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Abstract

:

Optical properties of colored dissolved organic matter (CDOM) were investigated along a latitudinal transect (67°–77° N) in upper water (<80 m depth) of the western Arctic Ocean. The absorption coefficient at 280 nm was 0.48–1.25 m−1, with the average for the oligotrophic basin area (1.04 ± 0.08 m−1) being slightly higher than that of the productive shelf area (0.95 ± 0.16 m−1), implying a decoupling effect between CDOM concentration and biological productivity in the western Arctic Ocean. The spectral slope coefficient S270–350 was negatively correlated with salinity, indicating that DOM molecular weight increases with salinity, and may be affected by melt-water input. Four fluorescent components were identified by excitation emission matrices elaborated by parallel factor analysis, including three humic-like (C1, C3, and C4) components and one protein-like (C2) component. Significant increases in concentrations of terrestrially derived humic-like C3 and C4 components with salinity were observed in the basin, mainly controlled by the physical mixing of surface fresh water and subsurface inflowing Pacific Ocean water. Terrestrial material carried by Pacific inflow is thus an important factor affecting the distribution of CDOM fluorescence components. The C3 and C4 fluorescence components may be useful as tracers of Pacific water in the western Arctic Ocean.
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1. Introduction


Marine dissolved organic matter (DOM) constitutes one of the largest reduced carbon reservoirs on Earth and is actively involved in the carbon cycle, marine food webs, and climatic effects [1]. Colored DOM (CDOM) is the chromophoric fraction of DOM with light-absorbing properties in the oceans [2]. Sources of marine CDOM include terrestrial input, in situ oceanic production, and sediments [3,4,5], with its removal occurring mainly through photodegradation and microbial degradation [3]. Production and removal of CDOM thus affect light attenuation and biological metabolism in the oceans.



Rapid sea-ice loss has increased freshwater storage in the western Arctic Ocean [6], while the intensification of the Beaufort Gyre led to additional freshwater accumulation in the region [7]. Besides, Pacific water inflow through the Bering Strait is increasing and warming [8], and this inflow water is stored below the sea surface once it enters the western Arctic basins [9]. Continuous melting of Arctic sea ice has triggered major changes in the light and nutrient status of the Arctic Ocean [10,11], biogenic gas emissions [12], terrestrial material delivery [13], primary production [14], and phytoplankton composition [15]. Carbon dioxide uptake and organic matter production in Arctic shelf waters appears to have increased as a result [16], but not in the basin waters [17], which is due to the nutrient limitations in the region [11].



Such changes in physical and biogeochemical processes (e.g., expansion of Pacific water inflow, terrestrial input, and microbial degradation) are likely to alter the biogeographic distribution of CDOM. Previous reports have indicated the considerable temporospatial variability of CDOM concentrations in response to changes in hydrographic and sea-ice conditions [18,19], which influence phytoplankton bloom [18] and photodegradation of humic material [19]. The bioavailability of DOM, which supports microbial food webs, also exhibits considerable pan-Arctic variability, with high labile DOM observed in productive shelves (e.g., Chukchi and Barents Seas) and low labile DOM in oligotrophic shelves (e.g., Beaufort and East Siberian Seas) [20]. Considering its complexity in this poorly-sampled region, an understanding of CDOM distribution patterns and their relationship to environmental changes is important in elucidating changes in the carbon cycle and ecosystem of the Arctic Ocean.



Optical properties such as absorption and fluorescence have been used to assess the concentration and composition of DOM [21,22,23,24]. More detailed characterization of fluorescent components of CDOM is provided by excitation emission matrix (EEM) and parallel factor analysis (PARAFAC) modeling [25,26]. Here, CDOM absorption and fluorescence spectroscopy were applied to samples collected along a transect across the Chukchi shelf and Arctic Ocean basin (Figure 1), to obtain the optical properties (aCDOM, S270–350, fluorescent components) of CDOM in the water column. The shelf–basin difference in CDOM concentration was considered in exploring CDOM distribution patterns under different biological-production regimes. We discuss the conservative/non-conservative behavior of CDOM, and its relationship with ice melting and Pacific inflow in the western Arctic Ocean.




2. Materials and Methods


2.1. Study Sites and Sampling


Water samples were collected from the upper water column (sampling depths <80 m) at 11 stations along a 67°–77° N transect in the shelf (water depths <200 m) and basin (water depths >200 m) areas during a summer cruise of the RV Xuelong in the open-water season, 26–30 August 2010 (Figure 1). Samples for CDOM analysis were collected using a Pall in-line glass-fiber (GF/F) filter pre-prepared by soaking in 2 mol·L−1 HCl, washing with Milli-Q water, and combustion at 500 °C for 5 h. Samples were stored at −4 °C pending analysis. The hydrological parameters (i.e., salinity and temperature) and chlorophyll fluorescence were recorded using a pre-calibrated CTD profiler (SBE 911plus, Sea-bird, Bellevue, WA, USA).



