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The Deepwater Horizon oil well blowout discharged an unprecedented amount of methane into the water column of the northern Gulf of Mexico between April and July 2010. The methanotrophic community bloomed in response to the sustained methane release, resulting in the highest methane oxidation rates measured in the water column of an open ocean environment to date. To assess the long-term impact and recovery of the northern Gulf of Mexico methanotrophic community, we tracked methane dynamics for five years post-blowout. We determined methane concentration and methane oxidation rates at 31 different sites, resulting in ~900 discrete water column samples across the northern Gulf ecosystem, the largest compilation of methane oxidation rate measurements in an offshore ocean environment. Though methane concentrations approached pre-blowout concentrations within one year, methane oxidation rates exhibited a more gradual trend of decreasing activity. These results suggest that Gulf-wide circulation patterns dispersed and redistributed methanotrophic biomass that bloomed and accumulated in the wake of the Deepwater Horizon blowout, and that this biomass was able to perpetuate elevated methanotrophic activity for multiple years after the blowout at levels above anticipated background rates. This dataset provides a rare view of the response of an ocean ecosystem to a large pulse of methane and reveals unanticipated dynamics of microbial methanotrophy as a result of such human-induced methane releases.
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1. Introduction

Methane, a potent greenhouse gas that has a global warming potential 28 times that of carbon dioxide, influences Earth’s climate through its impact on the atmospheric infrared radiation balance (IPCC 2013; Nauw et al., 2015). The ocean is a net source of methane to the atmosphere (~10 Tg yr–1). This methane is derived from a mix of biogenic (methanogenesis) and thermogenic sources via a number of processes, including the destabilization of gas hydrates (Bernard et al., 1976; Reeburgh, 2007). The majority of the methane introduced into the oceanic environment is consumed through methane oxidation within sediments and in the water column. Sedimentary anaerobic oxidation of methane (AOM) is the primary sink of methane in the ocean, but aerobic methane oxidation plays an important role in maintaining low background methane concentrations in most of the ocean even when methane escapes the sedimentary biofilter (Reeburgh, 2007; Knittel and Boetius, 2009).

The Gulf of Mexico is a unique ecosystem where liquid (oil) and gaseous (methane and other alkanes) hydrocarbons reside naturally in deep subsurface reservoirs that discharge slowly and diffusely at the seabed (Kennicutt et al., 1988; Roberts et al., 1999). Salt diapirism generates fault networks that facilitate discharge of oil, gas, and brine from these reservoirs through the sediments and eventually into the overlying water column (Kennicutt et al., 1988; Roberts and Carney, 1997). At some seeps, brine is discharged concomitantly with oil and gas. The high salinity of brine can impede the formation of methane hydrates, which may increase the methane flux into the water column (Wilson and Ruppel, 2007). To date, at least 22,000 natural seeps have been identified; 914 generate oil slicks that are visible from space (http://1.usa.gov/1aKybyq; Joye et al., 2014; MacDonald et al., 2015). At one Gulf brine pool, the diffusive flux of methane was 1.1 mol m–2 y–1 (Wankel et al., 2010). Methane fluxes from a gas vent at Hydrate Ridge on the Cascadia margin off the coast of Oregon ranged from 11 to 33 mol m–2 y–1 (Torres et al., 2002). These fluxes underscore the importance of natural seeps as a source of methane to the overlying water column, and potentially to the atmosphere.

The Gulf of Mexico is significantly impacted by oil and gas exploration. Currently there are 2,024 platforms and 53,068 wells drilled at water depths ranging between 0 and >1000 m. Most active leases lie at water depths >1000 m (BOEM 2017; https://www.data.boem.gov). On April 20, 2010, the Deepwater Horizon (DWH) drilling platform suffered an uncontrolled blowout and caught fire; the rig sank on April 22, 2010, in the Mississippi Canyon area of the northern Gulf of Mexico. Sinking of the platform severed the riser, leading to the uncontrolled discharge of oil and gas into the deep water column. The well was capped 84 days later, in mid-July, after some 5,000,000 barrels of oil and 250,000 metric tonnes of low molecular weight alkane gases, mainly methane, were discharged into the Gulf ecosystem, representing a large and abrupt ecosystem perturbation (Joye, 2015; Joye et al., 2016).

The discharged low molecular weight alkane gases dissolved at depth, forming a lateral, deep-water plume (Figure 1) between 1,000 to 1,200 m water depth; peak methane concentrations of >380 μM in May 2010 were observed around 1,100 m (Joye et al., 2011; Joye, 2015). Solution and focusing of these gases in the deep-water plume was facilitated by the high pressures and low temperature (100–150 bar and 4–6°C; Reddy et al., 2012) combined with the presence of suspended gas hydrates at this depth in the water column (Joye et al., 2011). The increase in methane concentrations in the deep-water plume stimulated aerobic methane oxidation, which peaked at rates of 5,900 nM d–1 in late May/early June, about a month after the discharge began (Crespo-Medina et al., 2014). This rate is the highest reported for the oceanic water column to date and among the highest reported for an aquatic ecosystem.

