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The Changjiang Estuary and its adjacent East China Sea are among the largest coastal hypoxic sites in the world. The oxygen depletion in the near-bottom waters (e.g., meters above the seabed) off the Changjiang Estuary is caused by water column respiration (WCR) and sedimentary oxygen respiration (SOR). It is essential to quantify the contributions of WCR and SOR to total apparent oxygen utilization (AOU) to understand the occurrence of hypoxia off the Changjiang Estuary. In this work, we analyzed the δ18O and O2/Ar values of marine dissolved gas samples collected during a field investigation in July 2018. We observed that the δ18O values of dissolved oxygen in near-bottom waters ranged from 1.039 to 8.457‰ (vs. air), generally higher than those of surface waters (−5.366 to 2.336‰). For all the sub-pycnocline samples, the δ18O values were negatively related to O2 concentrations (r2 = 0.97), indicating apparent fractionation of δ18O during oxygen depletion in the water column. Based on two independent isotope fractionation models that quantified the isotopic distillation of dissolved oxygen concentration and its δ18O, the mean contributions of WCR and SOR to total near-bottom AOU were calculated as 53 and 47%, respectively. Beneath the pycnocline, the WCR contribution to the total AOU varied from 24 to 69%, and the SOR contribution varied from 31 to 76%. The pooled samples beneath both the pycnocline and upper mixed layer indicated that WCR contributions (%) to total AOU increased with increasing AOU (μmol/L), whereas SOR% – AOU had the reverse trend. We propose that the WCR% and SOR% contributions to the total AOU of the sub-pycnocline waters are dynamic, not stationary, with changes in ambient environmental factors. Under hypoxic conditions, we observed that up to 70% of the total AOU was contributed by WCR, indicating that WCR is the major oxygen consumption mechanism under hypoxia; that is, WCR plays a vital role in driving the dissolved oxygen to become hypoxic off the Changjiang Estuary.

Keywords: hypoxia, δ18O, Changjiang estuary, sediment oxygen respiration, water column respiration


INTRODUCTION

Dissolved oxygen is essential and of great importance for most marine habitats. Dissolved oxygen depletion in estuarine and coastal near-bottom waters is worsening worldwide (2001), causing negative effects on the structure of marine ecosystems and their biodiversity (Nilsson and Rosenberg, 1994; Crain, 2007). Severe oxygen depletion, or hypoxia, destroys fishery resources and brings economic losses (Sindermann and Swanson, 1979; Naqvi et al., 2000). In addition, the change in the oxygen concentration changes the redox potential of the water environment, alters the balance of oxygen, carbon and nitrogen cycles, and hence produces feedback to global climate change. Therefore, hypoxia has recently attracted much attention in marine research (Diaz, 2001; Keeling et al., 2010).

The Changjiang Estuary and its adjacent offshore areas are typical estuarine and coastal sea environments that are affected by one of the largest rivers worldwide. In recent decades, Changjiang fluvial nutrients have increased more than ten times, and such eutrophication trends are expected to continue (Zhang et al., 1999; Yan et al., 2003; Daoji and Daler, 2004). Under the eutrophication background, estuarine and coastal summer algal blooms have increased dramatically in recent decades (Liu et al., 2013; Li et al., 2014). As the water depth is only tens of meters, excess organic matter generated in surface waters can quickly settle and reach near-bottom waters, which fuels oxygen consumption at the bottom of the water column. Furthermore, the water column is usually well stratified in summer, with high-temperature and low-salinity Changjiang diluted water at the surface and high-salinity Kuroshio-originated water prevailing at the bottom (Su, 1998). The degradation of this excess organic matter in the near-bottom waters has a strong influence on dissolved oxygen off the Changjiang Estuary.

Hypoxia off the Changjiang Estuary is unstable, in contrast to other marginal sea hypoxic conditions, such as the Gulf of Mexico (Turner et al., 2005) and the Baltic Sea (Carstensen et al., 2014). The earliest recorded hypoxia (1900 km2) off the Changjiang Estuary was in August 1959, with a minimum dissolved oxygen concentration ([O2]) as low as 0.34 mg/L (Office of Integrated Oceanographic Survey of China, 1961). Hypoxic areas have increased significantly in the last 20 years relative to earlier times. In August 1999, 2006, and 2013, hypoxic areas were 13,700 km2, 15,400 km2, and 11,150 km2, respectively (Li et al., 2002; Zhu et al., 2011, 2017). To the best of our knowledge, another hypoxic event, with an area likely over 10,000 km2, occurred off the Changjiang Estuary in the summer of 2016 (WD Zhai, personal communication). Although hypoxia is unstable and can disappear for several years before the next occurrence of a severe hypoxic event (Zhu et al., 2017), in the 21st century, the Changjiang Estuary and adjacent East China Sea (ECS) became another coastal sea region with a hypoxic area exceeding 10,000 km2, similar to the Baltic Sea (Carstensen et al., 2014), the Gulf of Mexico (Wendel, 2015), and the northwestern shelf of the Black Sea (Capet et al., 2013).

The occurrence of hypoxia in near-bottom waters is primarily due to the stratification of the water column and the degradation of excess organic matter (Diaz, 2001). This also applies to the case off the Changjiang Estuary (Li et al., 2002; Wei et al., 2007, 2017; Chi et al., 2020). With hypoxic mechanism studies in recent years, it has been revealed that wind (Ni et al., 2016; Zhang et al., 2019), tides (Zhu et al., 2017), topography (Wang, 2009), and [O2] in Kuroshio waters (Qian et al., 2017) also have an important influence on the occurrence, development, and/or severity of hypoxia.

