (Fig. 2b, c). There was an overall
trend of increasing spectral slope with distance offshore,
with a value of 0.0217 nm™" at the edge of the arctic pack
ice (Table 1). The highest value, however, was in the oceanic
water mass at Station AO65 (0.0254 nmfl). The river as well
as offshore sites were significantly above those for the Great
Whale River system (GWR vs. MR, t=5.8, p=0.001; HB
vs. AO, t=4.05; p=0.007). The Mackenzie S-values were
a non-linear function of salinity, with an abrupt rise above
20 (Fig. 2d), similar to that observed in the Great Whale River
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Fig. 2. Comparison of CDOM absorption properties among sites. (a) CDOM absorption in the Great Whale River system. Surface water samples at river stations
(GWR), estuarine stations (E) and in offshore Hudson Bay (HB). (b) CDOM absorption in the Mackenzie River system. Surface water samples at river stations
(MR1 and MR?2), estuarine station (Z1) and in offshore stations AO65 and AO49. (c) CDOM absorption at 320 nm vs. salinity for the two rivers. Surface water
samples in the Great Whale River system (abbreviations as above) and Mackenzie River system (MR, river stations; Z, estuarine stations Z1 and Z2; AO, offshore
stations AOS, AO65 and AO49). Lines are for least squares linear regressions. (d) Exponential slope coefficients (S-values) for the absorption vs. wavelength curves
as a function of salinity in the Great Whale River system (triangles) and Mackenzie River system (circles). Symbols are as that of (c).

data set, however, there were no statistically significant differ-
ences in spectral slope among groups of stations (MR vs. Z,
q=0.426, p=0.952; Z vs. AO, ¢=3.398, p=0.150; MR
vs. AO, ¢ =2.931, p=0.211).

The DOC-specific values for CDOM absorption (a3,,) were
50% higher in the Great Whale River than in the Mackenzie River
(autumn) (¢ = 4.60; p = 0.004). Highest a3, values in the Mack-
enzie River were recorded during the high discharge period in
June, within the range observed in GWR. In the 2002 transect,
there was a significant drop in a3,, between the Mackenzie River
and the coastal and offshore stations (MR vs. Z, g = 10.6;
p =0.004; MR vs. AO, g = 14.2, p = 0.001), but there was no sta-
tistical difference between the coastal and the offshore samples
(g=12.56, p=0.28). In the GWR system, there was similarly
a significant drop in a3,, between the GWR and HB (¢ =7.55,
p <0.001) but no significant difference between GWR and E
(g =2.94, p = 0.14) nor between the inshore and offshore stations
(Evs. HB, g =3.41, p = 0.081).

3.2. Synchronous fluorescence spectra

The spectral shape of the SFS for the Great Whale River
system was similar at all stations and sampling times, but there
was a pronounced decrease in absolute fluorescence intensities
offshore (Fig. 3a). A peak was present near 300 nm (corre-
sponding to the emission wavelength of protein-like sub-
stances) in all samples and showed little change across the
salinity gradient. A second peak was apparent within the fulvic
acid range near 400 nm and a third peak occurred in the terres-
trial humic acid range around 500 nm. This latter peak was
more variable than the other two, and was much lower in
the estuarine and saltwater relative to freshwater samples.
The second derivative curves were similar at all stations,
implying a relative constancy in the CDOM pool (Fig. 3a),
and suggesting that minor components of the signature were
not substantially enriched or modified during transport across
the estuary.
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second derivative curves for SFS spectra at each site.

The spectrofluorescence signatures of the Mackenzie River
system differed greatly from those of the Great Whale system,
with a low contribution in the HA fluorescence range and
a pronounced LA peak at 300 nm at all stations (Fig. 3b). The
LA peak was particularly striking in the Mackenzie River sam-
ple obtained during high discharge in June (Fig. 3c). Samples
from two upstream tributaries of the Mackenzie River, sampled
in late July 2004, also showed maximum fluorescence at
300 nm (Fig. 3c). The two MR stations in the 2002 transect
showed high fluorescence in the waveband 323—600 nm indic-
ative of a terrestrial influence (Fig. 3b), however, HA range
fluorescence was reduced especially relative to the Hudson
Bay series (Fig. 3a). The broad MA maximum found in the river
was not apparent at the coastal marine stations (Fig. 3b) and the
spectra for these sites were closer to the fluorescence signature
from the high discharge period and from the two main tributar-
ies (Fig. 3c). These similarities were further apparent from the
second derivative analyses of MR3 and Z1.