[image: image]

Figure 1

Anthropogenic oil and gas input versus natural seepage.
 Schematic depicting differences between the lateral plume created during the DeepWater Horizon disaster and the more diffuse methane-rich area created from natural seeps. Methane concentrations and MOx rates were high in the deep-water plume created during the DWH disaster. The oil and methane not trapped in the deep-water plume migrated to the surface, where surface slicks formed. At natural seepage locations, methane concentrations are elevated. Bubbles of methane and oil droplets that did not dissolve at the source, migrate through the water column and continue to dissolve until they reach the surface. MOx indicates methane oxidation rate; MOx rates and methane concentrations are from this study and Crespo-Medina et al. (2014).
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The deep-water methane anomaly was concentrated in a narrow lateral plume for the first two months of the incident. Peak plume concentrations were 102 to 104 times greater than the background methane concentration in the Gulf (Joye et al., 2011). The deep-water hydrocarbon plume was unique due to the large amount of dissolved methane contained within the layer and because of the extent of its multi-month duration. By July, methane had been mixed, to a various extent, through the water column.

The DWH deep-water methane-rich plume differed substantially from the dissolved methane regimes observed typically at natural seeps, which are largely controlled by bubble/hydrate interactions within the water column and site-specific physical dynamics (Figure 1; Leifer and MacDonald, 2003; Leifer et al., 2009; Solomon et al., 2009). The lateral scale (>20 nautical miles or >37 km) of the deep-water plume that formed in the aftermath of the DWH disaster was much larger than the dissolved methane plumes found near natural seeps. Observations made at natural seeps over the past 20 years in the Gulf of Mexico suggest that the horizontal footprint of a gas vent along the seabed is typically >1 m but <10s of m, and the vertical extent of the discharge vent is limited to several hundred meters. The DWH event represented a perturbation that is quite distinct from natural seepage regimes and offered an opportunity to study how a microbial community responds to such a large perturbation.

We present results focused on the 5-year period following the DWH discharge but also including background data from years before the DWH incident. We define a natural seep as a location within a lease block (i.e., a geographic area used for leasing and development within the Outer Continental Shelf of the northern Gulf of Mexico) where there is active gas release/seepage. Even within an area known for active seepage, there can be non-seep locations if seepage is absent in those areas. We investigated methane concentrations, methane oxidation rates, hydrography, and nutrient availability in the water column of the Gulf of Mexico each summer (2010–2015), but more frequently in 2010 and in the immediate aftermath of the blowout. This time-series data set permitted assessment of the response and recovery of the Gulf microbial ecosystem following the DWH blowout and provided opportunities for discovery that routine monitoring of a natural seep site would not provide. Methanotrophic activity – and presumably methanotroph biomass – was highest in the immediate aftermath of the DWH methane infusion, and this methanotrophic potential then dispersed throughout the water column and across the basin, sustaining elevated rate constants for three years following the blowout. This data set thus documents an unexpected long-term impact of the DWH incident on the pelagic microbial ecosystem.

2. Materials and Methods

2.1. Site description

A total of ~900 water column methane oxidation rate samples from 149 CTD casts at 31 different sites were collected during nine research cruises to the Gulf of Mexico, onboard the R/V Pelican, 5–15 May 2010; R/V Walton Smith, 25 May–6 June 2010; R/V Endeavor, 2–13 July 2011 (EN 496–post spill monitoring cruise), 27 June–4 July 2012 (EN510), 20 June–22 July 2013 (EN 527/528), and 29 May–20 June 2015 (EN 559); and R/V Atlantis, 31 March–14 April 2014 (AT26-13). Data from 2001 and 2006 were collected during expeditions of the R/V Edwin Link (2001, “Gulf Extreme Environments”) and R/V Atlantis (2006, “Expedition to the Deep Slope”). The 2010 data set, originally presented in Crespo-Medina et al. (2014), is provided here as foundation for the time-series data set. Distribution of the study sites across the Gulf of Mexico is depicted in Figure 2; their specific names and locations are provided in Table S1.

[image: image]

Figure 2

Distribution of sampling sites across the northern Gulf of Mexico.
 Sites highlighted for specific reasons in the text are identified by station designation (see Table S1). The Macondo wellhead location is denoted by the yellow point; GB425 (mud volcano), GC185, GC600, and OC26 locations are denoted by the red points.
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2.2. Sample collection

A CTD-Niskin rosette system was used to obtain hydrographic profiles through the water column; Niskin bottles were triggered at specific depths based on hydrographic signatures (Figure S1). Upon recovery, each Niskin bottle was sub-sampled to determine concentrations of dissolved gases and nutrients and rates of methane oxidation. Samples for dissolved methane concentrations were collected first. A 1-L PETG bottle was filled using silicon tubing, which was inserted into the bottle to allow for filling from the bottom. The PETG bottles were allowed to overflow to ensure that the water sample had minimal atmospheric exposure. Once filled, these bottles were capped headspace-free. Following collection of the methane sample, an additional 1-L PETG bottle was filled with water for use in assays of methane oxidation rate and capped headspace-free. Once the bottle for rate assays was filled, a 250-mL PETG bottle was filled with water for use in dissolved nutrient analyses and capped headspace-free. All bottles were immediately stored at 4°C until methane extraction or nutrient subsampling, which commenced within 6 hours of collection. PETG bottles for methane oxidation rates were subsampled and injected within two hours of collection during the 2011–2015 expeditions.