Despite the above hypoxic mechanism studies, integrated research that quantified both sediment oxygen respiration (SOR) and water column respiration (WCR) contributions is still sparse. On the one hand, the locations of hypoxia vary from year to year (Zhu et al., 2011), indicating that the floating and sinking of organic matter (i.e., WCR), rather than stationary sediment (i.e., SOR), play a more important role in the formation of hypoxia. Studies that focused on water column processes provide additional evidence that WCR dominates hypoxia. For example, hypoxia tends to correlate with sites with high chlorophyll concentrations and high sinking rates in the water column (Li et al., 2018), and the degraded organic matter that fuels hypoxia is of marine origin (Wang et al., 2016, 2017). In addition, a significant relationship between a high chlorophyll concentration in the surface waters and low [O2] in the near-bottom waters was observed (Chen et al., 2017). However, some work that focused on sediments highlighted the contribution of SOR to the occurrence of hypoxia. For example, a study based on the radium-thorium imbalance method indicated that the SOR contribution ranged from 6 to 61% of the total oxygen depletion in the near-bottom waters (Cai et al., 2014). Furthermore, in situ SOR incubations conducted on the deck suggested that the contribution of SOR ranged from 15% (Song et al., 2016) to 100% (Zhang et al., 2017). The reported SOR contribution range varied greatly (15–100%) (Song et al., 2016; Zhang et al., 2017), indicating that the contribution of SOR may have a dynamic spatial and/or temporal distribution gradient. Due to the lack of integrated WCR and SOR studies, WCR% (the WCR contribution to total apparent oxygen utilization (AOU) in percent) and SOR% (the SOR contribution to total AOU in percent) in the total oxygen depletion of near-bottom waters remain unclear. This uncertainty hinders the comprehensive understanding of the occurrence of hypoxia, preventing accurate hypoxia prediction (e.g., by modeling), and hence interferes with the formulation of environmental protection policies in the future.

Oxygen has three natural stable isotopes (16O-99.76, 17O-0.04, and 18O-0.20%). Fractionation of oxygen usually follows a mass-dependent law; for example, 18O is less preferred in aerobic respiration than 16O (Lane and Dole, 1956). In the water column, [O2] is consumed by various processes but seldom reaches zero (Zhu et al., 2011; Wang et al., 2017), resulting in enriched 18O in residual O2 due to isotopic fractionation caused by respiration. However, the oxygenated depth in sediments is usually only a few millimeters, beneath which [O2] could be totally consumed. Previous studies reported that fractionation factors (ε) of WCR range from −12 to −25‰ (Bender and Grande, 1987) and SOR ranges from 0 to 3‰ (Brandes and Devol, 1997). Because of the significant differences between WCR and SOR fractionation factors, it is possible to distinguish the different isotopic effects of WCR and SOR on dissolved oxygen 18O and hence evaluate the WCR% and SOR% contribution to total AOU in the near-bottom waters. In the Gulf of Mexico, SOR contributed an average of 73% to the total bottom AOU under nonhypoxic circumstances, but the contribution of WCR was larger when hypoxia occurred (Quinones-Rivera et al., 2007). Later, it was found that there may be a lack of a relationship between declining O2 and δ18O in the water column (Ostrom et al., 2014). However, to the best of our knowledge, the dissolved gas 18O approach has never been applied to hypoxia off the Changjiang Estuary, and the contributions of WCR and SOR remain largely unclear (Cai et al., 2014; Song et al., 2016).

Therefore, we bring up the question of the spatial features of WCR and SOR% regarding the near-bottom AOU off the Changjiang Estuary and adjacent ECS and the implications for the occurrence of hypoxia. To address this question, we conducted a cruise off the Changjiang Estuary and adjacent ECS in July 2018. Dissolved gas samples for δ18O analyses were collected onboard into a pre-vacuumed bottle and analyzed in the laboratory. Then, we interpreted the δ18O data via a self-developed isotopic model and via a reported model (Fry, 2006; Quinones-Rivera et al., 2007). We also applied sensitivity tests for the modeled WCR% and SOR% using different WCR fractionation factors. We discussed the potential controlling factors of the WCR% and SOR%, especially for the sub-pycnocline [O2]. Finally, we proposed a schematic oxygen consumption mechanism behind the occurrence of hypoxia off the Changjiang Estuary.



MATERIALS AND METHODS


Field Sampling

The field investigation was conducted in July 2018, covering the Changjiang Estuary and its adjacent coastal sea (Figure 1). Discrete water samples for dissolved gas analyses were collected by Niskin samplers attached to a CTD (Seabird 911), which also measured the temperature and salinity profile. Surface samples were collected 3 m beneath the surface, and near-bottom waters were collected ~2 m above the sea bed. At stations D3 and E2, water samples at the middle layers (but beneath the pycnocline) were also collected (Figure 1).


[image: Figure 1]
FIGURE 1. The study area and sampling stations. Gray lines indicate the observed hypoxia in previous studies derived from Zhu et al. (2011).


