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To understand controls on the production and remineralization of recalcitrant dissolved organic carbon (DOC) produced in association with positive net community production (NCP), we simulated upwelling systems of different intensities by combining and incubating whole seawater collected from different depths in the Florida Strait (27°N, ∼79°W). The natural microbial communities in the treatments grew under controlled light and temperature for 15 days (i.e., the autotrophic phase); they were subsequently incubated for 35 days in the dark heterotrophic phase. We analyzed the phytoplankton composition and pigment fluorescence intensity during the light phase, and dissolved organic and inorganic variables during both phases. Initial high or low availability of inorganic nutrients controlled phytoplankton growth and the magnitude of NCP. In the strong upwelling treatment with higher initial inorganic nutrients, 25% of NCP accumulated as DOC after 15 days, however, this material was in turn fully remineralized during the dark phase. In contrast, low nutrients in the weak upwelling treatment limited the magnitude of NCP and accumulated DOC, which represented 11% of NCP. Surprisingly, most of this fraction resisted microbial remineralization in the dark phase, suggesting that upwellings of different intensities affect the quality of dissolved organic matter produced, thereby affecting the timing and location of its remineralization and, hence, its prospects for export to the deep ocean.
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INTRODUCTION

Imbalance between primary production (PP) and respiration in the ocean’s euphotic zone results in net community production (NCP) when integrated through time. When PP is stimulated by external inputs of inorganic nutrients, such as NO3-, new production (Dugdale and Goering, 1967) exceeds community respiration and NCP is positive, with a fraction accumulating as dissolved organic carbon (DOC) (Hansell and Carlson, 1998; Raimbault and Garcia, 2008; Guidi et al., 2016). The freshly-produced DOC that resists immediate degradation may survive long enough to be exported through vertical mixing and overturning circulation, thus contributing to the biological carbon pump (Copin-Montégut and Avril, 1993; Carlson et al., 1994; Ducklow et al., 2001; Hansell et al., 2009). The amount of DOC that escapes rapid remineralization varies across environments and seasons (Carlson et al., 1998; Hansell and Carlson, 1998; Hansell and Peltzer, 1998; Romera-Castillo et al., 2016), however, controls on the production of a resistant fraction that not only accumulates in the system, but also retains a residence time allowing subsequent export, is unresolved.

The net production of DOC depends on the local microbial community composition and growth (Conan et al., 2007; Passow et al., 2007). For example, initial concentrations of inorganic nutrients impact the magnitude and quality of organic matter produced. Diatom cultures under nitrogen and phosphorus limitation release less dissolved organic matter (DOM) and of different composition, with a considerable fraction that is inaccessible to heterotrophic bacteria (Wear et al., 2015; Saad et al., 2016). Indeed, variations in NCP and DOC are often observed in environments experiencing periodic change in nutrient inputs, such as temperate systems during different seasons (Lønborg et al., 2009).

Upwelling systems, especially, are controlled by variations in wind that regulate uplift of nutrient-enriched subsurface waters, thereby stimulating NCP. Nutrient supply to the euphotic zone depends on the upwelling intensity, which impacts the autotroph growth and succession, and thereby reshapes the community structure (Abbott and Zion, 1985; Hanson et al., 2005; Loureiro et al., 2011). As a consequence, local accumulation of DOC should vary under different upwelling conditions, with an estimated ∼40% of the ocean’s net production of DOC occurring in upwelling systems (Hansell and Carlson, 1998). A study from Wetz and Wheeler (2004) during an upwelling event off the Oregon coast identified a small portion of plankton-derived DOC that accumulated after nitrate depletion, and with potential to be transported offshore, however, the efficiency in the subsequent export of this material was not assessed.

Here we seek to understand controls on net DOC production under upwelling conditions of varying intensities and the potential for subsequent export to the deep ocean. We conducted laboratory experiments to recreate upwelling systems of different intensities by mixing waters collected from various depths in the Florida Strait; such a design simulates upwelling in this western boundary current system (Czeschel et al., 2012; Zhang et al., 2017). Laboratory experiments cannot mimic the complexity of nature, but they are useful to understand how controlled variables modify trends and processes on a small scale.