2.3. Multibeam echosounder surveys (MBES)

Multibeam echosounder surveys (MBES) were conducted using Kongsberg Maritime EM302 30 kHz or EM710 70 kHz MBES systems to document the location and nature of naturally occurring gas vents. A shipboard system was used during one of the cruises listed above, the R/V Atlantis in 2014 (R2R Program, 2013; UNOLS R2R, 2014), while during two other earlier (2012) expeditions, MBES were conducted using a remotely operated vehicle (ROV) from the R/V Okeanos Explorer (ROV Little Hercules; NOAA Office of Ocean Exploration and Research, 2012; NOAA, 2012) and R/V Falkor (ROV MK3; R2R Program, 2012; UNOLS R2R, 2012). Fledermaus GeoCoder was used to process backscatter data, and image mosaics were generated using ArcGIS (https://bit.ly/2Qn1vXD).

2.4. Methane concentrations

Methane gas was extracted from 0.8 L of seawater using a sonication/vacuum extraction technique (Schmitt et al., 1991; Lammers and Suess, 1994). A subsample of the recovered gas (0.5–1.0 mL) was injected into a gas chromatograph (model 8610C, SRI® Torrance, California) outfitted with a HaySepD packed column and a flame ionization detector. The methane concentration was calculated by comparing sample areas to areas determined from high purity methane standards (Scott Specialty Gases®); the detection limit was 0.5 nM methane.

2.5. Methane oxidation rates

Microbially mediated rates of aerobic methane oxidation were determined by tracking the conversion of methane-derived tritium into the product, tritiated water (Equation 1). Tritiated methane (C3H4) has a high specific activity (0.7 TBq/mmol). Despite addition of high activity (~33 kBq as a gas bubble), the maximal addition of methane was ~2 nM, which would at most double the in situ pool when concentrations were in the low nM range.
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An open-bore 60-mL syringe fitted with silicon tubing was used to pull sample from the bottom of the PETG bottle, ensuring that any millimeter-sized aggregations of methanotrophic biomass were not excluded. Sample aliquots were distributed into 16-mL Hungate tubes and capped headspace-free using Labco® septa and a screw cap. At each depth, rate assays were performed in triplicate, with one killed control. Killed controls were amended with 37% formaldehyde to halt microbial activity prior to tracer addition. The tritiated methane tracer was injected as dissolved gas in 100 μL (2011–2014) or as a gas bubble in 20 μL (2015); in both cases, the final aqueous-phase tracer activity, quantified in sub-samples after incubation, was ~20 kBq (Sandbeck and Reeburgh., 1989; Valentine et al., 2001; Carini et al., 2005). Samples were incubated at in situ temperature (4, 8, 12, or 20°C) in shipboard incubators inside radiation isotope isolation vans except for the May–June 2010 samples, which were incubated on-shore after the expedition (see Crespo-Medina et al., 2014, for details).

After an incubation period of 48–60 hours, the production of tritiated water was quantified as follows. Reactions were terminated by emptying the content of each Hungate tube into a 20-mL scintillation vial containing 2 mL of 37% formaldehyde. For at least one sample from each set, a 100 μL sub-sample was collected immediately after opening, but prior to termination, to verify the total 3H–CH4 activity added to the sample. The radioactivity of this sample was quantified on a scintillation counter by injecting the sub-sample into a vial containing Scintillation cocktail (ScintiSafe Gel®). For the other samples, immediately following termination of microbial activity, labeled 3H–CH4 was removed by purging the sample with hydrated air for at least 45 minutes. Scintillation cocktail was added to an aliquot of the sample at a ratio of 1:5 sample:scintillation cocktail, which was the optimal ratio for minimizing chemiluminescence. The activity of 3H–H2O was quantified using a Beckman® 6500 liquid scintillation counter. Methane oxidation rates were calculated by multiplying the fractional turnover rate constant, k (d–1), by the CH4 concentration (nM) measured from the water sampled at each specific location (Equations 2 and 3). The detection limit for methane oxidation rate (MOx) was 0.5 pmol L–1 d–1.

[image: image]

[image: image]

In Equation 2, DPM–3H2O is the activity in the oxidation product, DPM–3H2O + DPM–C3H4 is the total activity of tritiated methane, and ‘time’ is the incubation time in hours.

2.6. Nutrient concentrations

Nutrient samples were collected directly into 250-mL PETG bottles from the CTD as described previously. Next, a sub-sample was filtered through a 0.22-μm Target® filter into a 60-mL HDPE bottle. These bottles were sub-sampled for ammonium (5 mL) which was preserved with phenol and run onboard the ship using the standard phenol hypochlorite colorimetric method and a HACH spectrophotometer with a minimum detection limit of 0.1 μM (Solorzano, 1969). ACS reagent grade NH4Cl was used to generate the standard curve. After sampling for ammonium, the HDPE bottles were immediately frozen at –20°C to preserve other constituents until analysis, which occurred within 6 months of collection. NOx (nitrate + nitrite), nitrite, and phosphate concentrations were measured using a Latchat Instruments FIA 8000 Autoanalyzer and standard protocols 31-107-04-1-A (for NOx and nitrite; Diamond, 1997) and 31-115-01-1-H (phosphate; Knepel and Bogren, 2002), with detection limits of 0.7 μM and 0.16 μM, respectively. The methods were standardized by comparison to a range of ACS reagent grade KNO3, KH2PO4, and NaNO2 solutions treated identically to samples. Nitrate concentrations were calculated as the difference between NOx and nitrite.