On board the ship, water samples were collected following the same protocol as that used by Reuer et al. (2007). Briefly, homemade glass flasks (500 mL) with Louwers-Hanique valves on top (Supplementary Figure 1) were thoroughly rinsed with deionized water. All internal valves were cleaned, and all O-rings were greased for better sealing. Sample flasks were poisoned with saturated HgCl2 (~75 μL), dried at 40°C, and then evacuated to 10−5 mbar. We usually collected ~200 ml (at most 250 ml of water) of seawater from the Niskin sampler. Bubble-free seawater entered the pre-evacuated sample flask through the side arm of a Louwers-Hanique valve, while dripping water maintained a good seal during the whole collection period. Collected seawater samples had a final HgCl2 concentration higher than 21 μg/mL, higher than the 20 μg/mL concentration recommended by Kirkwood (1992), ensuring that the dissolved gases preserved the in situ isotopic compositions. Flasks were stored at room temperature until analyses were conducted in the laboratory.



Dark Incubation

We also performed a dark incubation experiment using surface seawater to determine the respiration fractionation factor for living organisms off the Changjiang Estuary. Basically, the surface water of station A11-3 (Figure 1) was collected into a few independent BOD bottles, incubated for 0, 300, 450, and 760 h, collected into the same pre-evacuated sample flasks, and then analyzed for δ18O values.



Laboratory Measurements

In the laboratory, headspace dissolved gases were equilibrated with underneath seawater in the sample flasks at room temperature (22°C) for at least 48 h. The equilibrated dissolved gases were then extracted (Supplementary Figure 2) and purified through a vacuum line (Supplementary Figure 3) to remove the CO2 and water vapor in the gas mixture. The final gas mixture containing O2, Ar, and N2 was collected onto a sample finger filled with silica gel at liquid nitrogen temperature. A detailed description and schematics of the sampling and processing of dissolved gas samples can be found in Supplementary Materials.

The sample finger was heated at 100°C for 15 min to mix all gases well before introduction into the mass spectrometer, a Delta V plus with a dual inlet system, for isotopic analysis. For every sample, we ran 3 blocks of 15 cycles in total, with a pre-delay time of 20 s. The integration time for every cycle was 10 s. The instrument was equipped with Faraday cups with masses of 28, 32, 34, and 40, so δ18O and δO2/Ar could be simultaneously analyzed in this study; δ18O and δO2/Ar were calculated as follows:
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During the period of measurement, the result of the reference gas vs. reference gas (so-called zero enrichment) was −0.018‰ (±0.022 SD, 1σ) and 0.1‰ (±0.2 SD, 1σ) for δ18O and δO2/Ar, respectively. For all sample data, a chemical slope calibration was conducted to correct the isotopic interference of δ18O values caused by the differences in elemental ratios (N2/O2/Ar ratios) between sample gases and the reference gas. We applied two calibration curves of δN2/O2 vs. δ18O and δAr/O2 vs. δ18O to correct the δ18O values of all samples.

Then, all data were normalized to concurrent analyses of air (δ18O ≡ 0‰, δO2/Ar ≡ 0‰) collected in the back yard of the laboratory, Shanghai, China. During the course of this study, we observed analytical precisions for δ18O and δO2/Ar of 0.057‰ and 0.4‰ (n = 11), respectively. Equilibrated dissolved gases in water at 22°C (deionized water poisoned with HgCl2) were also repeatedly collected and measured in the laboratory, and we observed mean values of δ18O = 0.706 ± 0.051‰ and δO2/Ar = −95.0 ± 0.7‰, which were within the accepted error threshold compared to their theoretical values. All data running on the same filament were finally converted to values relative to air after the chemical slope corrections.

The sampling flasks were prepared and evacuated by a vacuum line at East China Normal University. Dissolved gas extractions and analyses were conducted at the Stable Isotope Climate Lab at Shanghai Jiao Tong University, Shanghai, China.

The temperature and salinity data of all stations and the analyzed δ18O and δO2/Ar data of all samples are listed in Table 1. AOU and modeled WCR% and SOR% in the following sections are also listed in Table 1.


Table 1. Temperature, salinity, and O2 results, and estimated WCR% and SOR% in this study.
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RESULTS

In July 2018, warm and fresh water prevailed in the surface layer, whereas waters of lower temperature and higher salinity were commonly found in the near-bottom layers (Figure 2 and Table 1). The temperature of the surface waters varied between 23.3°C and 27.5°C and 14.6°C to 25.9°C for the near-bottom layers. The surface and near-bottom salinities ranged between 25.183 and 34.067 and 31.307 and 34.527, respectively. Waters with low temperature and low salinity were identified in the surface layer of station P1, indicating the presence of Changjiang diluted water, and a gradual eastward increase in both temperature and salinity was observed (Figures 2A,B). In the near-bottom waters, temperature and salinity gradually decreased from south to north (Figures 2C,D).


[image: Figure 2]
FIGURE 2. The hydrological background in July 2018: (A) Surface temperature (°C), (B) surface salinity, (C) bottom temperature (°C), and (D) bottom salinity.


The water column was well stratified in our observations for all the stations we covered, namely, the density of near-bottom waters was higher than that of the surface waters. The density differences between near-bottom waters and surface waters ranged from 0.58 to 8.39 kg/m3, with the maximum value (8.39 kg/m3) occurring at station D3. Based on the temperature and salinity profile and a 0.125 kg/m3 threshold, the upper mixed layer depth ranged from 2.5 m (J2) to 11.5 m (T2) during our observations, with a mean depth of 4.9 m. The upper mixed layer was shallower than the corresponding pycnocline.

