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Extreme weather events such as tropical storms and hurricanes deliver large amounts of freshwater (stormwater and river discharge) and associated dissolved organic carbon (DOC) to estuaries and the coastal ocean, affecting water quality, and carbon budgets. Hurricane Harvey produced an unprecedented 1000-year flood event in 2017 that inundated the heavily urbanized and industrialized Houston/Galveston region (TX, United States). Within a week, storm-associated floodwater delivered 87 ± 18 Gg of terrigenous dissolved organic carbon (tDOC) to Galveston Bay and the Gulf of Mexico continental shelves. In situ decay constants of 8.75–28.33 year−1 resulted in the biomineralization of ∼70% of tDOC within 1 month of discharge from the flood plain. The high removal efficiency of tDOC was linked to a diverse microbial community capable of degrading a wide repertoire of dissolved organic matter (DOM), and suggested hurricane-induced flood events affect net CO2 exchange and nutrient budgets in estuarine watersheds and coastal seas.
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INTRODUCTION

Coastal zones connect land and ocean ecosystems and play an important role in the global carbon cycle (Bauer et al., 2013; Regnier et al., 2013). Shelf and shallow water regions together with tidal wetlands are responsible for ∼1/3 of the ocean’s entire carbon burial (Duarte et al., 2005). Coastal zones are also prodigious CO2 outgassing regions (0.1–0.4 Pg year−1), as rivers deliver vast stores of terrigenous organic matter to estuaries and the ocean that are efficiently mineralized (Bianchi et al., 2013; Najjar et al., 2018). Further, sun-lit shallow surface waters contribute 10–30% of ocean primary production, and feed productive biological habitats and fisheries (Najjar et al., 2018).

At the same time, these ecologically sensitive ecosystems have undergone profound changes experiencing heavy urbanization and industrialization over the last century (McGrane et al., 2016; Freeman et al., 2019). By 2100, more than 50% of the world’s population will live within proximity of the coast accelerating pressure on biogeochemical processes, water quality, and ecosystem services (Neumann et al., 2015). These future changes and emerging issues in urban coastal systems are amplified by sea-level rise and enhanced storm activity. In some regions, including the Gulf of Mexico, subsidence and erosion will exacerbate the negative consequences along coast zones.

Extreme weather events, such as tropical storms and hurricanes, induce extensive precipitation, and massive flooding. Flood waters mobilize large amounts of organic carbon stored in coastal watersheds affecting biogeochemical pathways and carbon storage (Bauer et al., 2013; Bianchi et al., 2013; Hounshell et al., 2019). Previous studies suggested that extreme weather events can account for an important fraction (20–50%) of the annual riverine dissolved organic carbon (DOC) flux in coastal regions (Avery et al., 2004; Yoon and Raymond, 2012; Bianchi et al., 2013; Osburn et al., 2019; Paerl et al., 2019). The substantial input of terrigenous organic matter is known to change DOC composition and bioreactivity in coastal waters (Osburn et al., 2012; Bianchi et al., 2013). Furthermore, Balmonte et al. (2016) and Steichen et al. (2020) have demonstrated that post-hurricane hydrological and geochemical perturbations reshape the bacterial community structure in coastal rivers with the potential to disrupt biological networks.

During flood conditions, estuaries act mainly as flow-through systems for precipitation, and stormwater to the ocean (Bauer et al., 2013; Hounshell et al., 2019). Following extreme weather events, mobilized terrigenous DOC (tDOC) is mineralized by microbial and photochemical processes resulting in outgassing of CO2 (Bianchi et al., 2013; Osburn et al., 2019). Mineralization of tDOC can explain most of the CO2 flux in temperate and high-latitude estuarine and coastal ecosystems (Crosswell et al., 2014; Kaiser et al., 2017a; Hounshell et al., 2019; Osburn et al., 2019). Extreme weather events shift the carbon balance in coastal ecosystems from net uptake to a net source of CO2 to the atmosphere for a period up to several months (Crosswell et al., 2014; Osburn et al., 2019; Paerl et al., 2019).