Pacific water flow across the Chukchi Sea along three principal pathways (Figure 1). In addition, Pacific water subduct into subsurface layer once it enters the western Arctic Ocean basin. Pacific summer water is located beneath the polar mixed layer, underlie is Pacific winter water. Due to the influence of ice formation and brine reject in wintertime, Pacific winter water has the characteristics of saline and relatively dense. Pacific summer and winter waters distribute in subsurface (50–200 m) of Arctic Ocean basin, consist of the Pacific-origin components of the halocline water.




2.2. Absorption Spectroscopy Analysis


CDOM absorption spectra were acquired using a 2300 dual-beam UV–Visible spectrophotometer (Techcomp, Beijing, China) with a 10 cm quartz cell, a scanning range of 240–800 nm, and spectral resolution of 1 nm. Milli-Q water was used as the blank. Absorbance (A) was converted to absorption coefficient (m−1) using the expression aCDOM (λ) = 2.303 A(λ)/L, where λ is wavelength and L is cuvette length. The absorption coefficient at 280 nm, aCDOM (280), was used as a proxy for CDOM concentration. A non-linear regression method was employed to estimate the spectral slope coefficient (S270–350) over a wavelength range of 270–350 nm using the equation of Markager and Vincent [27]. S270–350 represents the exponential ratio of the spectral slope, which is negatively correlated with DOM molecular weight [27].




2.3. EEM and PARAFAC Modeling


EEM fluorescence spectra were acquired with a Cary Eclipse fluorescence spectrophotometer (Varian, Australia) equipped with a 150 W Xe arc lamp. EEMs were obtained by scanning a series of emission spectra over 230–600 nm at 2 nm intervals with excitation at 200–450 nm at 5 nm intervals. The EEM for each sample was Raman-calibrated and a Raman-normalized Milli-Q water EEM (scanned the same day) was subtracted.



EEM spectra were modeled using PARAFAC analysis with MATLAB 7.5 and the DOM Fluor toolbox [28]. Split-half validation was applied to determine the number of components. PARAFAC analysis decomposed the EEMs into individual components, yielding a concentration score for each component in every sample. Fluorescence intensity of each component was represented by Fmax (in Raman units, RU) [24], calculated by multiplying the concentration score by the maximum excitation and emission loadings for each component.





3. Results


3.1. Variability of Environmental Factors and CDOM Absorption Properties


In summer, high-temperature water (>4 °C) occupies the shelf area (water depths <200 m) of the western Arctic Ocean, with temperatures reaching up to 7.9 °C (Figure 2a). The basin area (water depths >200 m) is occupied by cold water masses (<0 °C), forming a strong temperature gradient with warmer water on the continental shelf. The salinity distribution indicates there was a low-salinity area (<28) on the surface (<20 m depth) of the basin, due to accumulation of freshwater (Figure 2b). Chlorophyll fluorescence highlights spatial differences between shelf and basin areas (Figure 2), with the former being occupied by relatively high-temperature and saline water with relatively high chlorophyll concentrations, and the latter occupied by lower-temperature and fresher water with lower chlorophyll levels. The penetration of warm Pacific water and variability of freshwater input appears to be the major contributor of the environmental factor change.



Along the transect, aCDOM (280) was in the range of 0.48–1.25 m−1 (Mean ± SD 0.95 ± 0.16 m−1; Figure 2d), with the average value for the shelf area (0.90 ± 0.17 m−1) being slightly lower than that of the basin area (1.04 ± 0.08 m−1). S270–350 values were in the range of 0.026–0.037 nm−1 (average 0.030 ± 0.003 nm−1; Figure 2e), with a high-value area (>0.034 nm−1) at the basin surface. The vertical variation in S270–350 was more pronounced than the latitudinal variation in aCDOM (280) (Figure 2e).




3.2. Fluorescent Component Characteristics


Four fluorescent components were identified through EEM–PARAFAC modeling, i.e., three humic-like (C1, C3, and C4) components and one protein-like (C2) component (Figure 3). C1 had excitation maxima at 250 and 295 nm and emission maxima at 398 nm, spanning the EEM regions of humic-like peaks A and M (290–312/370–420 nm), whereas C2 had excitation/emission maxima at 270/315 nm, resembling a combination of tyrosine-like peak B (275/300 nm) and tryptophan-like peak T [29]. C3 had excitation maxima at 260 and 375 nm, and emission maxima at 474 nm. C4 had excitation maxima at 250 and 345 nm, and emission maxima at 418 nm. Both of these are similar to the traditionally defined humic-like fluorescence peaks A (260/380–460 nm) and C (320–360/420–480 nm) [29], respectively.



