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ABSTRACT

The carbohydrate composition (TDCHO) of dissolved organic matter (DOM) was studied in the Mackenzie mar-
gin (southeast Beaufort Sea) in summer 2009 as a part of the MALINA project. Sampling was performed in the
shelf (bottom depth < 100 m), slope (100 m < bottom depth < 1000 m), and basin (bottom depth > 1000 m)
areas of the Mackenzie margin. Our results showed that sugar concentrations did not follow dissolved organic
carbon (DOC) patterns, which decreased from shelf to basin stations (from 115 to 65 M), but instead remained
rather constant (965-900 nM), indicating an accumulation of carbohydrates in surface waters (0-80 m). TDCHO
concentrations exhibited their highest values (>1000 nM) and higher relative abundance to DOC in the central
sector of the studied area, especially in the zone between 130 and 135°W indicating differences in their distribution
in the broader area and possible various sources. TDCHO represented 6 4 2% and 8 + 3% of DOC (TDCHO-C/DOC)
for the shelf and basin stations, respectively. Semi-labile DOC estimated values accounted for 10-40% and 20-50% of
DOC in the slope and basin areas and agreed well with the above TDCHO/DOC values suggesting a gradient
of carbohydrate freshness from inshore to offshore stations. The high fucose + rhamnose relative abundances
(Fuc. 4+ Rha. 15-18%) and high C/N ratios (19-13) recorded in the surface waters of the shelf area are indicative
of soil-derived matter delivered by the Mackenzie River, possibly with contributions from mainly gymnosperm
terrestrial plants. The high abundance of glucose (up to 50%) suggests that the carbohydrate component of the
DOM in the Mackenzie margin appears to have a more pronounced marine autochthonous origin with an important
contribution of terrestrial sources, especially for the shelf stations. Overall, these results suggest a largely uniform
distribution of TDCHO carbohydrates within the area with occasional patches of lower concentrations.

1. Introduction

supposed that this terrigenous organic matter (DOM + POM) delivered
by rivers was refractory compared with the organic matter freshly pro-

The Arctic Ocean is considered an important site of deep-water
formation in the Northern Hemisphere because it actively contributes
to the global thermohaline circulation and consequently, it plays an
important role to the vertical flux of dissolved organic matter (DOM)
(Anderson, 2002). Despite its low volume and surface compared with
other oceans (~1% of the global ocean volume), the Arctic Ocean
receives the highest amount of terrestrial input in terms of freshwater
discharges of particulate organic matter (POM) and DOM (POM +
DOM ~ 0.22-0.336 GT C y~ !; Dittmar and Kattner, 2003). Therefore, it
is unsurprising that DOC values recorded nearshore on the Arctic conti-
nental shelf are among the highest in the world (~100 pM; Rich et al.,
1997; Wheeler et al., 1997; Skoog et al., 2001).

Although numerous rivers enter into the Arctic Ocean, the four most
important in terms of discharges are the Ob, Yenisey, and Lena from
Siberia, and the Mackenzie from North America. For a long time it was
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duced in the Arctic shelf and basin (de Leeuw and Largeau, 1993; Peulvé
et al., 1996; Macdonald et al.,, 1998; Fernandes and Sicre, 2000). Never-
theless, recent studies in this area based on lipid biomarker analysis
(Rontani et al., 2012a,b), compound specific isotopes (Drenzek et al.,
2007), and 228Ra/??Ra isotopes (Hansell et al., 2004; Letscher et al.,
2011) indicate that this material “disappears” rapidly via abiotic or biot-
ic processes. In line with these results, bulk A'“C and lignin-phenol data
on Arctic riverine DOM suggested that this terrestrial material exhibits
modern radiocarbon ages (Benner et al.,, 2004; Amon et al., 2012).

The chemical composition of the Arctic rivers has been well docu-
mented in the literature in terms of amino acids (Lara et al., 1998;
Amon and Meon, 2004; Unger et al., 2005), sugars (Amon and Benner,
2003; Dittmar and Kattner, 2003; Unger et al., 2005), and lipids (Goiii
et al,, 2000; Zou et al., 2006; van Dongen et al., 2008). However, much
less is known about the sources, distribution, and bioavailability of
these compounds in the Arctic Ocean. Previous studies have indicated
that in the Arctic Ocean freshly produced organic matter has high
turnover rates and is labile; however, these rates of production and



consumption differ between the different areas of the Arctic because
they are closely linked to the biogeochemical characteristics of each
site (Rich et al., 1997; Cottrell et al., 2006; Kirchman et al., 2009;
Ortega-Retuerta et al., 2012). For example, the Chukchi and Beaufort
Seas, both belonging to the western Arctic Ocean, exhibit different
productivities, receive different amounts of nutrients, and experience dif-
ferent effects from rivers (Hill and Cota, 2005; Carmack and Wassmann,
2006; Grebmeier et al., 2006; Lavoie et al.,, 2009). In addition, the quantity
and quality of DOM in both areas appear quite different in terms of
dissolved organic carbon (DOC) content (Fransson et al., 2001; Mathis
et al., 2005), chromophoric-DOM properties (CDOM; Guéguen et al.,
2005; Matsuoka et al., 2012), optical characteristics including fluores-
cence (Osburn et al., 2009; Para et al., 2013), and amino acid content
(Shen et al., 2012). However, the quality and bioavailability of organic
matter cannot be evaluated fully if additional measurements of other
“labile” organic compounds (e.g. carbohydrates) are not taken into
account.