The SFS peak ratios provide a further guide to changes off-
shore and between sites. LA/HA remained consistently below 1
throughout the Great Whale transect and increased linearly
with salinity (Fig. 4a; r =0.901, p < 0.0001). The MA/H 2 ratio
was near | throughout this system with a slight linear increase
across the salinity gradient (Fig. 4a; r=0.936, p < 0.0001).
Both SFS ratios were strongly and negatively correlated with
asyo (r=-0944, p<0.0001 for MMHA, r=-—0.939,
p <0.0001 for LA/HA). The MA/HA peak ratios were signifi-
cantly correlated with spectral slope (r=0.621, p =0.018),
but there was no significant relationship between the LA/HA
ratio and S (Fig. 5a).

The LA/HA ratio in the Mackenzie River system increased
markedly along the transect, from less than 2 at the freshwater
sites to a maximum of 14 in the offshore. The MA/HA ratio
ranged from 2 to 6, with highest values offshore (Fig. 4b).
Both peak ratios were non-linearly related to salinity
(Fig. 4b) and a3,y (Fig. 4d). The ratios increased offshore
and were positively correlated with the spectral slope (LA/HA
vs. S-values, r=0.772; p=0.042; MMHA vs. S-values,
r=0.929; p =0.0025; Fig. 5b).

3.3. Isotopic ratios of POM

The isotopic composition of the seston was used as an
additional tracer of the terrigenous influence on coastal waters.
In the Great Whale River system there was a gradual enrich-
ment from freshwater to saltwater stations in both 6'°C and
6'>N. POM carbon isotopic ratios increased by 3.9%, from
the river to offshore Hudson Bay stations, while the 6'°N
values range increased by 1.49,. In the more turbid Mackenzie
River system, there was a stronger upward shift in the ratios
along the salinity gradient between the river and the offshore
Beaufort Sea, with an increase of 6'°C by 6.6%, and an in-
crease of 6'°N by 6.3%, (Table 2). The high discharge
sample from the Mackenzie River (MR3) was extremely
turbid with a SPM concentration that was 2—4 times higher
than in October 2002, and an order of magnitude above those
recorded in the GWR (Table 1). The POM from MR3 was
substantially enriched in 6'°C and 6"°N relative to the samples
obtained in autumn 2002 implying major differences in C and
N sources between sampling dates.
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Fig. 4. SFS peak ratios as a function of salinity and absorption. (a) LA/HA ratios (diamonds) and MA/HA ratios (triangles) vs. salinity for the Great Whale River.
Curves are for linear least squares regressions (black for LA peak ratio and grey for M2 peak ratio). (b) LA/HA ratios (circles) and MA/HA ratios (squares) vs. salinity
for the Mackenzie River. Note the rise in values beyond a salinity of 22; symbols are as that of Fig. 2. (c) LA/HA ratios (diamonds) and MA/HA ratios (triangles) vs.
CDOM absorption for the Great Whale River. (d) LA/HA ratios (circles) and MA/HA ratios (squares) vs. CDOM absorption for the Mackenzie River (dashed line
demarcates the salinity above which there is a large variability in fluorescence ratios).

4. Discussion

As elsewhere in the Arctic Basin, the Mackenzie River and
Great Whale River contained high concentrations of DOC and
CDOM, and several features attest to the extensive influence
of these inputs on the estuarine and coastal shelf environments

that they discharge into. CDOM absorption remained high off-
shore, with values exceeding 2 m~! more than 150 km from
the coast in the Mackenzie River transect. Similarly, the SFS
scans showed evidence of LA and MA signals well offshore.
These observations are consistent with previous measurements
in arctic coastal waters. For example the DOC-rich Lena River
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Fig. 5. SFS peak ratios as a function of spectral slope (S-values). (a) LA/HA ratios (diamonds) vs. S and MA/HA ratios (triangles) for the Great Whale River. Ellipses
represent clusters of similar values of LA/HA ratios. (b) LA/HA ratios (circles) MA/HA ratios (squares) vs. spectral slope for the Mackenzie River. Curves are for

linear least square regressions (dashed grey for MA/HA and black for LA/HR).
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Table 2

Isotopic analysis of seston from Great Whale River (GWR) and Mackenzie
River (MR) and their offshore waters. Each value for GWR is the mean of
four samples (SD) obtained during summer 2002. Each MR value is from a sin-
gle sample obtained during autumn 2002, with the exception of MR3 which
was sampled during high discharge period, June 2004