Total dissolved nitrogen (TDN) was determined by subjecting filtered seawater samples to high temperature catalytic oxidation on a Shimadzu Instruments TOC-V coupled to a Shimadzu Instruments Total Nitrogen unit; the detection limit was 0.4 μM. The method was standardized by comparison to a range of KNO3 and glycine solutions treated identically to the seawater samples. Ammonium concentrations were determined again in samples following storage using the phenol hypochlorite method (to obtain a robust ammonium value for the TDN calculation) and analyzed on the Shimadzu Instruments Spectrophotometer Model UV-1601 (Solorzano, 1969). This ammonium value, along with NOx, was used to calculate the dissolved organic nitrogen (DON) concentration as the difference between TDN and dissolved inorganic N (NOx + ammonium). Total dissolved phosphorus (TDP) was determined via high temperature combustion and hydrolysis of filtered samples and analyzed on the Shimadzu Instruments Spectrophotometer Model UV-1601 with a minimum detection limit of 0.2 μM (Solorzano and Sharp, 1980; Monaghan and Ruttenberg, 1999); ACS reagent grade potassium orthophosphate was used to generate a standard curve. Dissolved organic phosphorus (DOP) was calculated as the difference between TDP and inorganic phosphate.

2.7. Data analysis and statistics

Some of the study sites were known to be natural hydrocarbon seeps, while others were ‘control’ sites not known for seepage. Natural seep samples were classified as ‘seepage’ or ‘non-seepage’ based on the bottom-water methane concentration: seepage ≥10 nM CH4 and non-seepage <10 nM CH4. This designated threshold was roughly 6-fold higher than the median background methane concentration, 1.7 nM (Solomon et al., 2009; and data presented herein). A two-way analysis of variance was performed on each year of the data set to assess the effects of year and classification (seepage or non-seepage). As only three depth profiles were available between 2001 and 2006, they were not included in this analysis. Comparison of means (Steel Dwass test) was performed on the methane concentrations to assess the differences between years. Kendall’s Tau correlation analysis was used to determine strength of relationship between variables.

Nitrate, DON, phosphate, and DOP concentrations from 2010, 2012, 2013, 2014, and 2015 from GC600 and OC26 were binned based on the depth (400 m and above, between 400 and 1000 m, or 1000 m and below). These water depths were chosen to delineate the DWH deep-water methane plume and the methane anomaly associated with the deep chlorophyll maximum (Joye SB, personal observation). Ammonium was not included in these analyses because the majority of the values were below detection. Comparison of means (Steel Dwass) was performed on the nutrient concentrations to assess the differences between years. Kendall’s Tau correlation analysis was used to determine if there was a relationship between methane concentration, rate constant, and nutrient concentrations. All statistical analyses were performed using JMP® Pro 13.

3. Results

3.1. Multibeam surveys of natural seepage

The MBES data collected and processed during 2012 and 2014 were used to identify locations of natural hydrocarbon and methane seepage. Two major seep sites, GC185 and GC600, and one non-seep site, OC26, close to the Macondo wellhead, are highlighted here (Figure 3). GC185 is a shallow cold seep (water depth of ~500 m) where dissolved alkane gases and oil discharge into the water column (Figure 3A). GC600 is a cold seep that lies at greater depth (1200 m) and supports two distinct seepage fields, called Megaplume and Birthday Candles; these vents discharge oil and dissolved alkane gases, mainly methane, into the overlying water column (Figure 3B). Both GC185 and GC600 release significant amounts of methane from the seabed leading to super-saturation throughout the water column.
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Figure 3

Multibeam echosounder surveys at three sites.
 Gas plumes detected at GC185 (A) and GC600 (B) and absence of seepage at OC26 (C) using multibeam surveys during the 2012 R/V Okeanos and Falkor expeditions and the 2014 R/V Atlantis cruise. Multiple seeps are apparent in the multibeam data for GC600. These seeps are associated with salt-driven tectonics in the Gulf of Mexico.
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3.2. Spatio-temporal trends in methane dynamics

We evaluated methane dynamics in 2001, 2006, and 2010 (Deepwater Horizon blowout) through 2015 to document spatial and temporal trends in Gulf of Mexico pelagic waters (Figure 4). At natural seeps prior to the DWH blowout (in 2006), methane concentrations as high as 37 μM were observed, for example, within the vertical plume emanating naturally from an active mud volcano (GB425). At natural hydrocarbon seeps, vertical structure dominated the methane profile, and concentrations ranged typically from 10 to 250 nM, with the highest concentrations observed at the seabed near the source (Figure 5). Another increase in concentration was observed near the top of the pycnocline, and sometimes a third peak was associated with the deep chlorophyll maximum (Joye SB, personal observations). In contrast to the range of methane concentration profiles observed at natural seeps, samples collected during the DWH blowout exhibited both vertical and horizontal structure, with highest concentrations well above the seabed in the deep-water plume and significant anomalies occurring above and below the plume (Figures 1 and 5C).
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Figure 4

Box plots of non-seep and seep locations Gulf of Mexico sites compared to DWH blowout conditions. (A)
 Methane concentration (mol L–1), (B) methane oxidation rate (mol L–1 d–1), and (C) rate constant (d–1). The line within the box is the median, and the boundary of the boxes indicates the 25th and 75th percentiles. Error bars above and below indicate the 90th and 10th percentiles. Filled circles represent outliers. N values are (non-seep and seep) 22 and 20 for 2001; 11 and 76 for 2011; 56 and 32 for 2012; 101 and 90 for 2013; 45 and 116 for 2014; 68 and 61 for 2015; 17 for mud volcano conditions at GB425 in 2006; and 81 for blowout conditions in 2010. The 2010 blowout box includes all data from all sites (non-seep and seep) during the blowout year, as reported by Crespo-Medina et al. (2014). Dashed line separates background conditions prior to the DWH blowout. Note the log scale for A and B.
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Figure 5