MATERIALS AND METHODS

Seawater for incubations was collected during a cruise across the Florida Strait aboard RV Walton Smith on July 17, 2016 (27°N, 79.5°W), using a rosette coupled with a CTD (conductivity + temperature + depth), from the surface layer (5 m depth), 300 and 600 m. The water was transferred to acid-cleaned 8 L polycarbonate carboys using a silicon tube, then brought to a shore-based laboratory for further processing on the same day as collection. Samples from the various depths were combined at various proportions to a final volume of 8 L each replicate, and prepared in triplicates to simulate three upwelling systems with varying deep source waters: 100% surface water to simulate a non-upwelling system (control); 80% surface + 20% 300 m water to simulate a weak upwelling; and 80% surface + 10% 300 m + 10% 600 m water to simulate a strong upwelling system.

Light Incubations

The carboys were maintained under controlled temperature (∼22°C) and light/dark cycles (16/8 h) for 15 days, with daily manual stirring in order to keep O2 concentrations near supersaturation (∼6.5 mg l-1). During this period, the biological community grew without interference, and samples were taken at fixed time points for the following parameters:

Fluorescence Intensity

Approximately 20 mL of the sample water was collected using test tubes, assessed for phytoplankton fluorescence intensity at 488 nm of excitation and 680 nm emission (10-AU Fluorometer, Turner Designs), and reported as relative fluorescence units (RFU).

Microscopy

Biological samples were fixed with Lugol’s solution to 1% of preservative concentration and refrigerated in 10 mL amber glass vials prior to analysis. The samples where fluorescence intensity increased were stored in 5 mL vials and scanned by fluorescence microscopy (Olympus BX51) in order to identify the main groups of phytoplankton growing in the treatments.

Dissolved Organic Carbon (DOC) and Total Dissolved Nitrogen (TDN)

DOC + TDN were analyzed using a Shimadzu TOC-L system equipped with TNM-L for N detection, located at the University of Miami, following the method described by Dickson et al. (2007). The reference material used for equipment calibration and water comparison was provided by the Hansell CRM program (Hansell, 2005). Briefly, using acid-washed polycarbonate filter holders (Pall Corp.) and silicon tubing, 20 mL of sample passed through pre-combusted (450°F overnight) GF/F filters 0.7 μm nominal poresize and were collected into pre-combusted glass vials. The samples were acidified with 40 μL of 4 N hydrochloric acid (HCl) and stored at 4°C until all samples had been taken through the course of the incubation experiment. DOC concentrations are expressed as μmol kg-1 C, with an analytical precision of 1.4 μmol kg-1. TDN results (μmol kg-1 N) were used to calculate dissolved organic nitrogen (DON) concentrations (μmol kg-1 N) by subtracting the inorganic components of TDN: [DON] = [TDN] – ([NO3 + NO2] + [NH4]), with a detection limit of 0.01 μmol kg-1 for TDN.

Nitrate + Nitrite (NO3- + NO2-) Concentrations

Samples from the incubation were filtered by gravity through Whatman GF/F filters (nominal pore size of 0.7 μmol kg-1) into 50 mL FalconTM tubes and stored frozen until analysis. Nitrate (NO3 + NO2) was reduced to NO using an acidic solution of V3+ (Braman and Hendrix, 1989) and measured by chemoluminescence (Teledyne T200U). Each sample was injected in triplicate and alternated with KNO3 standards in order to minimize analytical error. The detection limit for the method was 0.05 μmol kg-1.

Ammonium (NH4+) Concentrations

Samples (4 mL) were filtered using GF/F into 10 mL FalconTM tubes and immediately analyzed. Samples and NH4+ standard replicates were reacted with 1 mL of orthophthaldialdehyde (OPA) solution for 2 h in the dark and quantified using a fluorometer (Turner Designs) at 350 nm/410–600 nm of excitation and emission wavelength, respectively, with a detection limit of 0.01 μmol kg-1. The method was modified from Holmes et al. (1999) and Letscher et al. (2013).

Phosphate (PO43-) Concentrations

Samples were filtered using GF/F into 50 mL FalconTM tubes and frozen until analysis. Concentrations were determined colorimetrically following Strickland and Parsons (1968) using a Shimadzu UV-1800 spectrophotometer. Samples and KH2PO4 standards were reacted with 1 mL of ascorbic acid + 1 mL of mixed reagent for 30 min and read at 880 nm abs, at a detection limit of 0.05 μmol kg-1.