Currently, there is a paucity of data regarding the carbohydrate com-
ponent of DOM in the Arctic Ocean. Previous investigations have report-
ed bulk carbohydrate measurements in the Chukchi Sea (Wang et al.,
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2006), but almost no carbohydrate data exist for the Beaufort Sea, into
which the Mackenzie River discharges (Amon and Benner, 2003). Inter-
estingly, the Beaufort Sea could be considered as an example of a shelf
region with a large riverine input and narrow shelf, characterized by
short transport times for the injection of terrestrially-derived organic
matter into deeper waters (Macdonald et al., 1998; Davis and Benner,
2005; Mathis et al., 2007; Lalande et al., 2009). Therefore, the Beaufort
Sea might serve as a model system for future climate scenarios in the
Arctic Ocean, in which several features are currently observed. These
features include (a) the increase in river runoff, (b) increase in UV radi-
ation, (c) permafrost thawing, and (d) decrease in ice cover (Peterson
et al., 2002; Grigoriev et al., 2004; Stroeve et al., 2005; Rawlins et al.,
2010; Long and Perrie, 2013; Fichot et al., 2013). Therefore, the chemical
characterization of the autochthonous and allochthonous components
of Arctic-DOM appears critical, not only with regard to the evaluation
of their relation with the sources and cycling pathways, but also with
regard to the comprehension of the Arctic system evolution.

The MALINA (Mackenzie Light aNd cArbon) cruise was conducted in
the Beaufort Sea in 2009 with the objectives assessing the impact of
climate changes on the fate of terrestrially-derived organic carbon
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exported to the Arctic Ocean, bacterial biodiversity and the photosyn-
thetic production of organic carbon. Here, we report the first individual
dissolved carbohydrate concentrations in the Beaufort Sea together
with carbohydrate values of the Mackenzie River plume. Using these
data we monitored the spatial variation of the DOM carbohydrate
component from the river plume (continental shelf) to the limits of its
extension (continental slope-Beaufort Sea basin). Finally, based on spe-
cific monosaccharide ratios, we evaluated the major sources of organic
matter (terrestrial vs marine) and degradation mechanisms occurring
within the area. In this study, the objectives were as follows:

(a) to study the spatial distribution of the carbohydrate component
of DOM in the Beaufort Sea and its adjacent area (continental
shelf and slope affected by the discharge of the Mackenzie River);

(b) to evaluate the degradation status of DOM using DOM-yields of
total carbohydrates;

(¢) to examine the source and fate of DOM in the Beaufort Sea based
on its carbohydrate component.

2. Materials and methods
2.1. Study area

The Canadian shelf of the southeast Beaufort Sea occupies an area of
~63,000 km?, receives an annual freshwater input from the Mackenzie
River of 330 km? and for a large part of the year, it is covered by sea
ice (Macdonald et al., 1999; Carmack et al., 2004). Primary productivity
increases significantly (about 3-5 times higher) from the river plume to
the more productive area beyond the plume (Carmack and Wassmann,
2006). Freshwater discharge by the Mackenzie River varies greatly dur-
ing the year and generally peaks in summer (June-August) with values
reaching as high as 25,000 m? s~ ! (O'Brien et al., 2006). This freshwater
input has an important effect on the physical characteristics of the
southern Beaufort Sea, because it maintains the strong thermohaline
gradient that is responsible for the basin's surface water stratifica-
tion. In terms of particle inputs, the Mackenzie River delivers the
highest amount of sediment 125 x 10° kg yr—! and POC (1.8-2.1 x
10° kg yr~— ') compared with other Arctic rivers (Dittmar and Kattner,
2003; Rachold et al., 2004). The annual flux of DOC of the Mackenzie
River exhibits similar values to POC (~1.04-1.76 x 10° kg yr—';
Raymond et al., 2007; Holmes et al., 2012). The Mackenzie River almost
exclusively drains the Canadian side of North America, where as much
as ~2/3 of the DOM delivered to the continental shelf is rapidly miner-
alized in the coastal zone, compared with the much smaller (~30%)
amount of DOM delivered to the Eurasian shelf (Hansell et al., 2004).
During this open-water study period, the Mackenzie River discharge
was ~12,000 m? s~ ! (http://www.ec.gc.ca/rhc-wsc/), the coastal area

Table 1

was characterized by an unusual extent of ice cover, and the weather
was predominately overcast.

2.2. Sampling

Seawater collection was undertaken within the framework of the
MALINA project in the southeast Beaufort Sea from July 30 to August
27,2009, onboard the icebreaker CCGS Amundsen. The sampling sta-
tions were distributed along seven transects with increasing numbers
from north to south covering the Mackenzie plume and the broader
continental shelf area (Fig. 1). To compare our results with previously
obtained data on amino acids from the same area (Shen et al., 2012),
the sampling stations were categorized into shelf (bottom depth <
100 m, S > 27 psu), slope (100 m < bottom depth < 1000 m), and
basin (bottom depth > 1000 m) areas. As in Shen et al. (2012), the surface
water layer of the slope and basin regions was defined as 0-80-m depth
(Table 1).