Depth profiles of methane seepage at natural seep sites compared to the DWH blowout profile.
 Methane concentrations are shown with depth for natural seep sites GC600 (A) and GC185 (B) and for the DWH blowout site (C). Concentrations for the blowout site are as reported by Crespo-Median et al. (2014).
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Methane concentrations ranged from 0.8 to 274 nM in 2001 for pre-blowout conditions and from below detection to 381 μM for blowout and post-blowout conditions. The highest concentrations were observed in 2010 (DWH blowout) and the lowest concentrations were observed in 2013 and 2015. Seep sites had elevated methane concentrations compared to non-seep areas. The methane concentrations across the study area were significantly higher in 2010 due to the DWH blowout (n = 87–201; p < 0.0001; Steel Dwass mean comparison), and particularly high in areas within 30–50 nautical miles of the wellhead (GRIIDC DOI: https://doi.org/10.7266/N7KK98T1; Crespo-Medina et al., 2014). After 2010, methane concentrations decreased post-blowout for all locations examined (Figure 4A).

Methane oxidation rates ranged from below detection (0.5 pmol L–1 d–1) to 730 pmol L–1 d–1 for pre-blowout conditions, and from near the detection limit to 5900 nmol L–1 d–1 for blowout and post-blowout conditions. The highest rates were measured in 2010 (DWH blowout), followed by 2011 and 2012, and lowest rates were documented in 2015 (Figure 4B). The rate constant for methane oxidation ranged from 1.4 × 10–6 to 0.12 d–1, with the highest values observed in 2010, 2011 and 2012 and the lowest observed in 2001, 2006, and 2015. The rate constant for both seep and non-seep sites increased during the DWH blowout and remained elevated above background until 2013, when the rate constant decreased to near pre-blowout conditions (Figure 4C). Depth profiles of methane concentration, methane oxidation rate, and rate constant at GC600 (seep site) and OC26 (near wellhead, no active seepage) are depicted in Figure 6. GC600 as a natural seep site supported much higher methane concentrations, methane oxidation rates, and rate constants (Figure 6A–C), compared to the OC26 site (Figure 6D–F).
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Figure 6

Methane dynamics at two distinct GOM sites.
 Depth profiles for the years 2012, 2013, 2014, and 2015 are shown for natural seep site GC600 (A–C) and non-seep site OC26 (D–F) for methane concentration (nM) (A and D), methane oxidation rate (pmol L–1 d–1) (B and E), and rate constant (d–1) (C and F). The inset in D provides a higher resolution scale for the low methane concentrations at the non-seep site.
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A two-way ANOVA showed that methane concentrations differed significantly between years and between classifications (seep vs. non-seep), and that there was a significant interaction between year and classification. Methane oxidation rates followed a similar statistical pattern, with significant differences between years and classifications, and interaction between the two variables. The rate constant was significantly different only between years (Table 1).



Table 1

The p-values of analysis of variance showing the effects of year, site classification, and their interaction on each response variable.

DOI: https://doi.org/10.1525/elementa.332.t1
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a Asterisks indicate significant effect at 5% significance level.



3.3. Macronutrients

We investigated nitrate, DON, DOP, and phosphate concentrations in 2010 at the DWH impacted locations and in 2012, 2013, 2014, and 2015 at long-term monitoring locations (OC26 and GC600). Nitrate concentrations at OC26 and GC600 ranged from below detection to 36 μM, and DON concentrations ranged from below detection to 12 μM. Phosphate concentrations at OC26 and GC600 ranged from below detection to 2 μM, and DOP concentrations ranged from below detection to 1 μM. Nutrient concentrations exhibited no marked interannual variability. Depth profiles of nutrients are shown in Figure 7.
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Figure 7

Nutrient characteristics at two distinct GOM sites and the DWH blowout site.
 Depth profiles are shown for concentrations (μM) of nitrate + nitrite or nitrate (A–C), phosphate (D–F), dissolved organic nitrogen (G–I), and dissolved organic phosphorus (J–L) for the DHW blowout site in 2010 (A, D, G, J), and for non-seep site OC26 (B, E, H, K) and seep site GC600 (C, F, I, L) in 2012, 2013, 2014, and 2015.
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Nutrient concentrations in the water column were binned (400 m and above, between 400 m and 1000 m, and 1000 m and below) in order to capture the distinct methane regimes typically found within the water column of the Gulf of Mexico. Results from the comparison of means performed on the OC26 and GC600 data are provided in Table S2. Additional results from the Kendall’s Tau analysis of the correlation between nutrient concentrations and methane oxidation rates and rate constant are shown in Tables S3–S5.

4. Discussion

4.1. Overview of deep water impacts and pre-blowout conditions

The goal of this study was to compare patterns of methane dynamics in the northern Gulf of Mexico before, during, and after the DWH blowout. As such, we investigated spatial and temporal patterns of methane concentration, oxidation rate, and rate constant in the northern Gulf water column. A significant but ephemeral increase in methane oxidation activity in response to the methane input from the DWH blowout was reported by Crespo-Medina et al. (2014). However, the long-term response of the methane infusion on the activity of Gulf methanotrophic populations, as well as patterns of methane oxidation before the incident have not been described. Determining the magnitude and dynamics of the response to the DWH blowout and the recovery of the pelagic methanotrophic community in the Gulf of Mexico following the DWH methane injection is critical for understanding how ecosystem-scale methane cycling is influenced by pulsed high methane loads. This data set, derived from ~900 discrete measurements of methane concentration, oxidation rate, and rate constant from 149 CTD casts made in 2001, 2006, and 2010 through 2015, represents the most extensive compilation of data on methane dynamics for a pelagic ocean ecosystem.