Silicic Acid (SiO42-) Concentrations

Samples from the light incubations were collected into 50 mL FalconTM tubes, frozen upright and analyzed at the end of light experiment (15 days). Samples and standards (25 mL) were mixed with 10 mL of molybdate solution in pre-cleaned FalconTM tubes. After 10 min, 15 mL of reducing reagent was added to the solution and results were quantified by spectrophotometry after 1 h at 810 nm wavelength, with a detection limit of 0.1 μM (Strickland and Parsons, 1968).

Dark Incubations

After 15 days under light conditions, the waters were prepared for dark incubations in order to measure heterotroph production/consumption processes. For each replicate in each treatment, 80% of the whole water was passed through pre-combusted GF/F filters; the filtrate was then recombined with the remaining 20% of unfiltered water. This filtration aimed to remove the majority of autotrophs and particulate organic matter (POM), relieved grazing pressure and allowed bacteria to grow primarily on DOM. The strong upwelling simulation was subdivided into subsequent treatments (Figure 1), i.e., dark incubations with and without inorganic nutrient additions. All chemical parameters were measured immediately before and after filtration for each replicate, and are shown as averaged values since the differences were not significant.
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FIGURE 1. Incubation scheme for the upwelling simulations. The experiments involved a 15 days light treatment followed by 35 days dark incubations, the latter with and without inorganic nutrient additions (red and purple vials), and trace metals (yellow vial).



Dark Incubations Without Nutrient Additions

The simulations were grown in polycarbonate carboys in the dark under controlled temperature (∼22°C) for a 35 days period. The parameters collected at different time points were the same as for light treatments absent phytoplankton fluorescence intensity and silicic acid, and are detailed in section Light Incubations.

Dark Incubations With Nutrient and Metal Additions

In order to determine if inorganic nutrients and trace metals influence dissolved organic production/consumption, a fraction of the strong upwelling incubation received inorganic nutrient additions of 5 μmol kg-1 NO3 + 1 μmol kg-1 PO4 at the beginning of the dark incubation. Another fraction received the same concentration of inorganic nutrients and a cocktail of trace metals (Fe.EDTA, Zn, Mn, Co, and Cu) to final concentrations of 0.1 μmol kg-1 for each metal. These last incubations were named Strong+nuts and TRACE, respectively, and were carried out in duplicate for 35 days, following the same procedures as dark incubations from section Dark Incubations Without Nutrient Additions.

Statistical Analyses

We conducted several statistical tests in order to examine the significance of differences between specific treatments depending on the data’s normal distribution through Shapiro–Wilk test (Shapiro and Wilk, 1965). For normally-distributed data, analysis of variance (ANOVA) coupled with Tukey’s post hoc test was performed for each parameter. For non-parametric data, Kruskal–Wallis test coupled with Dunn’s post hoc with uncorrected significance was the most suitable analysis based on our data distribution. The statistical tests were performed using the freeware Past3 (v. 3.14) (Hammer et al., 2001) with an alpha level α = 0.05; the results are shown throughout the text.

RESULTS

Characterization of the Waters for Incubations

Data from a section across Florida Strait at 27°N and between 79° and 80°W are shown in Figure 2. The Florida Current, which passes northward through the strait, receives contributions from the North and South Atlantic Oceans via the Gulf of Mexico (Schmitz and McCartney, 1993; Schmitz, 1996; Talley et al., 2011). This region is directly influenced by both wind-driven and bathymetric-driven upwellings during the summer months that last 1–3 weeks. The events increase nutrient concentrations at surface up to 19 μM for NO3-, as previously documented, and are an important local source of nutrients (Pitts and Smith, 1997; Zhang et al., 2017). The waters collected for the experiments were from three depths (5, 300, and 600 m), each with distinctive nutrient properties. The surface water (control) had initial DOC and NO3- concentrations of ∼90 and ∼2 μmol kg-1, respectively. At 300 m, Subtropical Mode Water (MW) (26.5 < σθ < 26.6 kg m-3; ∼18oC) originating in the western North Atlantic was present with low DOC (∼47 μmol kg-1) and NO3- concentrations of ∼15 μmol kg-1. The 600 m water was classified as upper Antarctic Intermediate Water (AAIW) (27.0 < σθ < 27.3 kg m-3; 7° < T < 12°), characterized by high silicic acid concentrations ∼16 μmol kg-1, low DOC ∼44 μmol kg-1 and high nitrate and phosphate ∼30 and 2 μmol kg-1, respectively (Figure 2).
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FIGURE 2. In color, temperature (B), nitrate concentrations (C), and phosphate concentrations (D) in the Florida Strait (A) at the time of the cruise. All section plots are overlain with distributions of potential density (σθ). The sampling location and depths are shown in relation to water masses sampled (B). Plotted using Ocean Data View software (Schlitzer, 2018).