In total, 29 stations were sampled using Niskin bottles equipped
with O-rings and silicon tubes to avoid chemical contamination. For
DOC and TDCHO determinations, samples were transferred from the
Niskin bottles through a Polycap AS 75 (Whatman®) 0.2-pm nylon filter
membrane cartridge into 10-mL glass ampoules (Wheaton®) and
40-mL Falcon vials (previously cleaned with 10% of HCl and Milli-Q
water), respectively. Prior to sampling, the glass ampoules and falcon
vials were rinsed three times with the respective sample volume,
while Polycap cartridges were washed successively with 5% of HCI,
Milli-Q water, and 4-5 L of seawater before sampling (Para et al.,
2013). For each sample, a new cartridge was used. In general, duplicate
seawater samples were collected for both DOC and TDCHO analyses. For
DOC analysis, the samples were acidified onboard with 20 pL H3PO,4
(85%) and then flame sealed. Finally, the DOC and TDCHO samples
were stored in the dark at 4 °Cand — 20 °C, respectively, until laborato-
ry analysis on land.

Shallow coastal waters were sampled using a zodiac along two tran-
sects located in the two main effluent streams of the Mackenzie River.
Sampling was performed manually at the surface (0.5-1 m) using 5-L
clean carboys. All glassware (i.e. bottles, vials, beakers, ampoules, and
pipettes) including quartz wool, used in this study for sampling and
subsequent DOC and TDCHO determinations, was combusted at 450 °C
for 6 h prior to use.

3. Chemical analyses
3.1. Dissolved organic carbon (DOC) determination

DOC concentration was measured by high-temperature combustion
on a Shimadzu TOC 5000 analyzer, as described in Sohrin and Sempéré

Average values of bulk parameters (Chl o, DOC, and TDCHO) and physical characteristics (bathymetry and salinity) measured in the continental shelf (bottom depth < 100 m,
salinity > 27 psu), slope (bottom depth 100-1000 m), and basin (bottom depth >1000 m) of the Beaufort Sea (Fig. 1). The contribution of TDCHO to the DOC pool is also given.

Station Depth (m) Salinity (psu) Chla (ug L") DOC (umol L™ 1) TDCHO (nmol L™ 1) TDCHO-C/DOC TDCHO-C +
TDAA-C?/DOC
Shelf
0-80 m 14 + 16 25.88 + 8.15 0.44 + 0.25 115.6 + 86.02 965.3 + 3614 6 + 4% 7 + 3%
(n=24) (n =23) (n=238) (n = 24) (n = 24) (n=24) (n=21)
Slope
0-80 m 35 +£27 29.12 + 3.97 0.34 + 037 729 + 242 678.5 + 262.7 6+ 2% 7 + 3%
(n=29) (n =29) (n=17) (n=29) (n=129) (n=29) (n = 26)
>80 m 170 + 50 33.47 £ 0.770 ND 589 + 2.21 540.3 + 284.8 54 3% 7+ 3%
(n=28) (n=28) (n=28) (n=28) (n=28) (n=28)
Basin
0-80 m 35 4+ 33 28.47 + 3.36 0.19 + 0.22 65.1 + 104 899.5 + 321.3 8+ 3% 10 + 3%
(n=10) (n=10) (n=10) (n=10) (n =10) (n=10) (n=28)
>80 m 516 4 575 34.15 + 0.718 ND 534 + 333 464.9 + 91.74 5+ 1% 6+ 1%
(n=12) (n=12) (n=12) (n=12) (n=12) (n=28)
ND: no data.

2 Total dissolved amino acid (TDAA) data are from Shen et al. (2012).



(2005) and Para et al. (2013) A four-point calibration curve was con-
structed daily using standards prepared by diluting a stock solution
of potassium hydrogen phthalate in Milli-Q water. To avoid random
errors associated with day-to-day instrument variability, all samples
from a given experiment were analyzed in a single day. The proce-
dural blanks (i.e., runs with Milli-Q water) ranged from 1 to 2 uM C
and were subtracted from the values presented here. Deep seawater
reference samples (provided by D. Hansell, Univ. of Miami) were run
daily (43.5 UM C, n = 4) to check the accuracy of the DOC analysis.

3.2. Total dissolved carbohydrate (TDCHO) determination

3.2.1. Carbohydrate extraction and isolation

Aliquots of 6-8 mL were desalted using dialysis tubes with a molec-
ular weight cut-off of 100-500 Da (Spectra/Por® Biotech cellulose
ester) (Engel and Handel, 2011). Prior to use, the dialysis tubes were
rinsed with Milli-Q water to remove sodium azide. Before applying the
sample, the interior of the tube was rinsed three times with 4-5 mL of
Milli-Q water and then with an aliquot (1-2 mL) of the sample. The
dialysis tube was then filled with 8 mL of the sample and dialysis con-
ducted into a 1-L beaker filled with Milli-Q water at 4 °C in the dark. Di-
alysis was achieved after 4-5 h (salinity dropped from 35 to 1-2 g L™ 1).
Prior to sample removal, the tubes were placed into an ultrasonic bath
for 5 min. The samples were then transferred into 40-mL Falcon vials
(previously cleaned with 10% HCl and Milli-Q water) frozen at —30 °C
and freeze dried. The obtained powder was hydrolyzed with 1 M HCI
for 20 h at 100 °C and the samples were again freeze dried to remove
HCI (Murrell and Hollibaugh, 2000; Engel and Handel, 2011). As a pre-
caution, we ensured the complete removal of HCl by adding 2-3 mL of
Milli-Q water and repeating the freeze-drying process. The dried sam-
ples were re-dissolved in 4 mL of Milli-Q water, filtered through quartz
wool, and pipetted into scintillation vials. The vials were kept at 4 °C
until the time of analysis (this never exceeded 24 h). Finally, it is
important to note that the current desalination procedure does not
allow the determination of the dissolved free monosaccharides
(i.e., sugar monomers present in samples with MW ~ 180 Da) because
these compounds are lost/poorly recovered during the dialysis step.