The data presented here support the following conclusions:


	Widespread elevations in methane oxidation rates measured across the northern Gulf in the wake of the BP Deepwater Horizon blowout indicate the dispersion of active methanotrophic biomass away from the point source of methane injection (i.e., the Macondo wellhead).

	The DWH blowout led to a relatively short-term bloom of methanotrophs in the methane-enriched deep water (Crespo-Medina et al., 2014), but potential rates of methanotrophic activity remained elevated in the region for several years, despite the fact that methane concentrations approached background after 2010. Methane oxidation rates retreated toward pre-blowout levels more slowly than methane concentrations.

	Basin-wide circulation dispersed the residual methane from the DWH blowout as well as the biomass produced. This dispersed methanotrophic population accounted for the sustained elevated rate constants observed for multiple years post-blowout.



Prior to the DWH blowout, in 2006, methane oxidation rates measured in Gulf waters were relatively low, even in the seepage field of the GB425 mud volcano where methane concentrations were as high as 37 μM (Figure 4). Although mud volcanoes expel large amounts of methane, discharge is periodic and high flux events are typically short-lived (MacDonald et al., 2000). Highly eruptive periods are often followed by periods of either weak or no discharge activity (Dimitrov, 2002). Methane oxidation in such environments is likely limited by methanotrophic biomass and the extent to which that biomass comes into contact with methane. Thus, we posit that the methanotrophic communities in waters around the GB425 mud volcano were unable to respond due to a short duration of active methane discharge and thus limited amount of time that methane concentrations were above background. Overall, unlike the DWH blowout, where oil and gas infusions led to the formation of a pronounced, methane-enriched, deep-water lateral plume that persisted for nearly two months (Figure 1; Joye et al., 2014), methane concentrations at the mud volcano site (GB425) were elevated only near the source of fluid release and attenuated rapidly towards the ocean surface.

In contrast to high-intensity, short-duration mud volcanoes, natural seeps are characterized by long-term diffusive flow over large spatial scales, punctuated by lower intensity (compared to mud volcanoes) bubble plumes. While methane concentrations are maintained well above background levels at these sites, particularly near the seafloor, they lack the discharge intensity to generate a deep-water methane plume such as that observed after the DWH event. As such, natural seeps are not characterized by lateral, deep-water plumes (Figure 1; Leifer and MacDonald, 2003; Leifer et al., 2009; Solomon et al., 2009).

The high-intensity DWH discharge produced a lateral, deep-water plume due to the presence of oily gas hydrate at depth (Joye et al., 2011) and the sublimation of this hydrate, which likely concentrated low molecular weight gases in the high-pressure, cold waters (Figures 1 and 5; Paris et al., 2012; Lindo-Atichati et al., 2016). The DWH blowout methane plume tracked the continental slope SW of the wellhead between depths of 900 and 1200 m. The extremely high methane concentrations associated with this plume, 10–103 times above the background levels of ~1.7 nM, peaked at ~300 μM between early May and mid-June 2010, and remained well above background for the remainder of the year (Figures 4A, 5C; Solomon et al., 2009; Joye et al., 2011; Crespo-Medina et al., 2014). Aerobic methane oxidizers responded to the influx of methane during the DWH discharge. This influx led to increased rates of methane oxidation from the background average of 60 ± 146 pmol L–1 d–1 (n = 59) to 5900 nmol L–1 d–1, the highest rate recorded in the oceanic water column to date, in late May and early June 2010 (Figure 4B; Crespo-Medina et al., 2014). The long-term intensity of the DWH incident then allowed for the unprecedented spatial scale and temporal persistence of the DWH plume, providing the methane concentrations and time necessary for large-scale production of methanotrophic biomass.

4.2. Patterns of methane oxidation activity

The rate constant reflects the substrate-specific consumption of a chemical compound and describes the concentration-independent activity of the microorganisms that consume it. The equation for calculating methane oxidation rates (Equation 3) includes the methane concentration measured from the sampling location. Methane oxidation is a first order reaction, so higher methane concentrations would drive higher methane oxidation rates in a situation where the rate constant is the same between two different samples. The rate constant reflects the instantaneous capacity of the methanotrophic community to consume (i.e., turnover) methane and, thus, is reflective, to some extent, of the relative biomass of methanotrophs at a given location.

The results shown in Figure 4C indicate that methanotrophic activity and biomass, as reflected by the rate constant, responded to the massive increase in methane concentration during DWH blowout conditions quickly, and that activity remained elevated for at least two years post-blowout, i.e., from 2010 through 2012. Activity did not approach background levels until 2013. While methane oxidation rates and the rate constant were not significantly different between the seep and non-seep sites (Figure 4B, C), the rate constant at sites directly impacted by methane seepage (i.e., water sampled directly over vents with near-micromolar or higher methane concentrations) averaged 0.024 ± 0.02 d–1 (n = 4), with a maximal value of 0.05 d–1. These high rate constants are comparable to those observed in the immediate aftermath of the DWH blowout.