Given the variable DOC and nutrient concentrations across the water masses, mixing generated a range of initial conditions for the incubations. In comparison to the control, prepared with unmodified surface whole water, the weak upwelling treatment, enriched with 20% MW, had higher initial inorganic nutrient and lower DOC and DON concentrations. For the strong upwelling treatment, enriched with 10% AAIW and 10% MW, inorganic nutrients were the highest while initial DOC and DON were the lowest across the treatments (Figure 3).


[image: image]

FIGURE 3. Variation in concentrations versus time in light and subsequent dark incubations, separated by vertical dashed lines. Fluorescence intensity (RFU) (A), DOC (B), DON (C), NO3-(D), NH4+ (E), and PO4-3 (F). Error bars are ± 1 S.D. from triplicates.



Phytoplankton Response in the Light Experiments

Figure 3A shows changes in phytoplankton fluorescence intensity for each upwelling simulation during the light treatment. Intensity remained very low in the control through the 15 days, while a smaller peak was observed in the weak upwelling at day 12 (∼100 RFU) and a larger peak in the strong upwelling at day 9 (∼250 RFU). Samples from these time points were analyzed qualitatively by microscopy to identify groups of phytoplankton that were growing; biomass concentrations (i.e., cell density) were not determined due to the limited volume of samples. The control showed an absence of phytoplankton cells, likely due to their low abundance. Both weak and strong upwelling conditions contained groups, during the RFU maximum, that are typical from the open ocean, such as diatoms from the Coscinodiscaceae family; dinoflagellates such as Protoperidinium sp. and Neoceratium sp. were present as well.

The concentrations of silicic acid (data not shown) in the light treatments at day 0 were undetectable in the control and weak upwelling treatments (SiO42-< 0.1 μmol kg-1), and was 4.1 μmol kg-1 in the strong upwelling; the nutrient was depleted by day 7 (SiO42-< 0.1 μmol kg-1). Full SiO42- consumption in the strong upwelling resulted in accumulation of Dactyliosolen sp. chains at day 9, which corresponded to the maximum fluorescence intensity (Figure 3A).

Biogeochemical Variability Through Light and Dark Conditions

In the first 4 days, all treatments experienced net heterotrophy, as evidenced by net DOC loss (Table 1), and the absence of autotroph growth, as shown by unchanged fluorescence intensity (Figure 3A). Thus, we considered these initial days as the lag phase for photoautotroph acclimation in the incubations.

TABLE 1. Net change of variables for the given periods and fractional shift in relation to initial concentrations.
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At the beginning of the light experiments, DOC concentrations were ∼89, 74, and 72 μmol kg-1 in control, weak and strong simulations, respectively. After 4 days, DOC changed by -22.3 μmol kg-1 in the control, -4.9 μmol kg-1 in the weak upwelling and -5.2 μmol kg-1 in the strong (Figure 3B and Table 1), to relatively uniform values of ∼67, 69, and 67 μmol kg-1, respectively. During the lag phase, there was little to no change in DON in both control and strong treatments, and a change of -1.9 μmol kg-1 in the weak upwelling (Figure 3C and Table 1). For DIN (sum of NO3- and NH4+), 1.24 μmol kg-1 was consumed in the control; NH4+ was nitrified in the weak treatment according to mass balance (0.13 μmol kg-1 loss of NH4+ versus 0.1 μmol kg-1 gain of NO3-), while there was low net production of 0.16 μmol kg-1 in the strong upwelling treatment (Figures 3D,E and Table 1). During the same period, PO43- had minor changes in all treatments (Figure 3F and Table 1).