The δO2/Ar values at the surface varied from −190.2 to 113.4‰, and in the near-bottom waters, they varied from −594.0 to −151.2‰. The lowest δO2/Ar value in the near-bottom waters occurred at station D3 (−594.0‰), and it gradually increased both southwards and eastwards (Figure 3B and Table 1). The distribution of δO2/Ar in the near-bottom water was opposite to that in the surface water (Figures 3A,B); that is, higher δO2/Ar values in surface waters usually corresponded to lower δO2/Ar values in the corresponding near-bottom waters. The [O2] was calculated from the observed δO2/Ar, assuming that Ar was saturated in all layers. Accordingly, the [O2] ranged from 182 μmol/L to 279 μmol/L in the surface waters and from 104 μmol/L to 195 μmol/L in the near-bottom waters (Figures 3C,D).


[image: Figure 3]
FIGURE 3. The δO2/Ar (‰) and [O2] (μmol/L) calculated based on δO2/Ar in July 2018: (A) surface δO2/Ar, (B) bottom δO2/Ar, (C) calculated surface [O2], and (D) calculated bottom [O2].


AOU was calculated by subtracting the observed [O2] from the equilibrated [O2], which ranged from −47 to 26 μmol/L for the surface waters and from 18 to 133 μmol/L for the near-bottom waters. In the near-bottom waters, elevated AOU and δ18O (133 μmol/L and 7.835‰, respectively) were found at station D3. By contrast, minimum values in the near-bottom waters were found at station T2, which were 18 μmol/L and 1.039‰ (Figures 4C,D). A similar mirrored distribution pattern between AOU and δ18O was found in the surface waters (Figures 4A,B and Table 1).


[image: Figure 4]
FIGURE 4. The AOU and δ18O in July 2018: (A) surface AOU (μmol/L), (B) surface δ18O (‰), (C) bottom AOU (μmol/L), and (D) bottom δ18O (‰).


Vertically, obvious water stratification was identified by the temperature and salinity profile. δO2/Ar (or [O2]) gradually decreased from the surface to near the bottom waters, but the δO2/Ar minimum (or [O2] minimum) occurred in the intermediate layers beneath the pycnocline (10 m; Figure 5), indicating that most oxygen consumption occurred in the middle layer instead of near-bottom waters. The [O2] at 10 m at station E2 (56 μmol/L) was the minimum observed [O2], even lower than the corresponding near-bottom [O2]. Horizontally, the δ18O values showed a good relationship with declining [O2] (Figure 3D vs. Figure 4D). Vertically, although discrete samples were limited in number, the δ18O values were also well related to declining [O2] (Figure 5). Indeed, among all sub-pycnocline samples, the relationship between δ18O and declining [O2] (as [O2]/[O2]0) was significant (r2 = 0.97; Supplementary Figure 4), indicating apparent isotope fractionation during O2 consumption in the water column.


[image: Figure 5]
FIGURE 5. Vertical profile of salinity, temperature (°C), and [O2] (μmol/L) calculated using δO2/Ar, and δ18O (‰) for (A) station D3 and (B) station E2. The gray dashed lines indicate the depth of the upper mixed layer.




MODEL

Under the simplest condition, we assume that the near-bottom waters are in the dark and beneath the upper mixed layer. There is no diapycnal gas exchange between the upper mixed layer and near-bottom waters. Photosynthesis in near-bottom waters can be ignored, and the vertical mixing process is strongly prohibited by stratification over one to a few weeks. The oxygen budget is controlled only by WCR and SOR. In addition, the fractionation factors for WCR and SOR are constant during oxygen consumption. Based on these assumptions, we used two separate one-dimensional models to quantify the contributions of WCR and SOR to total AOU. In the following section, we first describe the principle of the two models and then use the models to calculate WCR and SOR%. Further discussions of the model results and their implications for the local environment are presented in section 5.1.


Model Description


Oxygen Isotope Rayleigh Fractionation Model (IR Model)

Visualizing the entire fate of O2 in the water column: initially, O2 is first dissolved (or generated) in the water column in surface layers via air-sea gas exchange or photosynthesis. Then, O2 consumption caused by WCR occurs in the surface layers, and SOR will also influence O2 when sediments get involved in the water column. The impacts of both SOR and WCR on O2 are recorded in the O2 properties, including the O2 concentration and δ18O values. Finally, in the current case, large amounts of O2 are consumed in the layers beneath the pycnocline, with certain WCR and SOR proportions relative to the total AOU until our observations.

The IR model is built using the isotope ratio R (R = 18O/16O) and [O2]. The initial dissolved O2 in the water column is assumed to be at equilibrium with air at the air-sea interference before any oxygen consumption takes place. Beneath the pycnocline, there are no air-sea gas exchange and no O2 production, only oxygen consumption occurs, and the O2 budget is:

[image: image]

where [O2]obs is the observed [O2]. [O2]0 is the initial oxygen concentration, which is assumed at saturation. [O2]WCR is the oxygen consumed by water column respiration; [O2]SOR is the oxygen consumed by sediment oxygen respiration.

Respiration is a Rayleigh fractionation process, that is,

[image: image]

where αWCR (= Rrespired/Rresidual) is the respiration fractionation factor for the WCR process. RWCR is the 18O/16O value of residual O2 after WCR consumption, which can be measured from our collected samples. R0 is the 18O/16O value of [O2]0, and f is the fraction of residual [O2] relative to the initial [O2]0 (ranging between 0 and 1). As WCR occurs in all layers and at all times in the water column, the fraction of residual O2 after WCR consumption can be written as [image: image].