Station Isotopic abundance (%,)
éPc 6"N
Great Whale River and Hudson Bay
GWR-0m —31.68 (0.5) 1.79 (1.13)
E-Om —30.68 (0.5) 1.90 (1.49)
HB-Om —27.78 (1.9) 3.14 (1.92)
Mackenzie River and Arctic Ocean
MR1-0m —31.48 1.27
MR2-0m —31.24 2.29
MR3-0m —25.10 4.6
Z2-0m —31.54 3.01
AO65-0m —30.61 6.54
AO49-0m —24.89 7.97

plume is known to extend up to 400 km offshore (Cauwet and
Sidorov, 1996), and high CDOM absorption was recorded
more than 50 km offshore over the Mackenzie Shelf by
Guéguen et al. (2005).

The isotopic data in each transect also reflects the strong
riverine influence on the coastal ocean, with 6'3C of inshore
marine seston approximating that of the river and only a slight
decrease offshore. Most of the river values were light (less
than —309,) relative to terrigenous plant material (e.g.,
—279%, for C3 plants; Kendall et al., 2001) suggesting prove-
nance from other sources such as freshwater phytoplankton
and aquatic macrophytes. These values lie close to those pre-
viously obtained in the freshwaters of the James Bay area in
northern Québec (mean 6'°C of —31.4%,; Montgomery
et al., 2000). During the period of high discharge in the Mack-
enzie River (MR3), a more enriched value was recorded, and
both this and the high SPM concentrations indicate a much
stronger terrigenous input at this time. This is consistent
with and extends the observations by Finlay et al. (2006)
who measured a major increase in DOC concentrations during
spring flows in the Kolyma River, Siberia, and estimated that
48% of the annual DOC flux from this river occurs during the
weeks of peak snowmelt discharge. Terrigenous POM fluxes to
the coastal Arctic Ocean may also be disproportionately high
during this period of spring flow. The 6'°C value for MR3
(—25.19,) is close to the values obtained by Goiii et al.
(2005) of POM in June—July samples from the Mackenzie
River. These authors also note the temporal variability in
downstream POM composition and attribute this to variations
in the contribution of sediment from different sources, notably
from Arctic Red River and Peel River that discharge most of
their sediment load in May and June.

In both transects, 6'°N values for POM showed a gradual
rise with distance from the river mouth, consistent with the
increasing influence of marine phytoplankton (Minagawa
et al.,, 1991) and an increasing enrichment of the POM by
autochthonous nitrogen. The 6'°C value at MR station AO49

at the edge of the pack ice (—24.9 9/)) lies close to values
obtained from samples elsewhere of ice edge phytoplankton
and sea ice algae (e.g. UDOM of —22.1 9., Opsahl et al.,
1999; —23.6 9, for TOC, Naidu et al., 2000).

Despite these similarities, there were also fundamental
differences between the two systems. The Mackenzie River
had almost twofold higher DOC concentrations and was strik-
ingly different from the Great Whale River in its spectroscopic
properties, implying major qualitative differences in its
CDOM content. The spectral slopes of absorption curves for
the MR stations were higher than for GWR samples. This in-
dicates the presence of older more degraded humic substances
that are resistant to subsequent breakdown (Thurman, 1985;
Yunker et al., 1995). The Mackenzie DOM was less coloured
than in the GWR, with 30% lower DOC-specific absorption
(a%y,). again implying greater breakdown. This difference
may, however, be seasonal because the MR3 sample during
high discharge had a greater a3,, value, within the GWR
range. Most strikingly, the SFS spectra differed substantially
between the two systems. The Mackenzie River had conspic-
uously weaker HA fluorescence than the Great Whale River in-
dicating lower concentrations of terrestrial humic materials.
These MR spectra differ from the usual riverine pattern and
are more consistent with that found in organic matter from
degraded peatland (Kalbitz et al., 2000) and from fen ground-
water (Kalbitz and Geyer, 2001).