Control Treatment

By the end of 15 days, the control experienced a decrease of 22.5 μmol kg-1 DOC, 3.2 μmol kg-1 DON and 1.2 μmol kg-1 DIN, with NH4+ falling to below detection limits (Figure 3 and Table 1); PO4-3 remained < 0.1 μmol kg-1 (Figure 3F). During the dark phase (from days 15 to 50), ΔDOC was -9.3 μmol kg-1, indicating further net consumption, while there was an accumulation of DON (+1.3 μmol kg-1) and DIN (+1.2 μmol kg-1), with consistently < 0.1 μmol kg-1 PO4-3 (Figure 3F). Overall, the control experienced a total DOC decrease of ∼31 μmol kg-1 after 50 days (Figure 3B), with statistically significant changes between light and dark phases (p < 0.05).

Weak Upwelling Treatment

Between days 4 and 12, there was a significant increase in autotroph fluorescence and DOC net production of ∼3 μmol kg-1, with essentially unchanged DON (-0.3 μmol kg-1). During this period, PO43- and NH4+ were brought below detection limits, while ∼4 μmol kg-1 of NO3- was consumed (Figure 3 and Table 1). After 12 days of light incubation, both DOC and DON had dropped ∼2 μmol kg-1. From days 12 to 15 the system appears net heterotrophic, with chlorophyll decreasing along with the consumption of DOC = ∼2 μmol kg-1 (Figures 3B,C); as such, this 3 day period will be discussed together with the subsequent dark phase. DOC concentration was ∼74 μmol kg-1 at the beginning of the light incubation, and ∼71 and 70 μmol kg-1 at days 12 and 15, respectively. After 50 days of experiment, DOC experienced a net decrease of ∼2 μmol kg-1 C down to ∼72 μmol kg-1 (Figure 3B), a net change that was not statistically significant between light and dark phases (p > 0.05).

Strong Upwelling Treatment

The treatment experienced net autotroph growth between days 4 and 15 as evidenced by net DOC and DON production (+8.5 and +2.7 μmol kg-1, respectively); significant removal of NO3- (-5.12 μmol kg-1) and PO4-3 (-0.07 μmol kg-1) occurred, while NH4+ was drawn down to below detection limit (Figure 3 and Table 1). The subsequent dark phase showed net consumption of DOC and DON (-9.5and -0.7 μmol kg-1, respectively) (Figures 3B,C), similar to DOC remineralization in the control during the dark phase (-9.3 μmol kg-1) and contrasting with unchanged DOC in the weak upwelling. DIN was produced at +1.4 μmol kg-1 while PO4-3 experienced production, although remained < 0.1 μmol kg-1 (Table 1 and Figure 3F). DOC was ∼72 μmol kg-1 at the beginning of the strong upwelling simulation and increased to ∼75 μmol kg-1 after 15 days, at the beginning of dark experiment. After 50 days, DOC was drawn down to ∼66 μmol kg-1 (Figure 3B), a net consumption of ∼6 μmol kg-1 C (p < 0.05 between light and dark phases). Changes in net DOC and DON concentrations through the incubations were statistically significant between control, weak and strong upwelling treatments (p < 0.01) for both light and dark phases, and when evaluated as a single continuous incubation.

After the addition of inorganic nutrients and trace metals (Figure 4), DOC did not show a significant difference between treatments by the end of the incubation (p > > 0.05 among strong upwelling, Strong+nuts and TRACE), with averaged DOC consumption of 8.5 ± 0.7 μmol kg-1 C by day 50. For nitrogen pools, strong and Strong+nuts upwelling treatments showed similar DON consumption of ∼1 μmol kg-1 (p > > 0.05), while TRACE showed slight production of 0.5 μmol kg-1 (Figure 4B). NO3- was consumed in Strong+nuts (2.1 μmol kg-1) and at higher levels in TRACE (4.8 μmol kg-1) (Figure 4D), as opposed to the strong upwelling treatment with no additions, that showed net production of 0.92 μmol kg-1 NO3-. NH4+ production was higher in treatments with additions: 2.19 μmol kg-1 in Strong+nuts and 1.78 μmol kg-1 in TRACE versus 0.48 μmol kg-1 in strong (Figure 4C). For the same period, PO4-3 was produced in Strong+nuts (0.85 μmol kg-1) and TRACE (0.15 μmol kg-1), as opposed to the strong upwelling treatment, that did not show significant changes after 50 days (Figure 4E and Table 1).