Therefore, from equation 4 we obtain

[image: image]

In addition to WCR processes, SOR would also consume O2. However, the fractionation factor of SOR processes, αSOR, is very close to 1 (Brandes and Devol, 1997), and oxygen will be mostly and totally consumed once it interacts with sediments. In other words, the SOR processes will cause no or negligible isotopic fractionation of the R values of dissolved O2 and will only influence the O2 concentrations. Therefore,

[image: image]

where Robs is the observed isotopic composition of O2 from the near-bottom water samples. Based on equation 6, [O2]WCR can be calculated with known Robs, R0, [O2]0, and αWCR. [O2]0 is the saturated concentration of O2 at the known temperature and salinity for each station, and R0 is calculated from the isotopic composition, δ18O = 0.7%0, of saturated O2 at the sea surface.

Then, the fraction of oxygen consumed by WCR (WCR%) is calculated as:

[image: image]

Additionally, SOR% = 1 – WCR%, which is the fraction of oxygen consumed by SOR.



Apparent Fractionation Factor-Based and Step-By-Step Model (AS Model)

In principle, this model is similar to the model presented by Bender and Grande (1987) and the model with sequential steps reported by Fry (2006). It has been used in the Gulf of Mexico (Quinones-Rivera et al., 2007). As we focused on the oxygen budget in the near-bottom waters in this work, where no photosynthesis is present, only respiration processes are considered.

At the initial given O2 concentrations and δ18O values, the depletion of O2 was calculated at a given respiration rate. In every step, we decreased the initial O2 (i.e., caused by WCR and SOR, simultaneously) with a step size of ~1 μmol/L. The corresponding increase in δ18O (in ‰) was quantified by logarithmic distillation equations (exact expression; Mariotti et al., 1981). Through a repeated step-by-step calculation, the O2 concentration will finally decrease to nearly zero, with very high corresponding δ18O values. By doing this, a curve can be made, with the x-axis as the modeled O2 concentration and the y-axis as the modeled δ18O. The fractionation factor for all steps was fixed; changing the fractionation factor would change the shape (curvature) of the curve. By tuning the model fractionation factor, we found the best fit of the modeled curve and our observed [O2] – δ18O pairs for every near-bottom water sample. Then, the best-fit model fractionation factor was recorded for that sample, termed the apparent fractionation factor (εapp) (Quinones-Rivera et al., 2007). Similarly, the initial O2 properties for modeling were set as the theoretical equilibrium value (100% solubility and 0.7‰ δ18O for dissolved O2). The respiration rate was set as 0.03 mg O2/L/h.

The apparent fractionation factor was then used to calculate the relative contributions from WCR and SOR using a previously reported equation (Quinones-Rivera et al., 2007):

[image: image]

where εapp is the apparent fractionation factor, εWCR is the water column respiration fractionation factor, and εSOR is the sedimentary oxygen respiration fractionation factor.





MODEL RESULTS

A previous study suggested a value of −22‰ for the WCR fractionation factor εWCR in coastal waters such as the Gulf of Mexico (Quinones-Rivera et al., 2007). In this work, εWCR was regarded as −20.8‰ (αWCR = 0.9792) based on incubation experiments using in situ surface seawater (Supplementary Figure 5). For the SOR processes, during which O2 is totally consumed, the fractionation factor εSOR is regarded as 0 (αSOR = 1, namely, no isotopic fractionation of residual O2) (Brandes and Devol, 1997).


Results of the IR Model

The mean WCR% that contributed to the total AOU beneath the pycnocline was 53%, and the remaining 47% was contributed by SOR. Except for a few stations (T2, F3, J2), the WCR% was usually higher than the SOR (Figure 6). The maximum WCR% occurred in the 10 m layer (not near the bottom layer) of E2 (69%). Among all the near-bottom samples, the minimum value occurred at the southernmost station T2 (WCR% = 24%) (Figure 6 and Table 1).


[image: Figure 6]
FIGURE 6. The WCR and SOR% contributions to total AOU in the near-bottom waters in July 2018 as revealed by the IR model.




Results of the AS Model

The mean SOR% relative to the total AOU beneath the pycnocline was 54%, and the WCR% contributed the remaining 46% (Figure 7 and Table 1). The minimum SOR% (and hence maximum WCR%) was found at station F6 (SOR=38%, WCR=62%), and the maximum SOR% (and the minimum WCR%) occurred at station T2 (SOR=76%, WCR=24%).


[image: Figure 7]
FIGURE 7. The WCR% and SOR% contributions to total AOU in the near-bottom waters in July 2018, as revealed by the AS model.


We observed good consistencies and correlations of the results between the IR model and the AS model (slope = 1.18, r2 = 0.89, Figure 8).


[image: Figure 8]
FIGURE 8. The SOR% contribution to the total AOU based on both models: AS model result vs. IR model result.





DISCUSSION


Caveats and Limitations of the Models

For both the IR and AS models, we assumed equilibrium of the initial O2 (concentration and δ18O) at the sea surface. However, photosynthetic O2 and fresh water input might influence the initial conditions of O2. Here, we propose that these influences are not significant because of the limited fractions of photosynthetic O2 relative to dissolved atmospheric O2 and the small isotopic effects of fresh water input.