The differences in fluorescence spectra between the two
systems could in part be a result of differences in pH (Pullin
and Cabaniss, 1995; Cassasas et al., 1995). GWR is circum-
neutral (pH =6.5—7) while MR is alkaline (>7.5; Millot
et al.,, 2003). Higher pH causes ionization of phenolic hy-
droxyl groups, disruption of inter- and intra-molecular
hydrogen bonds, and decoiling of macromolecular structures,
resulting in a lower fluorescence intensity of higher molecular
weight compounds (Miano and Senesi, 1992). However, the
pH difference between GWR and MR is too small to cause
the magnitude of SFS differences observed. It is more likely
that much of this spectral difference reflects the maturity of
the respective catchments, with the more recently deglaciated
GWR system releasing younger, less degraded organic mate-
rial. "*C-dating of samples from several arctic rivers has shown
that the DOC is relatively young (Benner et al., 2004). How-
ever, 14C—dating of POM in the Mackenzie River has shown
that it is dominated by old (>7000 years), highly altered car-
bon. Goiii et al. (2005) suggest that this could be the result of
inputs from fossil bitumen or kerosene in the catchment as
well as highly degraded soil material that is characteristic of
old permafrost soils with slow turnover rates. The MR fluores-
cence spectra would be consistent with DOC inputs from pre-
aged, ancient soils (paleosols) that have experienced a long
residence time within the Mackenzie River drainage basin.

The two systems also differed in the behaviour of CDOM
across the freshwater—saltwater interface. The linear relation-
ship between azyy and salinity in the Great Whale system
implies conservative mixing (Stedmon and Markager, 2003).
Similarly, the SFS analysis for GWR showed a close match
in spectral shape between the river and bay sites, with
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a decrease in concentration as might be expected for simple
dilution. The MA/HA changed with salinity, but over a narrow
range, and the LA/HA ratio similarly shifted by only a small
extent. This implies a relatively minor effect of salinity, pH
(which increased by 1 pH unit from the river to the sea) and
other environmental changes across the transition on CDOM
properties.

A similar analysis for the Mackenzie River site is limited
by the lack of intermediate salinities between freshwater and
fully marine and a test of conservative mixing cannot be
reliably made based on azpy. Another study in the region
over salinities 5—25 showed a strong linear relationship
between asss and salinity implying conservative behaviour
over that range (Guéguen et al., 2005). However, greatest
changes might be expected at the first encounter between
freshwater and the sea, at salinities less than 5, and cannot
be resolved from the absorption data in either study. The
difference in pH between the river and the sea was less than
0.5 units. Further, Millot et al. (2003) demonstrate that the
MR has high concentrations of ionic species. Therefore,
effects of changing ionic strength and pH on CDOM proper-
ties across the MR transition zone seem unlikely.

The SFS curves for the Mackenzie River system differed
greatly from those for the GWR in that they showed large dif-
ferences in spectral shape between the river and offshore sites.
Specifically, SFS ratios for the Mackenzie indicate a major
decrease in the coastal waters of HA and MA relative to LA
components (Fig. 4a). Such changes could imply differential
loss processes operating across the salinity gradient, and
deviation from conservative behaviour.

DOC flocculation is known to take place across the salt
front of some estuarine transition zones and might be expected
to act differentially on the larger polymers. Our analysis is
limited by the absence of data from intermediate salinities,
however, the comparison of freshwater and marine end mem-
bers indicates that there was no greater loss of the HA relative
to MA fractions in the MR system. A study on another large
arctic river, the Yenisei, concluded that flocculation did not
affect riverine dissolved organic matter, and DOM entered
the outer shelf of the Arctic Ocean largely unaltered (Lobbes
et al., 2000; Kohler et al., 2003). The MR river water is rich in
particles relative to other arctic rivers, and in the present study
showed four times higher concentrations of suspended partic-
ulate matter relative to GWR. These high concentrations of
particles in the river water could favour adsorption and differ-
ential loss of certain CDOM components (Uher et al., 2001)
well before the freshwater—saltwater transition.

Another loss process that could differentially affect CDOM
across the MR estuary is photochemical degradation of DOM.
This process is known to be important in CDOM-rich waters,
including estuaries (Kohler et al., 2002). There is experimental
and modeling evidence of UV-photodegradation in the Beau-
fort Sea region, however, the strong attenuation of UV radia-
tion by particles and CDOM within these waters, and also
by the sea ice that covers the region well into summer, means
that this process likely consumes only a small fraction of total
riverine DOM (Bélanger et al., in press).