[image: image]

FIGURE 4. Variation in concentrations versus time in the strong upwelling treatments following inorganic nutrient additions and/or trace metals: DOC (A), DON (B), NH4+ (C), NO3-(D), PO4-(E). Error bars are ± 1 S.D. from triplicates.



DIN:DIP

Initial DIN:DIP ratios in all treatments suggest they were P-depleted at the time of collection, with values of 126:1 for control, 60:1 for the weak upwelling and 26:1 for the strong upwelling (Table 2). During the light phase with phytoplankton growth from day 4 to 12 in the weak treatment, and from day 4 to 15 in the strong treatment, DIN and PO4-3 were consumed at different proportions until PO4-3 fell below detection limits (Figures 3D–F). During this period of positive NCP, DIN:DIP increased in the weak upwelling, reaching 107:1 by day 9. In contrast, the ratio for the strong upwelling was reduced to 12:1 by day 12. Subsequent PO43- concentrations were below detection limits in both treatments so ratios were not calculated.

TABLE 2. Derived variables for light and dark incubations in the given periods.
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Net Community Production (NCP), Net Dissolved Production Ratio (NDPr), and DOM Quality

In order to compare DOC produced during the weak versus strong upwelling simulations, we estimated net community production (NCP), net dissolved production ratios (NDPr; Romera-Castillo et al., 2016) and DOC:DON ratios, with the last parameter used as a proxy for DOM quality.

We estimated NCP in units of carbon during the light phase from DIN drawdown (ΔDIN ∗6.6) to the point where PO43- was below the limit of detection in both weak and strong upwellings (Table 1). Days 0–4 were net heterotrophic for both experiments as confirmed by low fluorescence intensity, net DOC consumption and NO3- remineralization (Figures 3A,B,D), thus, were not considered in the calculations. In the weak upwelling, NCP was estimated as 26.6 μmol kg-1 C for the period between days 4 and 12, while in the strong it was estimated as 34.5 μmol kg-1 C between days 4 to 15, as summarized in Table 2 (p < 0.01). We then calculated the Net DOC Production ratio (NDPr), or the fraction of NCP that accumulated as DOC in the incubations, from ΔDOC/NCP for the same period. The ratio was 0.11 for the weak upwelling and 0.25 for the strong (Table 2). The values indicate that a smaller fraction of NCP accumulates as DOC in the weak upwelling, while in the strong upwelling twice as much of the NCP accumulated as DOC. The outcome suggests that under light (autotrophic) conditions, higher initial nutrient conditions resulted in a higher fraction of the NCP present as DOC.

The variation in the DOC:DON ratio during the light incubations was used as a proxy for the quality of DOM accumulated, as well as for the quality of DOM remaining during the dark phase. Table 2 shows calculated ratios for initial conditions, as well as the average for periods of net autotrophy and heterotrophy. DOM produced in the weak upwelling was DON-poor relative to the strong upwelling. In the beginning of the experiment, DOC:DON for the weak upwelling was 28:1, and increased to 149:1 by day 12. In contrast, the ratio for the strong upwelling was 45:1 initially, decreasing to 20:1 by day 15. On average, DOC:DON during positive NCP phases remained unchanged in the strong upwelling, but increased significantly along the weak upwelling treatment (p < < 0.01).