3.2.2. Liquid chromatography

Carbohydrate concentrations in the samples were measured by
HPAEC-PAD according to Mopper et al. (1992) and were modified
following Panagiotopoulos et al. (2001, 2012). Briefly, neutral and
amino monosaccharides were separated in an anion exchange column
(CarbopacPA-1, Dionex) by isocratic elution (mobile phase 19 mM
NaOH), and were detected by an electrochemical detector set in the
pulsed amperometric mode (Panagiotopoulos et al., 2012). Acidic
monosaccharides (uronic acids) were detected in a separate analysis
using gradient conditions (Panagiotopoulos et al., 2012). The flow rate
and column temperature were set at 0.7 mL min~ ' and 17 °C, respec-
tively. Data acquisition and processing were performed using the Dionex
software Chromeleon.

The recovery yields of the complete procedure (dialysis and hydroly-
sis) were estimated using standard polysaccharides (laminarin and
chondroitine sulfate) and ranged from 82 to 86% (n = 3). Repeated
injections (n = 6) of a dissolved sample resulted in a CV of 12-15% for
the peak area for all monosaccharides. Adonitol was used as an internal
standard and was recovered at a rate of 80-95%; however, we have
chosen not to correct our original data. TDCHO corresponded to sum
of neutral, amino, and acidic monosaccharides.

3.3. Statistics

The Mann-Whitney U test (two tailed, & = 0.05) was used to assess
the statistical differences between unequal group sizes, as previously
employed in the same area by Shen et al. (2012). This approach was im-
portant in order to compare our sugar data with the data on amino acids

obtained by previous authors. Statistics were performed using the
statistical package XLSTAT 2010.2 (Microsoft Excel add-in program).

4. Results
4.1. General observations on DOM and TDCHO characteristics

During the study period, average DOC concentrations in the surface
waters (0-80 m) of the Beaufort Sea Mackenzie margin varied from
115 to 65 pM, with higher values observed within the area of the con-
tinental shelf into which the Mackenzie River discharges (Table 1;
Fig. 2A). Lower values ranging from 53 to 59 uM were observed at
higher depths (>80 m), which is in agreement with previous studies
conducted in the same area (Emmerton et al., 2008) and/or the general
DOC concentrations recorded in intermediate waters in the Arctic
system (Amon and Benner, 2003). As expected, DOC concentrations de-
creased with depth and increasing salinity, whereas they showed differ-
ent correlations with salinity in each geographical sector (shelf, slope,
and basin). DOC was strongly correlated with salinity in the shelf area
(R? = 0.91, p < 0.0001, n = 24), but a weaker correlation was found
for the basin area (R?> = 0.68, p = 0.0003, n = 12), indicating conserva-
tive mixing between the shelf and basin waters, which corroborates
previous studies (Dittmar and Kattner, 2003 and references therein).
In the basin area, DOC concentrations generally peaked in the surface
waters together with a maximum of deep chlorophyll; however, while
this trend was not always observed for the shelf and slope areas, possi-
bly reflecting the presence of both allochthonous and autochthonous
organic matter.

TDCHO concentrations varied from 425 to 1766 nM with higher
average values observed on the continental shelf (Table 1; Fig. 2B).
TDCHO profile concentrations closely followed DOC patterns and de-
creased with depth (Fig. 3). Below 80 m, average TDCHO concentrations
were 540 and 465 nM for the slope and basin areas, respectively
(Table 1). In contrast to DOC, TDCHO did not always exhibit a significant
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Fig. 2. Vertical profiles for the shelf, slope, and basin areas for (A) DOC and (B) TDCHO.



relationship with salinity. As such, TDCHO did not correlate at all with
salinity in the shelf area (R> = 0.0008, p = 0.8920, n = 24), while
significant correlations were observed for the slope (R?> = 0.189, p =
0.0057, n = 37) and basin (R? = 0.51, p = 0.0042, n = 12) areas. Our
TDCHO concentrations are within the same range as previously re-
ported for dissolved neutral sugars in the Arctic system (34-2856 nM,
Rich et al., 1997; 163-1253 nM, Engbrodt and Kattner, 2005) and other
oceanic regimes (128-490 nM, Skoog and Benner, 1997; 58-890 nM,
Sempéré et al., 2008) including Antarctica (300-3000 nM; Kirchman
et al.,, 2001). However, our TDCHO values are much lower and not
comparable with those recorded in the western Arctic (Chukchi Sea;
750-3150 nM). This is because the latter values were obtained
using a colorimetric technique (TPTZ), which is well known to in-
clude a much broader spectrum of carbohydrates (e.g., methylated sugars
and amino sugars) in the analysis (Panagiotopoulos and Sempéré, 2005;
Panagiotopoulos et al., 2013).