Bacterial degradation processes are also likely to exert an
influence on DOM characteristics. An analysis of prokaryotic
community structure in the MR region, conducted in parallel
to the present study, showed that both the river and the inshore
environments contained high concentrations of Bacteria and
also Archaea (Garneau et al., 2006; Galand et al., 2006).
The former taxonomic domain contained representatives
from several classes including the Cytophaga—Flavobacte-
rium cluster, bacteria known to have wide substrate prefer-
ences (Kirchman, 2002). These results implied a high
metabolic diversity and an ability to break down a broad range
of organic substrates. However, the near zero seawater temper-
atures in the arctic coastal ocean maintain the catabolic
activity of heterotrophic prokaryotes at slow rates (Garneau
et al., 2006), and this process is unlikely to account for rapid
changes in DOM concentration across the salinity gradient.
Bacterial degradation therefore seems unlikely to be the
primary cause of the SFS gradients observed here. Similarly,
in a study of bacterial degradation in the Yenisei River, this
mechanism could account for a loss of only 4.5% of the total
DOM across the estuary (Kohler et al., 2003).

A major feature that differentiates the two river systems is
the hydrodynamic regime, and this may play a role in the
pattern of CDOM change. The Great Whale River produces
a relatively small plume that is rapidly mixed into the sur-
rounding waters of Hudson Bay. Previous calculations have
shown that the freshwater residence time inside this plume
during mid-summer (in July—August) is approximately 12 h
(Goldstein and Jacobsen, 1988), and the strong coastal jet
that flows northwards along the eastern coast of Hudson Bay
(Wang et al., 1994) is likely to advect the diluted river water
rapidly away from the area. The Mackenzie River system pro-
duces a vast plume with a much longer residence time. A
MODIS image from near the time of sampling, 26 August
2002, showed that the plume had a visible extent of
1787 km?. For an average water depth of the surface mixed
layer of 5m, this gives an estimated volume of 8.93 km®.
The annual average discharge of the Mackenzie River is
approximately 9730 m*s~' (Droppo et al., 1998), which
would give a residence time in the plume of 10 days. However,
the residence time is likely to be much longer than this be-
cause of recirculation processes that occur over the shallow
Mackenzie Shelf. From hydrographic observations on these
processes, Carmack et al. (2004) estimate that the residence
time over the total shelf is likely to be greater than 6 months.

The prolonged residence time of freshwater over the Mack-
enzie Shelf would provide increased opportunity for all loss
processes, and for an increased input of autochthonous
DOM from in situ phytoplankton and sea ice production.
This feature of the MR shelf system also implies that the
coastal waters are an integration of the past several months
of freshwater input, and that offshore patterns are a reflection
of this timescale rather than conservative mixing or short-term
biogeochemical dynamics. Consistent with this conclusion, the
inshore marine SFS spectra were much more similar to the
river spectra observed during the spring period of high
discharge (MR3) than at the time of transect sampling (MR1
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and MR2), with the exception of the strong autochthonous
peak in MR3 that is likely to be subject to more rapid bacterial
degradation. The Mackenzie River had much higher concen-
trations of particulate organic matter during the spring period
of maximum discharge, and its DOC was also more coloured
at this time. Much of the terrigenous CDOM flux to the coastal
ocean is therefore likely to be timed in spring-early summer,
and recirculation processes would allow this signature to be
retained for several months over the shelf. The difference in
hydraulic residence times between the MR and GWR systems
may be an important factor contributing to their strikingly
different offshore CDOM patterns.

In conclusion, our observations underscore the strong
influence of DOM-rich rivers on the arctic coastal shelf
environment. SFS analysis proved to be a valuable guide to
DOM composition and revealed major differences between
the Mackenzie and Great Whale rivers that likely reflect differ-
ences in catchment age and soil activity. The two systems also
differed in their degree of change in DOM properties across
the freshwater—saltwater transition. The SFS analysis implies
that this may result from differences in the hydrodynamic
regime and freshwater residence times of the two shelf
regions. It is not known at present which of the two systems
is more representative of arctic rivers in general, or whether
each arctic river has its own distinctive DOM composition
and inshore behaviour. Our Mackenzie River data show
evidence of differences in organic matter quality and concen-
tration between the spring snowmelt period and the fall period
of lower discharge. More detailed temporal records are needed
to assess these seasonal differences, as well as interannual and
long-term trends. As the Arctic continues to warm up, DOM
export by rivers to the continental shelf environment is likely
to change in magnitude and composition. The inter-system
variability observed in this study implies that there are large
regional variations in these export processes that will need
to be considered for monitoring and predicting future change
in arctic coastal waters.
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