DISCUSSION

Net Production of DOC

Coastal upwelling events typically last from a few days to 1–2 weeks (Pitts and Smith, 1997; Wetz and Wheeler, 2004), resulting in phytoplankton blooms until the depletion of one or more essential nutrients such as N, P, and Fe (Arrigo, 2005; Hutchins and Fu, 2008; Burson et al., 2016). In this study, lower initial concentrations of inorganic nutrients in the weak upwelling treatment, especially PO4- (Figure 3), resulted in NCP = ∼27 μmol kg-1 C, with a smaller fraction accumulating as DOC (NDPr = 11%; Table 2). The accumulated DOM was carbon-enriched, with a C:N molar ratio of 149:1. In contrast, the strong upwelling treatment resulted in higher NCP (∼35 μmol kg-1 C), with a higher fraction accumulating as DOC (NDPr = 25%) and with a lower C:N molar ratio of 20:1 (Figure 5A). Phytoplankton composition was also different between the two treatments, as we observed chains of the diatom Dactyliosolen sp. during the high relative fluorescence peak in the strong upwelling treatment. These results suggest that different nutrient availability promotes the growth of distinct microbial communities that release DOM of different composition and reactivity, in agreement with previous studies (Conan et al., 2007; Wear et al., 2015; Saad et al., 2016).
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FIGURE 5. (A) Chart comparing net community production (NCP) and organic matter dynamics in the weak (left side) and strong (right side) upwelling simulations during light and dark phases. Weak upwelling resulted in the production of a DOC fraction that was resistant to heterotrophic consumption, while higher nutrients in the strong upwelling favored net community production of a more labile DOC that was fully consumed over the course of the incubation. Fraction accumulated as DOC = NDPr15 for light incubation and NDPr50 for dark incubation; DOM Quality is as indicated by the DOC:DON ratios at day 15 (i.e., last day of light incubation). (B) From ∼27 μmol kg-1 C produced during positive NCP in the weak upwelling simulation, 3 μmol kg-1 (11%) accumulated as DOC. This fraction fully resisted microbial remineralization along >1 month of dark incubation and, thus, has potential to be exported out of the euphotic zone. In contrast, the stronger upwelling simulation produced 35 μmol kg-1 C, by which 9 μmol kg-1 (25%) accumulated as DOC. This fraction was subsequently and fully consumed, demonstrating this initial upwelling condition unlikely contributes for DOC export to the deep ocean.



Wetz and Wheeler (2004), who similarly simulated upwelling systems, showed that NO3--depletion ceased phytoplankton growth and this was followed by DOC accumulation. For comparison with the work done here, we estimate NCP and NDPr ratios using their results. Their NCP ranged between 198 and 290 μmol kg-1 C and NDPr from 0.25 to 0.39, with a diatom (Leptocylindrus minimus) dominating the community exhibiting lower NDPr values and Chaetoceros sp. dominating the higher. Variations in NCP and NDPr did not correlate with bacterial physiological state (high versus low nucleic acid content in bacteria) or grazers, suggesting that the autotroph composition exerted a more direct control on NDPr. NDPr from both Wetz and Wheeler (2004) and our results fall within ratios of 0.10–0.40, as observed across a variety of ecosystems experiencing different ecological states and NCP magnitudes (Hansell and Carlson, 1998; Conan et al., 2007; Mathis et al., 2007; Romera-Castillo et al., 2016). These results reinforce the importance of microbial community composition in controlling the net production of DOC.

The Fate of the Accumulated DOC

Although several previous works have addressed the impact of microbial communities on NCP and net DOC production, what happens after this DOC is released to the environment is unclear. The dark phase of our incubations indicate that DOC produced in the different upwelling treatments had different fates. In the weak upwelling, the fraction of DOC resulting from positive NCP (0.11) was not further remineralized in the dark, giving a relatively unchanged NDPr = 0.12 at 50 days (Table 2). In contrast, the strong upwelling treatment showed net DOC consumption in the dark phase, indicating further removal in the dark and a final NDPr = -0.03 (i.e., total consumption of accumulated DOC at 50 days). The strong upwelling incubation received microbes from deep waters that could have stimulated DOM consumption. Indeed, dark incubations using surface waters from the South Pacific showed higher DOC consumption when exposed to microbes from the mesopelagic zone than from the mixing layer (Letscher et al., 2015). When comparing DOC consumption between mesopelagic microbes exposed to oligotrophic versus mesotrophic waters, those from the mesotrophic region consumed more DOC. The two mesotrophic microbial communities, however, were only exposed to their locally accumulated DOM, that was dependent on the magnitude NCP and had different composition. The link between accumulated DOM and its potential to be exported, thus, still seems to be the production side. Hence, results from our dark incubations suggest that DOC accumulated from upwellings of different intensities experience different fates, where reactivity is dependent on the quality of accumulated DOM (as evidenced by DOC:DON ratios), itself dependent on the autotroph composition (Figure 5A).

A study comparing the Ross and Sargasso Seas, similarly, suggested a link between net DOM production and the ultimate fate of the accumulated fraction (Carlson et al., 1998). The authors assessed differences in DOC-POC partitioning, as well as production and consumption between the two systems, which are very distinctive in terms of PP, community composition and availability of nutrients. Although PP in the Ross Sea was much higher than in the nutrient-depleted Sargasso Sea, DOC represented a smaller fraction (11%) of the total accumulated organic carbon pool (DOC plus POC) in the Ross Sea compared to the Sargasso Sea (∼15–20%). As found in the study reported here, accumulated DOC in the productive Ross Sea was consumed more completely late in the season than that produced in the less productive Sargasso Sea, with the latter DOM typically surviving until export with convective overturn (Hansell and Carlson, 2001).