The contribution of TDCHO to the DOC pool (name hereafter
TDCHO-C/DOC or TDCHO-yields) was higher in the surface water of
the basin area (8 + 3%, n = 10) than the slope (6 4 4%, n = 24) or
shelf sites (Table 1). Below 80 m, TDCHO-yields for both slope and
basin areas were ~5%. Similarly, as above, our values are lower than re-
ported for the Chukchi Sea (13-20%; Wang et al., 2006), but are in
agreement with those from the Arctic system (<10%; Rich et al., 1997)
including ultrafiltrated DOM from the Arctic rivers (Amon and Benner,
2003). Interestingly enough, a similar range of TDCHO-yields (1-11%)
has been reported in the Ross Sea, Antarctica (Kirchman et al., 2001).

4.2. TDCHO compositional patterns

During the study period the major neutral sugar classes detected in
the TDCHO pool comprised aldohexoses (glucose, mannose, and galac-
tose), aldopentoses (arabinose and xylose), and deoxysugars (fucose
and rhamnose). Charged monosaccharides such as aminosugars (glu-
cosamine) and uronic acids (galacturonic acid) were also detected,
whereas ribose (aldopentose) concentrations were below the detection
limit. Aldohexoses were always the most abundant compound class
(197-1456 nM; 72-82% of TDCHO) at all sites and depths followed by
aldopentoses (38-311 nM; 5-28% of TDCHO), and deoxysugars
(20-174 nM; 4-11% of TCHO). Charged monosaccharide concentrations
varied from 11.4 to 110.8 nM and represented 1-10% of TDCHO
(mean = 5 + 2%, n = 81). Glucose was the most abundant monosac-
charide in all samples (~50%) followed by galactose (~18%), mannose
(~11%), and xylose (~8%) (Fig. 4A, B). The remaining monosaccharides
contributed <4% to the TDCHO pool. Our results indicate that the rela-
tive abundance of glucose decreased from the inshore to the offshore
stations, whereas the opposite trend was observed for xylose in the sur-
face samples (0-80 m; Fig. 4A). Galactose and mannose did not seem to
exhibit changes in their relative abundance in the surface samples at
either the offshore or the inshore stations. As a general trend, the relative
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Fig. 3. Example of a typical comparison profile between DOC and TDCHO at station 620
(see Fig. 1).

abundance of glucose increased with depth. Moreover, the relative abun-
dances of most monosaccharides did not vary considerably at depths
>80 m between the offshore and inshore stations (Fig. 4B).

Previous investigations conducted in the Arctic Ocean have reported
glucose abundances of the order of 40% in surface samples (0-40 m;
Rich et al., 1997), whereas much lower values have been recorded for
the adjacent Arctic rivers (25-28% of TDCHO; Engbrodt, 2001). Notably,
similar glucose abundances have been reported for Antarctic surface
DOM samples (35-37%; Kirchman et al., 2001). The glucose contribu-
tion to the TDCHO pool reported in this study (37-67%) falls within
the same range of values recorded in other oceanic regimes including
the Pacific Ocean (Rich et al., 1996; Skoog and Benner, 1997; Sempéré
et al., 2008) and the Sargasso Sea (Borch and Kirchman, 1997).

5. Discussion

5.1. Distribution of TDCHO in the Mackenzie River plume and the Beaufort
Sea margin

Average surface DOC values in the surface layer (0-80 m) were
higher in the western part (230 & 150 pM n = 4; transect 600) of the
Mackenzie River plume than in the eastern part (107 £ 65uM n = 9;
transect 300) and they decreased from the shelf to the basin area
(Figs. 5A and 6A). This feature is in agreement with previous results
indicating that the river plume of elevated DOC is moving towards the
east rather than the west, which is consistent with the general trend
of Mackenzie River water moving towards the Canadian Archipelago
in most years (Macdonald et al., 2002; Macdonald and Yu, 2006). The
high DOC concentrations recorded in the shelf area most likely reflect
the high amount of organic matter delivered by the Mackenzie River
as well as high primary productivity (Lavoie et al., 2009; Para et al.,
2013; Raimbault, unpublished data). Interestingly, the highest primary
productivity value was recorded at station 398 (544 mg m—>d~!)
and the lowest at station 320 (1.34 mg m—> d ') for the upper mixed
layer (Raimbault, unpublished data).

TDCHO concentrations in surface waters (0-80 m) showed signifi-
cant differences (Mann-Whitney U test; p < 0.05, n = 15) between
the two transects and did not always follow DOC patterns (Figs. 5A
and 6B). Hence, TDCHO concentrations decreased from the shelf to
basin waters for the 600 transect (846-600 nM); while they remained
almost stable (1190-1186 nM) for the 300 transect (Fig. 1). The low
value recorded in the slope waters of the 300 transect (519 nM; station
340) could not be explained in this study; however, an adjacent station
(345) exhibited a similar value (673 nM) indicating that this result
was not related to the analysis, but rather to other environmental
factors (Fig. 6B). Primary production (PP) and bacterial production
(BP) values did not vary significantly (PP: p = 0.507, n = 24; BP:
p = 0.254, n = 14) between the two transects (i.e., 300 and 600).
This further suggests that the accumulation of TDCHO in the surface
waters in the eastern part of the river mouth cannot be explained in
terms of in situ organic matter production and/or consumption.