In the vicinity of Changjiang, the terrestrial impact is very clear. Changjiang water has a δ18O-H2O value of −31.6‰ (vs. air, converted from the VSMOW scale) (Li et al., 2010), which is 8.3‰ lower than that of seawater (−23.3‰ vs. air). Photosynthesis generates O2 by splitting the H-O bond in water, and hence, photosynthetic O2 has the same δ18O as its source water, which usually has much lower δ18O values than dissolved O2 from the atmosphere. However, we believe the terrestrial impact on δ18O-O2 was limited for our samples. We will use the surface waters of D3, where the lowest surface salinity (25.183) was observed, as an example for the following discussion. Given a typical marine water salinity of 34.500 and a salinity of 25.183 for the surface waters at D3, the freshwater contribution in the surface waters of D3 was expected to be 27%, with the remaining 73% as marine water based on a mass-balance calculation. If the δ18O-H2O of Changjiang water is linearly diluted by marine water along with increasing salinity, the presence of 27% freshwater would then reduce the bulk surface water δ18O-H2O from the original −23.3to −25.5‰ (vs. air). Therefore, photosynthetic O2 would have a δ18O-O2 of −25.5‰ instead of −23.3‰, assuming that there is trace fractionation of oxygen isotopes during the assimilation process in photosynthesis (Hopkinson and Smith, 2005). Therefore, the freshwater input would only change the δ18O of photosynthetic O2 by 2.2‰ (i.e., 23.3–25.5) or by 9.5% for all photosynthetic O2 at station D3. This estimation of freshwater influence is expected to be the maximum, as all the remaining stations had salinities much higher than 25.183 (Figure 2).

The coupling of δ18O and [O2] is impacted by various processes off the Changjiang Estuary and adjacent ECS, such as mixing with other water masses and additional freshwater input. However, there is barely an effect of these two processes from previous years because the residence time of the ECS shelf water is only one year (Tsunogai et al., 1997). Instead, the impact from mixing or freshwater input on δ18O and [O2] coupling is expected to be reset every year. However, more work is still needed to clarify the mixing process effect on δ18O and [O2] coupling over short time scales.

Another point is the euphotic zone depth and its relationships with the upper mixed layer depth. In the flood season (i.e., July), Changjiang water is very turbid and exerts a great impact on the estuary and adjacent coastal sea, as indicated by the salinity distribution pattern at the surface (Figure 2B). Under this background, the euphotic zone and upper mixed layer are very shallow (Zhu et al., 2009). For the near-bottom water samples, the sampling depths were all deeper than the euphotic zone and upper mixed layer depth. For the profile stations (D3 and E2), the middle layer samples were also all below the upper mixed layer, indicated by the density differences (density difference was > 1.5 kg/m3 or even > 7.4 kg/m3, far higher than 0.125 kg/m3).

Previously, while δ18O basically showed a good relationship with declining [O2], at times, sub-pycnocline samples showed a lack of such a relationship at certain sites in the Gulf of Mexico (Ostrom et al., 2014). This was suggested to be due to the fast oxygen consumption rate and hence an SOR-like process in the microenvironment in the water column (Ostrom et al., 2014). In our case, all sub-pycnocline δ18O and O2 were negatively coupled (r2 = 0.97; Supplementary Figure 4), indicating apparent isotope fractionation in the water column. Critically, we again claim that SOR in this work was related to any process in which [O2] was totally consumed in the depletion process, regardless of whether it occurred in the sediment, at the sediment-water interface or in the water column. However, given the good relationship between δ18O and [O2] (Supplementary Figure 4), it is unlikely that the SOR process (or diffusion-controlled process) significantly took place in the water column during our observation. Further work is needed to explore and confirm this.

Finally, the WCR endmember fractionation factor impacts the final output. The reported aerobic respiration fractionation factor has a large range, varying from −12 to −25‰ (Bender and Grande, 1987). Our in situ incubation indicated that the fractionation factor off the Changjiang Estuary was −20.8‰ (ε = −20.8‰ or α = 0.9792; Supplementary Figure 5). Previously, a WCR endmember fractionation factor of −22‰ was reported based on incubations in the Gulf of Mexico (Quinones-Rivera et al., 2007). Additionally, Hendricks et al. (2005) reported a respiration fractionation factor ranging between −21 and −22‰ (Hendricks et al., 2005), both of which are very close to our incubated value of −20.8‰ for Changjiang Estuary surface waters. Nevertheless, we also ran a sensitivity test showing that changing the WCR endmember fractionation factor from the current value (−20.8‰) to either −16 or −25‰ indeed introduced some changes in the estimated WCR% and SOR%, but the overall distribution pattern and relationships remained unchanged (see Supplementary Figures 6, 7).