Sensitivity of DOC Consumption to Inorganic Nutrients and Trace Metals Additions

Our results for the inorganic nutrient and trace metals amendments indicate no change in DOC concentrations relative to non-amended conditions (Figure 4A, p > > 0.05). The amended treatments did experience higher NO3- consumption and PO43- production in comparison to the strong upwelling without additions (the control treatment for this addendum experiment), and enhanced NH4+ production (Figure 4 and Table 1), but none of these had consequence for DOC or DON concentrations.

Limitation by inorganic nutrients and trace metals has been well documented for autotrophs (Arrigo, 2005; Schoffman et al., 2016), but its role in heterotroph metabolism requires attention. Heterotrophic bacteria are able to assimilate NO3-, as observed in the North Pacific and Atlantic Oceans (Kirchman, 1994; Kirchman and Wheeler, 1998), thus competing with phytoplankton for the nutrient. The availability of NO3- promotes changes in bacterial community structure and may favor the assimilation of less labile DOM fractions (Carlson et al., 2004), however, the role of PO43- in bacterial catabolism of DOM is uncertain. Some experiments with PO43- amendments show that its addition enhances bacterial growth in oligotrophic waters (Rivkin and Anderson, 1997; Obernosterer et al., 2003) and that P limitation results in less DOM consumption (Kragh and Søndergaard, 2009). In contrast, other studies showed no relationship between bacterial production and PO43- (Thingstad et al., 2005; Tanaka et al., 2011) or heterotrophic growth and DOM consumption (Carlson and Ducklow, 1996; Zweifel, 1999). Interestingly, amendment by 1 μmol kg-1 PO43- here resulted in a further production of ∼0.85 μmol kg-1 PO43- (Figure 4E), suggesting that the amendment may overcome phosphorus limitation of dissolved organic phosphorus (DOP) mineralization by microbes; unfortunately, DOP was not measured directly in this work.

Heterotrophic bacteria also compete with phytoplankton for trace elements, especially Fe, as their requirement for the element is high (Tortell et al., 1996). Lower concentrations of Fe decrease bacterial growth efficiency and increase their carbon demand due to its critical role in respiratory activity (Tortell et al., 1999). More recently, in situ experiments involving iron fertilization in the Southern Ocean observed the indirect effect of the element to bacterial communities. Although bacterial diversity increased with increasing Fe (West et al., 2008), other environmental conditions control their growth since a less dramatic shift is observed in comparison to phytoplankton (Hutchins et al., 2001; Arrieta et al., 2004). A study conducted by Kirchman et al. (2003) suggested low growth rate and efficiency in Vibrio harveyi due to Fe and NO3- co-limitation, and perhaps explaining low activities in bacterial communities from high-nutrient low-chlorophyll (HNLC) regions. Although our experiments did not assess bacterial growth efficiency or rates, they support Kirchman’s findings that trace metal additions stimulated NO3- uptake by more than 2× in comparison to the strong and Strong+nut treatments (Figure 4 and Table 1).

OVERVIEW

The initial availability of inorganic nutrients not only dictates the magnitude of NCP, but also the quantity and quality of freshly-accumulated DOM (Figure 5A). In the weak upwelling simulation, early depletion of PO43- resulted in a relatively low NCP, with a small fraction accumulating as DOC. However, net DOC remained unchanged by the end of experiment, suggesting that a transition from nutrient-replete to -deplete conditions produces a fraction of DOC that resists remineralization (rather than DOC consumption being controlled by nutrients, as that scenario was assessed with amendments), allowing its survival for export to greater depths through mixing processes (Figure 5B). In contrast, availability of nutrients in the strong upwelling treatment stimulated NCP, with ∼25% of net fixed carbon accumulating as DOC. This fraction was subsequently and fully remineralized within ∼1 month in the dark. This contrasting outcome suggests that, even though more DOC accumulates as a result of high NCP, it may not survive for export when quality, as indicated by low C:N, is higher; thus, it is less likely to contribute to long-term DOC storage and export in the ocean (Figure 5B).
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