Previous investigations have indicated that the movement of the
Mackenzie River plume depends mainly on wind conditions and that
easterly winds are responsible for the transport of water offshore from
the continental margin (Macdonald et al., 2002; Forest et al., 2013). As
shown by the salinity distribution, the western transect (i.e., 600) is
affected more by the river plume (in terms of DOC) than the eastern
transect (Para et al., 2013; Shen et al., 2012); however, this does not
seem to be reflected in the sugar content. From a geographical point
of view, the eastern transect (i.e., 300) is surrounded by more topo-
graphical features (Banks Island to the east and numerous lakes and
rivers to the south between 129 and 133°W) than the western part. Fur-
thermore, during the field campaign, southeasterly winds could have
caused advection of the ice pack northwards (Forest et al., 2013). This
suggests that terrestrial organic matter inputs (e.g., aeolian inputs)
other than from the Mackenzie River may also be an important source
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of TDCHO in the area, and perhaps they could explain the accumulation
of carbohydrates in the eastern part of the river mouth transect (tran-
sect 300). Alternatively, the accumulation of carbohydrates in the 300
transect might be related to other local sources. For example, sea ice
is known to contain dissolved carbohydrate extracellular polymeric
substances produced by microalgae and bacteria (Underwood et al.,
2013). According to the previous authors, these dissolved carbohydrates
could account for as much as 36% of the sea-ice DOC concentration,
which could be released following summer ice melt into the DOM. In
any event, our results are further supported by similar TDCHO distribu-
tion from the shelf to the basin surface waters (0-80 m) recorded along
the adjacent 200 (TDCHO range: 973-1025 nM) and 400 (TDCHO
range: 1070-1130 nM) transects relative to the 300 transect (TDCHO
range: 1186-1190 nM; Figs. 1 and 6B). TDCHO values below 80-m
depth were in agreement with our above observations and were higher

for the 300 transect (TDCHO range: 505-632 nM) than for the 600
transect (TDCHO range: 326-509 nM), indicating again an excess of
carbohydrates in the eastern sector of the studied area.

Finally, it is worth noting that TDCHO concentrations were higher in
the sector 130-135°W compared with adjacent sectors (135-140°W
and 125-130°W; Fig. 6B), which agrees well with the high bacterial car-
bon demand (BCD) to PP ratios (BCD/PP) recorded in the same sector
(e.g., 130-135°W; Ortega-Retuerta et al., 2012). These results further
indicate that in this particular area of the eastern Mackenzie margin,
although net heterotrophic, labile organic compounds as generally
assumed to be the carbohydrates do not seem to disappear, but rather
they accumulate in the surface waters. Previous experimental and
field-based work at the BATS site has also demonstrated that total neu-
tral carbohydrates can resist degradation on at least monthly timescales
(Goldberg et al., 2009). This feature might reflect differences in the



production and/or consumption of these compounds within this area,
while external inputs of organic matter containing carbohydrates
might also be important.

Overall, and in contrast with DOC and amino acids, TDCHO concen-
trations in the surface waters (0-80 m) in the Beaufort Sea Mackenzie
margin did not exhibit drastic changes from the shelf (TDCHO =
965 + 361 nM, n = 24) to the basin area (TDCHO = 900 + 321 nM,
n = 10). However, patches of higher and lower concentrations were
observed in the studied area (Table 1; Fig. 6B). This further indicates
an accumulation of TDCHO in the Mackenzie River plume and the
broader continental margin, which is probably related with slow cycling
of TDCHO in the surface waters. TDCHO concentrations did not correlate
with low salinities, typical of the Mackenzie River influence, in the sur-
face waters of the shelf area. This further implies that the Mackenzie
River is not the only source of TDCHO in the area, and that perhaps in
situ production of TDCHO via PP or other external terrestrial inputs of
organic matter (see above) might be equally important.

5.2. Bioavailability of TDCHO

The freshness of the DOM in the studied area has been evaluated
using TDCHO-yields (Skoog and Benner, 1997; Amon et al., 2001; Amon
and Benner, 2003). According to Amon and Benner (2003), TDCHO-
yields >4% are typical of freshly derived phytoplankton DOM, whereas
TDCHO-yields <2.5% are indicative of old DOM or terrestrial DOM
derived from rivers. Our results agree with these features because we
found very low values (~2%) in the inshore stations (697; 398), whereas
values > 6% were recorded for the surface waters of the slope and basin
areas (Table 1). Interestingly, the highest TDCHO-yields recorded in this
study were along the 300 transect (range 5-15%) in the surface waters
(Fig. 5B). However, these high values of TDCHO-yields should not neces-
sarily be regarded as fresh material, because TDCHO concentrations
were relatively constant along this transect (1190-1186 nM; see
above), whereas DOC decreased rapidly, resulting in such high values
of TDCHO-yields. On the other hand, TDCHO-yields showed a rapid de-
crease with depth together with TDCHO concentrations and DOC, which
further indicates a selective removal of carbohydrates from the DOM
pool (Table 1).