Implications of the Oxygen Depletion Mechanisms off the Changjiang Estuary

The main controlling factor for WCR is organic matter (OM) degradation driven by microbial respiration (Diaz, 2001). As organic matter sinking from the upper waters is much more abundant (in % of total suspended matter) and more labile relative to the sediment, the WCR of the near-bottom waters is greatly contributed to and controlled by sinking organic matter from the surface waters instead of by resuspended sediment OM, in which the organic matter is more depleted and refractory. Off the Changjiang Estuary, there are two sources of OM in the surface waters, namely, OM from rivers and OM from in situ production. Previous studies have shown that the OM that degrades in near-bottom waters and drives hypoxia is mainly of marine origin (Wang et al., 2016, 2017). Although surface productivity data are lacking, such a rate can be inferred by the negative AOU of surface waters. AOU in the surface waters ranged from −47 to 26 μmol/L (Figure 4A and Table 1), with the minimum AOU (−47 μmol/L) occurring at station D3 and gradually increasing southwards and outwards (Figure 4A). This trend was similar to the [O2] distribution pattern in the near-bottom waters (Figure 3D); that is, higher O2 production (lower AOU values) at the surface correlated with lower [O2] in the near-bottom waters (Figure 9), which also suggests a coupling between excess organic matter production at the surface and stronger O2 consumption beneath. Furthermore, although there was an outlier (a sample from station D3), near-bottom water WCR% showed a good negative relationship with surface AOU in both models (Figures 10A,B). In other words, lower surface water AOU (higher O2 productivity at the surface) corresponded to a higher WCR% contribution to AOU in the near-bottom waters (Figures 10A,B), which is consistent with the mechanism by which the generation of excess organic matter fuels near-bottom water O2 consumption (Diaz, 2001).


[image: Figure 9]
FIGURE 9. Near-bottom [O2] (μmol/L) plotted against AOU (μmol/L) in the surface waters.



[image: Figure 10]
FIGURE 10. The WCR% contribution to the total AOU of the near-bottom waters and its relationship with AOU of the surface waters: (A) AS model and (B) IR model. Note that only near-bottom water samples are shown; r, p, n in the plot were derived without data from D3.


With respect to SOR, the influential factors have been adequately reviewed (Glud, 2008), including sedimentation rates, near-bottom [O2], diffusive boundary layers, faunal activity, light, temperature, and sediment permeability. Because these influential factors vary greatly and the SOR is usually determined by these factors simultaneously, the dynamics of near-bottom [O2] are complicated but of great interest.

From the aspect of direct diffusion, the depth of O2 penetration into sediment (L) and the diffusive oxygen utilization (DOU) between sediment and near-bottom waters can be described using equation 9 (Cai and Sayles, 1996) and equation 10 (Rasmussen and Jorgensen, 1992), respectively:

[image: image]
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where in Equation 9, ∅ and DS are the respective porosity and diffusivity of O2 in the sediment, [O2]BW is the near-bottom [O2], and [image: image] is the benthic oxygen flux. In equation 10, D0 is the diffusion coefficient of oxygen in water at a certain temperature and salinity, and dC(z)/dz is the oxygen content decreasing gradient (rate, or slope) along the diffusive boundary layer. Both equations 9 and 10 indicate that a higher SOR rate is expected under a higher near-bottom [O2]. Although positive cases can be found to support such expectations (Rowe et al., 2002; Murrell and Lehrter, 2011; Lehrter et al., 2012), a few contrary examples have also been reported (Mccarthy et al., 2013).

The SOR% contribution to the total AOU beneath the pycnocline was positively related to near-bottom [O2] (Figures 11A,C) for the results from both models, supporting the expectation that higher bottom [O2] is accompanied by a higher SOR rate (Murrell and Lehrter, 2011; Song et al., 2020). The latest incubation work carried out on deck suggested that the SOR rate (mmol O2/m2/day) was positively related to near-bottom [O2] in summer (Song et al., 2020), which is consistent with our suggested SOR% pattern with bottom [O2] (Figure 11). As a comparison, lower near-bottom [O2] corresponded to a greater WCR contribution (Figures 11B,D). Furthermore, sensitivity analysis indicated that the pattern in Figure 12 held even when the WCR endmember fractionation factor varied from −16 to −25‰ (Supplementary Figures 5, 6), suggesting that our findings (Figure 11) are robust under a wide range of scenarios.


[image: Figure 11]
FIGURE 11. The relationship between [O2] (μmol/L) and the SOR% and WCR% contributions to total AOU for all sub-pycnocline samples shallower than 70 m: (A,B) Calculated from the IR model, (C,D) calculated from the AS model.



[image: Figure 12]
FIGURE 12. The vertical distribution of the SOR% and WCR% contributions to total AOU at (A) station D3 and (B) station E2.


In addition to the horizontal distribution pattern (Figures 11A,C), the vertical distribution was investigated. A higher WCR% (lower SOR%) was usually expected at shallower depths, whereas in deeper layers (e.g., in the near-bottom waters), the SOR% could be higher than that in the corresponding shallower layers (Figure 12). At station E2, however, a reverse trend was found, where SOR% in deeper layers was generally lower than that at the shallower depth (i.e., SOR% at 60 m < SOR% at 30 m; Figure 12B). Oxygen depletion at 60 m was more severe than that at 30 m, with AOU values at 30 m and 60 m of 93 and 100 μmol/L, respectively. The SOR% and AOU relationship between 30 m and 60 m indicated that WCR tended to play a larger role in the more severe oxygen depletion scenario beneath the pycnocline, regardless of the depth (Figure 12).