In this extensive data set, we observed that relatively low methane concentrations (i.e., between 2 and 20 nM) usually resulted in no correlation between methane concentration and rate constant (Table S6). Some studies have reported that methane concentrations track rate constants due to increased biomass associated with high methane concentrations (i.e., in seepage areas) (Scranton and Brewer, 1978; Ward et al., 1987; Kadko et al., 1990; DeAngelis et al., 1993; Jones and Amador, 1993; Rehder et al., 1999; Valentine et al., 2001; Nauw et al., 2015). These studies addressed a wide variety of ecosystems, although the spatial scale of the sampling regions was smaller compared to the geographically expansive and long-term nature of the data set presented here. The lack of relationship between methane concentration and rate constant in this study suggests that other factors — variable circulation patterns, nutrient dynamics within the water column, and the nature of natural methane inputs — influence methanotrophic activity as much as or more so than methane concentration.

4.3. Microbiology

A diverse assemblage of methane oxidizers responded to the DWH blowout, including some rare groups. The methanotrophs from the DWH blowout, as described by Crespo-Medina et al. (2014), included known methanotrophs (Rivers et al., 2013) as well as phylogenetically divergent organisms with unique pmoA gene sequences for methanotrophy, all of which increased in abundance in response to the gas injection. These results suggest that there is much to learn about the dominant methanotrophs in the oceanic environment and the genetic diversity and capacity of the methanotrophs that respond to a large pulse of methane. Generally, during the DWH blowout, pmoA gene abundances were higher in May and June compared to pre-spill conditions. After the well was capped, while methane was still above background levels, methane oxidation rates decreased. Potential nutrient limitation, grazing, viral lysis or dilution of methane concentration through physical mixing, which would have also dispersed the biomass that bloomed in response to the blowout as well, may have contributed to the decline of methane oxidation rates (Crespo-Medina et al. 2014; Joye et al., 2014).

Aerobic methanotrophs are relatively slow-growing compared to other microbes. In the laboratory, methanotrophic bacteria responding to an increase in methane may take anywhere from 3 to 7 days to form distinct colonies in the form of flocculent particles that resemble sarcina-like aggregates (Wise et al., 1999; Bowman, 2006). During the DWH incident, the methanotrophic community bloomed on a time scale of ~3 weeks in response to the rapid and sustained increase in methane in the area near the wellhead (Valentine et al., 2010; Joye et al., 2011; Kessler et al., 2011; Crespo-Medina et al., 2014). We posit that the resulting biomass and residual methane was then distributed throughout the northern portion of the Gulf basin by ocean circulation (see below).

Methanotrophic activity, and hence active populations of methanotrophs, were enriched not only in methane-rich deep waters, but also within the euphotic zone. Methane oxidation rates were elevated within the euphotic zone, especially in 2012 when the rate constants also remained elevated post-blowout (Figure 6). Methanotrophy-related gene abundances have been linked to distinct euphotic zone niches and potentially include the oxidation of nitrogen or reduced carbon (Sieburth et al., 1987; Ward et al., 1987; Mau et al., 2013; Tavormina et al., 2013). Of particular interest in euphotic zone methanotrophy are the copper-containing membrane-bound monooxygenases, a diverse family of enzymes encoded by diverse marine microorganisms and responsible for the oxidation of small reduced carbon substrates, including methane (Francis et al., 2005; Beman et al., 2010; Tavormina et al., 2013; Pedneault et al., 2014). The ubiquity of these enzymes in marine environments, especially in the euphotic zone, and the persistent methane oxidation measured in surface waters post-DWH blowout suggest that functionally plastic microorganisms may have novel implications for methane cycling in the Gulf of Mexico.

The absence of canonical methanotrophs in the euphotic zone of the Gulf of Mexico characterized by concurrent methane and chlorophyll a maxima was reported by Rakowski et al. (2015). They found instead that the presence of hydrocarbon degraders correlated with methane concentration in the euphotic zone. These findings suggest that oil-degrading bacteria may possess the enzymatic capacity to oxidize low molecular weight alkanes, possibly even methane (Rubin-Blum et al. 2017). Rubin-Blum et al. (2017) discovered a novel copper monooxygenase in oil-degrading Cycloclasticus bacteria that mediates the oxidation of propane, butane and ethane; they also determined that the methane monooxygenase genes employed by these benthic dwelling Cycloclasticus were very similar to those encoded by the free-living pelagic Cycloclasticus found in the DWH deep-water plume. While methane oxidation was not documented by Rubin-Blum et al. (2017), their results along with those of Crespo-Medina et al. (2014) raise the intriguing possibility that organisms not normally considered as methanotrophs play a role in methane oxidation in the ocean. We speculate that currently undescribed methanotrophs contributed significantly to the sustained elevations in methane oxidation activity measured in Gulf of Mexico waters in this study and are exploring that possibility.