The amount of the semi-labile DOC in surface waters was calculated
after subtraction of deep seawater DOC values from surface values and
divided by DOC. Our results showed that the semi-labile DOC accounted
for 10-40% and 20-50% of DOC in the slope and basin areas, respectively
indicating a gradient of “lability” from the shelf to the basin area.
Although not all of the carbohydrate are “labile compounds”, the
above result is in general agreement with our TDCHO-yields (Table 1),
which were also increased from the shelf to the basin area. These results
suggest a different diagenetic state/freshness between the shelf and
basin area based on the carbohydrate component of DOM.

Similar to total dissolved amino acids (TDAA), TDCHO concentra-
tions also exhibited significant relationships with BP, although they
were weaker relative to TDAA (Ortega-Retuerta et al.,, 2012), highlight-
ing the importance of carbohydrates in the semi-labile carbon pool. No-
tably, stronger relationships were estimated for the basin (R? = 0.3595,
n = 11, p < 0.05) and slope areas (R? = 0.2273, n = 26, p < 0.05),
whereas the relationship was not significant for the shelf area (R?> =
0.0145, n = 22, p = 0.57). The lack of correlation between BP and car-
bohydrates in the surface waters of the shelf area confirms our above
findings, indicating that most of the carbohydrate in the shelf area is
of “recalcitrant” nature, whereas in the offshore stations, TDCHO are a
mixture of “recalcitrant” and semi-labile organic matter produced in
situ. This result is the opposite to that for amino acids where the high
TDAA-yields recorded in the shelf area (1-1.5%) are indicative of an in
situ source shelf-produced organic matter, rich in amino acids and
poor in carbohydrates (Davis and Benner, 2005, 2007; Shen et al.,
2012). Again, in contrast with TDCHO-yields (Fig. 5B), TDAA-yields de-
creased rapidly or remained constant in the surface waters of the shelf

to the basin area, reaching values as low as 0.7%, typical of recalcitrant
DOM, as suggested by the previous authors. However, DOM in
the surface waters of the basin also contains labile carbohydrates (see
above) and as such, its degradation status cannot be evaluated accurately
using only TDAA-yields as indicators. These results suggest that a com-
bined yield of TDCHO plus TDAA might be more accurate for assessing
the bioavailability of DOM in terms of its potential “labile” components.
The sum of the amino acid and carbohydrate-yields accounted for 7-10%
of DOC in the surface waters with higher values recorded in the basin
area (Table 1).

5.3. Sources and fate of TDCHO in the Beaufort Sea Mackenzie margin

Although carbohydrates are ubiquitous compounds in nature and
may originate from several sources in coastal environments (autochtho-
nous and allochthonous inputs), we assessed their possible origin using
specific ratios, similar to previous studies (Cowie and Hedges, 1984;
Guggenberger et al., 1994; da Cunha et al., 2002; Panagiotopoulos
et al., 2012). For example, fucose and rhamnose are mainly found in
microorganisms and bacteria (e.g., soil material), while arabinose and
xylose are mostly produced by plants (Oades, 1984; Guggenberger
et al,, 1994). Therefore, the (Fuc. + Rha.)/(Ara. + Xyl.) ratio may be
used to discriminate soil and/or bacterially derived organic matter
(when the ratio is >0.5-2) versus plant-derived carbohydrates (when
the ratio is <0.5). Our results showed that the (Fuc. + Rha.)/(Ara. +
Xyl.) ratio was ~0.7 at the coastal inshore stations and that it decreased
to 0.4 in the offshore stations (Fig. 7A, B). In addition, the (Fuc. + Rha.)
percentage (calculated on a glucose-free basis) was exceptionally
high in the surface waters of inshore stations 697, 695, 398, and 390
(Fig. 1), ranging from 15 to 30%, which suggested a bacterial and/or
soil source. This result corroborates the high C/N ratios measured in
these stations (C/N = 19-33; Fig. 6), typical of soil-derived DOM
(Kaiser et al., 2004; Kawahigashi et al., 2006). This soil signature record-
ed in the Mackenzie shelf area reflects the route of the Mackenzie River
through lakes and wetlands, which contribute >50% of its water mass
(Yi et al., 2010; Fichot et al., 2013).

Alternatively, these high C/N ratios (19-33) could reflect an average
of local in situ planktonic DOM production (C/N ~ 10-12) and terrestrial
plant influence (C/N > 40) (Amon and Meon, 2004). A survey assessing
the distribution of lignin phenols — typically produced by vascular
plants — in the DOM of the major Arctic rivers demonstrated that the
Mackenzie River was unique compared with other rivers in terms of
its low lignin discharge (3.60 Gg yr—') and lack of correlation between
lignin and '*C age (Amon et al., 2012). The authors explained this result
in terms of the rapid removal of fresh vascular plant-derived organic
matter from the DOM during freshet, absorption of fresh lignin-rich
DOM onto suspended particulate matter, and the major influence of
the wetlands and lakes on the DOM composition. Although, in our
study we have not measured lignin phenols, the above findings are in
agreement with our results, suggesting that DOM in the Mackenzie
shelf has a more pronounced soil signature than terrestrial plant influ-
ence. This result is reinforced by the high (Fuc. + Rha.)% values mea-
sured at the shelf stations implying a soil source, although these
monosaccharides are also produced in smaller amounts by planktonic
organisms (Cowie and Hedges, 1984). On the other hand, the C/N ratios
measured in the surface waters for the offshore slope and basin stations
of the 300 transect varied from 11 to 12, whereas those of the 600 tran-
sect were much higher, ranging from 16 to 18 (Fig. 7). Similar patterns
were observed for the (Fuc. + Rha.)% relative abundance, with lower
values obtained from the 300 transect (3-5%) possibly reflecting a
planktonic source, and the higher values (7-9%) for the 600 transect
reflecting the influence of the Mackenzie River.