Given the horizontal (Figure 11) and vertical patterns (Figure 12) of WCR% and SOR%, we propose dynamic, instead of fixed, oxygen consumption mechanisms of WCR and SOR in the near-bottom waters beneath the pycnocline (Figures 10A,B, 11) that finally cause hypoxia off the Changjiang Estuary and adjacent ECS (Figure 13): In the stratified water column, the SOR contribution to the total bottom AOU is a background-like, chronic process that exists at all times. The WCR contribution to the total AOU can be very limited in near-bottom waters relative to SOR when no extra organic matter is abruptly introduced (e.g., via particle sinking). During the productive season (summer), however, excess organic matter assimilates in the surface waters, intensively sinks to the near-bottom waters within a very short time period, and hence stimulates WCR in the near-bottom waters. Compared to the background-like, chronic SOR, a sudden increase in WCR is a pulse-like and acute event (Figures 10A,B). If stratification prevails and prevents additional O2 supply, hypoxia occurs. With decreasing [O2], the O2 penetration depth, as well as the diffusion rate of oxygen into the sediment, is expected to be increasingly restricted (Equations 9, 10), which in turn would further reduce the SOR contributions in the bottom AOU at that site during our observation. Therefore, the dominating oxygen consumption mechanisms would shift from SOR to WCR under such circumstances. Similar dynamics of the oxygen consumption shift between SOR and WCR can be inferred in the case of hypoxia in the Gulf of Mexico (Quinones-Rivera et al., 2007).


[image: Figure 13]
FIGURE 13. Schematic of the dynamic WCR and SOR contributions to the total AOU at a fixed depth: (a) low DO ([O2]>2 mg/L) scenario when there is no excess organic matter exported into the near-bottom waters and SOR dominates the bottom AOU; (b) hypoxia scenario when there is excess organic matter exported into the near-bottom waters and WCR drives [O2] to a hypoxic level.


If the oxygen consumption scenario in Figure 11 is valid for our observations, bloom management, instead of sediment management, would reduce organic matter that sinks into the near-bottom waters and hence would be more effective and instant in reducing hypoxia. Unfortunately, even if blooms in surface waters are controlled, near the bottom, [O2] is unlikely to recover promptly. This is because of the presence of background-like, chronic SOR. In the worst condition, with controlled blooms in the surface waters, the reduced WCR and alleviated sub-pycnocline [O2] will in turn promote increasing SOR contributions to oxygen depletion. Our work suggests that hypoxia management would be a comprehensive and long-term mission.

It should be pointed out that such a schematic (Figure 13) is at least partly based on an assumption that sediments in the whole study area are homogeneous in nature. Instead, the sediment grain size, porosity, and organic carbon content show clear spatial patterns (Niino and Emery, 1961; Song et al., 2016; Yang et al., 2016; Zhang et al., 2020). Although the sediment total organic carbon and total nitrogen contents showed no clear relationship with the SOR rate, the grain size effect has been suspected in the ECS (Song et al., 2016), with coarser surface sediment having stronger sediment-water exchange efficiency and hence playing an equally important role in SOR relative to organic matter-abundant fine sediment (De Beer et al., 2005).

Based on the radium-thorium imbalance method, SOR contributed 6–61% of the total bottom AOU (Cai et al., 2014), whereas sediment incubations carried out on deck on the ship showed that the SOR contribution could reach 100% (Zhang et al., 2017). While previous work showed a large variation range for SOR%, our result, which is based on an oxygen isotope and O2 budget approach, also showed some fluctuations (Figures 11A,C). The fluctuation may result from the uncertainties of our approach, or more likely, from the heterogeneous sediment nature, which led to the SOR rate and further SOR% difference. We are also aware that O2 diffusion-controlled fractionation may play a role in such a δ18O-based approach (Ostrom et al., 2014). But off the Changjiang Estuary, at least during our observation, similar decoupling between [O2] and δ18O was not observed. Nevertheless, more observation-based integrated studies (i.e., covering both SOR and WCR contributions) are needed to clarify the shift in SOR and WCR contributions to bottom hypoxia off the Changjiang Estuary and adjacent ECS.




CONCLUSION

In addition to respiration incubation experiments using sediments and water column organic matter, the oxygen isotope budget provides another approach to quantify both WCR and SOR under oxygen depletion. In the near-bottom waters off the Changjiang Estuary and adjacent ECS, the δ18O of dissolved oxygen ranged from 1.039 to 8.457‰, indicating a significant fractionation effect during oxygen consumption.

To clarify the WCR and SOR contributions to the total AOU, respiration models are used to quantify the coupling between [O2] and the corresponding δ18O. In addition to a model published by Quinones-Rivera (AS model) (Quinones-Rivera et al., 2007), we also developed an IR model to evaluate the WCR and SOR% in the sub-pycnocline waters. The results from the two models basically agreed with each other, but the pattern of decreasing SOR% contribution to the total AOU with decreasing [O2] was clearer in the IR model than in the AS model (Figure 11A).

Our results indicated that the WCR and SOR% contributions to the total AOU of the near-bottom waters were dynamic, not stationary, and were likely affected by ambient environmental factors (e.g., [O2]; Figure 11). Accordingly, we propose that SOR is the main factor that determines the background AOU of the near-bottom waters off the Changjiang Estuary, but the WCR drives the dissolved oxygen level to hypoxia. In July 2018, WCR contributed ~70% of the total AOU when hypoxia occurred ([O2] ~50 μmol/L).

As primary research, there are still some other factors that are not well addressed in the oxygen isotope budget. Although the terrestrial input from the Changjiang River is expected to play a limited role in increasing bias in the expected coupling between [O2] and δ18O, the mixing effect of various water masses in the study area and its impact on the oxygen isotope budget (Bender, 1990) should still be considered in the future.
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