A correlation analysis was undertaken for different fluorescent components to investigate their internal relationships (Figure 4). Fluorescence components C3 and C4 were strongly correlated (R2 = 0.90; p < 0.001), indicating similar sources and/or controlling factors (Figure 4a). Component C1 was moderately correlated with C4 (R2 = 0.63; p < 0.001) but with deviations (Figure 4b), with C1 being derived mainly from both marine and terrestrial humic components, as indicated by its EEM regions, whereas C3 and C4 are mainly of terrestrial origin. C2 was not correlated with either C1 or C4 (not shown), suggesting distinct temporospatial behavior.




3.3. Variability in CDOM Fluorescent Components


Fluorescent component C1 had the highest fluorescence intensity of 0.010–0.026 R.U. (average 0.019 ± 0.005 R.U.; Figure 5a), with high-intensity areas (>0.02 R.U.) on the surface of the southern shelf (67°–69° N) and in the subsurface in the basin area. Fluorescent component C2 had intensities of 0.004–0.025 R.U. (average 0.014 ± 0.005 R.U.), with higher intensities being distributed mainly at the surface of the basin area (Figure 5b). C3 and C4 had similar intensity distributions, with high-intensity areas (>0.01 R.U.) being distributed mainly in subsurface water (Figure 5c,d).



The intensity distribution of component C1, contributed by terrestrial humic-like peak A and oceanic-source humic-like peak M, is clearly affected by the distribution of Pacific water and its biological activity. The C2 fluorescence intensity was higher in the basin area than on the shelf, consistent with the distribution of aCDOM (280), and indicating that it may not be affected by primary production. Fluorescent components C3 and C4 originate mainly from terrestrial humic-like peaks A and C, with their distributions being particularly affected by Pacific water inflow, which is stored in the basin subsurface layer after entering the Arctic Ocean basin.





4. Discussion


4.1. Shelf–Basin Difference in CDOM Concentration


The magnitudes of biogeochemical variables are usually greater in shelf than basin areas of the western Arctic Ocean, particularly for nutrient concentration [11], primary production [14], and particulate organic carbon concentrations [30], which are associated with productive and oligotrophic systems. However, CDOM absorption coefficient in the shelf area were significant different from and slightly lower than in the basin (Figure 6), which is inconsistent with the high shelf primary productivity. The significance of the difference was analyzed by the non-parametric K-S test and independent t-test based on IBM SPSS 20.0. Previous studies have indicated that biological production has little influence on CDOM distribution on the Chukchi Shelf [31], and that dissolved organic carbon (DOC) concentrations in shelf and basin surface waters are not significantly different in the western Arctic Ocean [32]; DOC and CDOM concentrations are usually strongly correlated [33]. Geographical variations in overall CDOM concentration are thus decoupled from internal biological activity with respect to other biogeochemical parameters involved in productive and low-production systems.



The shelf area of the western Arctic Ocean is one of the most productive ocean areas globally [34], with a predominance of diatoms in the phytoplankton community [35]. DOM sources for the shelf area include inputs from Pacific inflow and sediments, and internal production by biological activity [36]. However, due to the low pelagic consumption limited by low temperatures of the Arctic shelf, the diatom biomass reaches mainly benthic communities [37] and, compared with low-latitude waters, CDOM concentrations in the western Arctic Ocean may not be intrinsically related to overall biological production [38]. Rather, CDOM variations may be related to internal production by a microbial carbon pump that is more active in the basin area than on the shelf. Microbial-origin CDOM fluorescent components are abundant in basin water [19], with previous studies having found a significant increase in levels of the smallest phytoplankton (picophytoplankton) in the basin area in response to environmental changes [39,40].




4.2. Effects of Ice Melting and Pacific Inflow on CDOM Fluorescence


The conservative and non-conservative behaviors of CDOM were evaluated by analysis of correlations between aCDOM (280), SCDOM, fluorescence and salinity (Figure 7). The CDOM absorption coefficient in the basin area increased slightly with salinity, but with no significant correlation (p > 0.05; Figure 7a). The CDOM concentration is affected by the accumulation of freshwater in the basin area, through dilution of low-CDOM melt water. A previous study found a clear reduction in DOC concentration attributable to mixing of low-DOC melt water and high-DOC riverine water [41]. SCDOM was negatively correlated with salinity (R2 = 0.85; p < 0.001; Figure 7b), indicating that the DOM molecular weight increases with salinity, and implying that the major factor controlling the distribution of DOM molecular weight is the mixing of water masses. Low-molecular-weight DOM (Mn < 350 Da) tends to be accumulated in surface water of the Arctic Ocean [42]. Most DOM in both ice and surface water has low molecular weight and is most likely derived from microbial degradation [43].