As indicated above, the high C/N ratios together with high (Fuc. +
Rha.)% abundance are indicative of a soil-derived source. However, the
(Fuc. + Rha.)/(Ara. + Xyl.) ratios of ~0.5, recorded for the 600 transect,
might also indicate a possible vascular plant contribution from the
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Fig. 7. C/N and (Fuc. + Rha.)/(Ara. + Xyl.) ratios for the (A) 300 and (B) 600 transects. The stations of each transect are also included (Fig. 1).

Mackenzie River (Fig. 7). Indeed, recent studies have reported the
presence of n-alkanes and n-alkanols (Tolosa et al., 2013) as well as
dehydroabietic acid (Rontani et al., 2014) on suspended organic matter
and sediments during the same cruise, indicating a terrestrial plant
source possibly derived from gymnosperms. This result is further sup-
ported by the low values Xyl.% (13-17%), typical of gymnosperm
wood or tissues (Cowie and Hedges, 1984). However, it is important
to note that this range of Xyl.% values has also been recorded in the
cell lysate from phytoplanktonic Emiliania huxleyi (Biersmith and
Benner, 1998) and as such, an in situ autochthonous source of the
carbohydrates cannot be excluded.

Previous investigations of the carbohydrate composition of DOM in
the Mackenzie River have indicated that glucose accounts for between
24 and 28% of TDCHO, suggesting highly degraded organic matter
(Opsahl and Benner, 1999; Engbrodt, 2001). Our results showed that
our offshore and inshore Mackenzie stations (Fig. 1) did not follow
this pattern, as we found high relative abundances of glucose (~50%;
Fig. 5) typical of an autochthonous source produced in situ (e.g., algae,
phytoplankton; Biersmith and Benner, 1998; Hama and Yanagi, 2001),
highlighting the productivity of the shelf of the Mackenzie margin.
These results suggest that the carbohydrate component of the DOM in
the Mackenzie margin appears to have a more pronounced autochtho-
nous origin (based on the high relative abundance of glucose) with an
important contribution from terrestrial sources, especially for the shelf

stations (based on the high C/N ratios; Figs. 1 and 7). Given the current
data, it is difficult to assess the possible contribution of the different
sources of glucose to the DOM in the area and therefore, a more detailed
analysis, including investigations of compound-specific isotopic mea-
surements (8'>C) and lignin phenols, is warranted.

Finally, despite the high glucose% typical of fresh material, the carbo-
hydrate component of the DOM paradoxically does not seem to be re-
moved (see above) from the shelf coastal waters, which leads to an
accumulation of carbohydrates in surface waters. Although more data
on the carbohydrate component of the DOM are required, the current
results confirm the influence of both the relief of the studied area,
which is characterized by a narrow continental shelf, and the anticy-
clonic circulation of the Beaufort gyre, which act to “trap” the surface
waters.

6. Summary and concluding remarks

The objective of this study was to explore the TDCHO features in
terms of their distribution, bioavailability, potential sources, and fate
in the Beaufort Sea Mackenzie margin; an area of the Arctic Ocean sen-
sitive to future climate change. Our results showed that TDCHO concen-
trations in the surface waters (0-80 m) of the Beaufort Sea margin, and
in contrast to DOC and TDAA, did not appear to exhibit drastic changes
from the shelf to the basin area, indicating an accumulation of TDCHO,



perhaps related to their slow cycling in the surface waters. TDCHO-
yields in the surface waters were 6 + 2% and 8 4 3% for the shelf and
basin stations, respectively, indicating a gradient of carbohydrate fresh-
ness from the inshore to offshore stations. Based on C/N ratios and rela-
tive abundances of specific monosaccharides, we conclude that the shelf
area of our study site is mostly affected by soil-derived matter delivered
via the Mackenzie River, with possible contributions from mainly gym-
nosperm terrestrial plants. Overall, the carbohydrate component of the
DOM of the Mackenzie margin appears to have a more pronounced
autochthonous origin (based on the high relative abundance of glu-
cose), with an important contribution from terrestrial sources, especial-
ly for the shelf stations. These results suggest a uniform distribution of
TDCHO carbohydrates within the study area, with occasional patches
of higher or lower concentrations.

Future research within the area could include compound-specific
isotopic measurements for monosaccharides (6'3C) in ultrafiltrated
DOM, as well as in POM and sediments, to better assess their origins
and to evaluate more accurately their distributions. Furthermore, com-
bined analysis of carbohydrates and lignin phenols might also provide
valuable information about their possible terrestrial sources. Finally,
there is a lack of data on the seasonal variability of the DOM composition
of the Mackenzie River and its subsequent influence to the broader shelf
area. Such information would help in the assessment of the future
evolution of the system.
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