4.4. Physical mixing

Crespo-Medina et al. (2014) observed that physical processes dispersed methane vertically throughout the water column over a time scale of several months. However, the results presented here suggest that lateral dispersion over scales not recognized at that time was also important. The mean circulation along the continental slope in the northern Gulf of Mexico is determined by the interplay of along-shore boundary currents, recirculation zones and topographic Rossby waves (Bracco et al., 2016; Liu et al., 2018). Numerical simulations with models resolving dynamics down to 1 km in the horizontal have shown that eddies and vorticity filaments at the kilometer scale are routinely formed from horizontal shear layers at the edges of highly intermittent, bottom-intensified, along-slope currents that trap material efficiently in their interior. Transport and mixing are more intense to the west of the Mississippi Fan than in De Soto Canyon (Bracco et al., 2016; Cardona et al., 2016). Physical model outputs in Bracco et al. (2016) displayed dispersion patterns in agreement with those of the deep plume in the first few weeks after the DWH blowout, as quantified by the oxygen anomalies measured between 1000 m and 1200 m, and with those followed by the fluorescent dye released near the DWH site (lease block MC297) at approximately the same depth in summer of 2012 (Ledwell et al., 2016).

Data from modeling tracer dispersion from the DWH site (Bracco et al., 2016) support the hypothesis that physical mixing dispersed methanotrophic biomass across the continental slope, helping to sustain methanotrophy for several years following the DWH explosion. The modeling experiments in Bracco et al. (2016) followed the dispersion of a tracer released at site MC297 for one year; they revealed that by the end of the integration the tracer spread across the area encompassed by the 1500-m and 2000-m isobaths where most of the data analyzed in this work were collected, but that the tracer was not uniformly distributed. About 10% of the modeled tracer remained concentrated to the immediate south and southwest of MC297 in the first year, with concentrations potentially too high to be fully consumed (see Figure 16 in Bracco et al., 2016). It is reasonable to assume that further homogenization took place in the following year, effectively injecting in a nearly continuous way sufficient methane to sustain methanotrophic microorganisms along most of the continental slope (Steinle et al., 2015, 2016).

Methane injected into the water column at seep sites, on the other hand, is subject to a different kind of mixing. Bubble plumes augment vertical mixing by rising into the overlying water column. Bubbles can rise 10–1000 m into the water column in a few days, upwelling deep, nutrient-rich waters to the ocean surface above seeps, through the added mass mechanism (Leifer and MacDonald, 2003; Greinert et al., 2006; Leifer et al., 2006; Sauter et al., 2006; Solomon et al., 2009; D’souza et al., 2016). Vertical mixing related to bubble plumes may thus replenish depleted nutrients while also transporting high activity methanotrophic biomass throughout the water column. Horizontal and vertical water mass exchange has the ability to displace, dilute or otherwise alter the extant microbial community (Wilkins et al., 2013). The upward advection through bubbles common at natural seepage locations, on the other hand, could alter and impact methane oxidation activity locally within the water column (Steinle et al., 2015). Available physical data suggest that natural seeps impact time scales on the order of 10 days, with limited lateral spreading because of the upwelling velocity of bubbles (D’Souza et al., 2016).

4.5. Nutrients

Typically, the low observed rates of methane oxidation are insufficient to impact the water column inventory of macronutrients (nitrate, DON, phosphate, and DOP). However, during periods of high methane loading, e.g., in the aftermath of the DWH blowout, increased rates of methanotrophy, as well as heterotrophic processes, in the deep-water plume (Valentine et al., 2010; Redmond and Valentine, 2012; Rivers et al., 2013; Crespo-Medina et al., 2014; Mason et al., 2014; Yang et al., 2016) depleted concentrations of nitrate and phosphate in plume waters (Figure 7). In the immediate wake of the blowout in 2010, significant depletion of phosphate and nitrate concentrations in deep waters near the wellhead was observed (Figure 7; Table S5; Shiller and Joung, 2012). At two other sites, OC26, two nautical miles south of the Macondo wellhead, and GC600, a natural seep site ~180 nautical miles to the southwest of the wellhead, water column profiles exhibited no such nutrient drawdown in 2012–2015. Other than 2010, nitrate and phosphate concentrations showed no correlation with methane oxidation rates (Figure 7; Table S2).

4.6. New baseline

We observed a steady decrease in methane oxidation rates following the peak in activity observed after the DWH blowout. Broad patterns of activity after 2013 were comparable, suggesting that the Gulf ecosystem may have achieved a new baseline with respect to methane oxidation rates and methanotrophic activity. These results are critical for understanding how the marine environment responds to a large-scale perturbation, such as the DWH blowout. Using the rate constant as a proxy for methanotroph biomass, we suggest that methanotrophic biomass was dispersed basin-wide following the blowout, enhancing activity over a broad geographic area. Rate constants returned to near pre-blowout values in 2013. Although the specific ecological factors controlling methane oxidation within the Gulf of Mexico are not fully understood, it is clear that water mass movement combined with methane availability were key factors determining methane oxidation activity from 2010 to 2012 post-DWH blowout.

This extensive data set highlights the value and necessity of sustained long-term measurements for documenting microbial responses to anthropogenic perturbations. Methanotrophic bacteria responded to the DWH blowout, were distributed basin-wide, and remained active from 2010 to 2012, persisting even when methane concentrations returned to pre-blowout levels. This long-term impact of the DWH blowout on Gulf methanotrophy would not have been predicted a priori from studies at natural seep environments. Without this unique time-series data set, the time scale of the Macondo impact would have remained unconstrained. This study advances understanding of how microbial populations respond to large-scale methane releases and sustained exposure. Future releases are possible, if not likely, given the potential for methane hydrate destabilization in response to warming oceans and for industry-related accidental releases due to increased offshore oil and gas exploration and production. These risks make it essential to document and understand environmental baselines, underscoring the importance of long-term monitoring to assess the impacts of anthropogenic disasters and ecosystem responses to them.
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