The concentration of fluorescent component C1 increased with salinity (Figure 7c), whereas that of C2 decreased (Figure 7d), but without significant correlation (p > 0.05). The C1 comprises mainly terrestrial humic-like substances with only a partial oceanic origin, and its distribution is affected by both physical mixing and local production. The protein-like C2 may be derived from autochthonous CDOM of melt water, which is more abundant in surface water and declines with increasing salinity. A prevalence of protein-like substances in ice cores has been observed, most likely due to internal production [43]. The CDOM terrestrial signature is thus weak in surface water (<40 m depth) of the western Arctic Ocean. The CDOM in surface waters of the Canada Basin is characterized largely by autochthonous production, in contrast to riverine input in the Eurasian Basin [44].



Strongly positive Spearman correlations were observed between the fluorescent components C3 and C4 and salinity (p < 0.001; Figure 7e,f). Both C3 and C4 represent terrestrial humic-like fluorescence, carried mainly by the inflow of Pacific water, entering the subsurface layer of the basin. The Pacific water spread up into the subsurface layer (>50 m) once it enters the western Arctic basins [9]. The upper and lower bounds of the Pacific water coincide with the 31.0 and 33.5 salinity, and a temperature range from −2 to around 0 °C [45]. Thus, the spreading of Pacific water is an important contributor to the distribution of fluorescent components. However, the contribution of regeneration cannot be neglected. Early study suggested that the contribution rate of nutrient regeneration to the subsurface nutrient stock can up to 20–30% [46].



Previous report also found that the subsurface layer of basin area has distinctive enriched terrestrial humic EEM signatures [19]. Fluorescent components C3 and C4 can thus trace the distribution of Pacific water in the western Arctic Ocean. Other studies also indicate the potential to use DOM fluorescence in distinguishing between freshwater contributions of melt water, river water, and Pacific inflow [47].





5. Conclusions


The absorption coefficient, aCDOM (280), in the productive shelf area is slightly lower than that in the oligotrophic basin area of the western Arctic Ocean, indicating that CDOM concentration is not coupled with overall biological production, but rather may be affected more by microbial production. The spectral slope, S270–350, is negatively correlated with salinity, indicating that the DOM molecular weight increases with salinity, and may be affected by low-molecular-weight DOM input by melt water. Freshwater storage has shown significant increase in this area under the spin-up of the Beaufort Gyre [6,7]. Fluorescent component C1 contains terrestrial and marine humic-like substances that tend to increase in concentration with salinity, but not significantly. Protein-like C2 decreases with increasing salinity, possibly due to the input of melt water. Fluorescent components C3 and C4 have similar sources and a causal connection. They are represented by terrestrial humic components carried by Pacific water; concentrations of both are positively correlated with salinity and controlled by the physical mixing of freshwater input and Pacific water. Pacific water inflow is a key factor affecting the distribution of CDOM in the western Arctic Ocean. The distributions of the terrestrial humic-like C3 and C4 components can be used as tracers of Pacific water.
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Figure 1. Location of sampling stations along a 67°–77° N transect at ~170° W in the western Arctic Ocean. Blue lines indicate 50, 100, 250 and 1000 m isobaths. Red arrows indicate the various pathways of the Pacific inflow water. Green arrow indicates Beaufort Gyre. Blue arrows indicate riverine freshwater input. 
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Figure 2. Distribution of environmental factors and CDOM absorption properties along the 67°–77° N transect in the western Arctic Ocean. (a) Temperature (°C); (b) salinity (PSU); (c) chlorophyll fluorescence; (d) aCDOM (280) (m−1); (e) S270–350 (nm−1). Black dots indicate data points. 
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Figure 3. Four fluorescent components (C1–C4) identified using EEM–PARAFAC for upper water (sampling depth < 80 m) of the western Arctic Ocean. 
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Figure 4. Correlation analysis of CDOM fluorescent components: (a) C4 and C1; (b) C4 and C3. 
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Figure 5. Distribution of CDOM fluorescent components along the transect (67°–77° N) in the western Arctic Ocean: (a) C1; (b) C2; (c) C3; and (d) C4. 
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Figure 6. Temperature–salinity–aCDOM (280) diagrams for the shelf and basin areas of the western Arctic Ocean. Gray curves represent contours of potential density, σ (kgm−3). The CDOM absorption coefficient (aCDOM (280)) in the shelf area shown significant different from that in the basin. 
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Figure 7. Correlation between salinity and aCDOM (280) (a); S270–350 (b); and fluorescent components (c–f). Highly significant (p < 0.001) and insignificant (p > 0.05) correlations are evident. 
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