The frequency and intensity of extreme weather events are predicted to increase in future climate scenarios (Bender et al., 2010; Lehmann et al., 2015; Emanuel, 2017), yet critical knowledge on coastal carbon biogeochemical cycling is still limited (Paerl et al., 2019). Hurricane Harvey struck the southwest coast of Texas as a Category 4 storm on 26 August, 2017. After stalling for 2 day over South Texas, the hurricane returned to the Gulf of Mexico and made a second landfall just east of Houston on 30 August. Over a five-day period, the hurricane produced unprecedented precipitation (>500 mm with return period exceeding 2000 year) within the Houston-Galveston watershed, and entered the annals of history as the wettest and the second most expensive hurricane in the history of the United States. This study examines dissolved organic matter (DOM) fluxes and carbon budgets in Galveston Bay (TX, United States) after Hurricane Harvey over a four-week period through chemical analysis of common biochemicals (lignin, enantiomeric amino acids). In addition, the mineralization of tDOC is explored relative to the microbial community structure. Results from this study revealed fundamental mechanisms that drive organic carbon processing during extreme storm events in coastal ecosystems.



MATERIALS AND METHODS


Estuary and Watershed Characteristics

Galveston Bay sits on the northeastern Texas Coast of the Gulf of Mexico, and is the seventh largest estuary in the continental United States. The bay surface area is 1.6 × 109 m2, and the average depth is 2.1 m (Figure 1). Water exchange between the bay and Gulf of Mexico is limited by narrow outlets, and the average water residence time is 30–60 day (Rayson et al., 2016). Bolivar Roads is the main outlet of Galveston Bay, accounting for around 80% of the outflow (Galveston Bay National Estuary Program, 1994). The dredged Houston Ship Channel runs north from Bolivar Roads through the bay to the man-made Port of Houston at an average depth of 40 feet and 300–400 feet in width.
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FIGURE 1. Map of Galveston Bay showing locations of sampling stations (red dots). The inset shows the track of Hurricane Harvey.


Fresh water inflows to the bay are dominated by the Trinity River, the San Jacinto River, and Buffalo Bayou. The Trinity River and San Jacinto River host natural ecosystems and heavily urbanized areas, and water flow is controlled by a series of lakes and reservoirs. Buffalo Bayou bisects the Houston metropolitan area and joins the San Jacinto River at the mouth of the bay. Water flow through the main stream channel of Buffalo Bayou is regulated through large man-made flow control structures west of Houston. The confluence of Buffalo Bayou and San Jacinto River forms the entrance to the Port of Houston with numerous industrial and petrochemical facilities in low-lying, flood-prone areas.



Field Sampling and Chemical Analyses

Surface water samples were collected on five consecutive one-day trips aboard R/V Trident along a transect from the Port of Houston to the Galveston Bay entrance following Hurricane Harvey from Sep 4 to Sep 28, 2017 (Figure 1). Samples were filtered on board through 0.2 μm Whatman -Nucleopore Q-TEC filters (Filtration Solutions) for DOC, optical, and chemical analysis.

Concentrations of DOC were measured by high temperature catalytic oxidation using a Shimadzu TOC-V total organic carbon analyzer. Deep seawater reference standards (Consensus Reference Program, University of Miami) were used to assure the accuracy of DOC measurements. Absorbance was measured in a 1 cm quartz cuvette from 200 to 800 nm using a dual-beam spectrophotometer (UV-1800, Shimadzu) with Milli-Q water as the reference blank. Specific UV absorbance (SUVA254) was determined by dividing the UV absorbance at 254 nm by the DOC concentration. The spectral slope (S275–295) was calculated using the linear regression of natural log-transformed absorption spectra (Helms et al., 2008).

Samples for dissolved lignin (900 mL) were acidified to pH 2.5 using 6 mol L−1 sulfuric acid and extracted through Agilent PPL cartridges (1 g) at 10 mL min−1. After extraction cartridges were rinsed with 10 mL of deionized water acidified to pH 2.5 and dried for 30 s to remove residual water. The cartridges were eluted with 20 mL of methanol at 2 mL min−1, and the eluate was stored in glass vials at -20°C until analysis. Concentrations of lignin phenols were determined using ultra-high performance liquid chromatography-electrospray ionization-tandem mass spectrometry after CuSO4 oxidation following the methods described in Yan and Kaiser (2018a, b). Aliquots of methanol extracts (∼30 μg sample OC content) were dried in reaction vials and re-suspended in 200 μL of 1.1 mol L−1 argon-sparged NaOH, followed by addition of 10 μL of 10 mmol L−1 CuSO4 and 10 μL of 0.2 mol L−1 ascorbic acid. Reaction vials were vigorously mixed and placed into 60-mL pressure-tight teflon vessels filled with 5 mL of 1 mol L−1 NaOH. The oxidation was conducted at 150°C a for 120 min. Sample solutions were spiked with 13C labeled surrogate standards and purified with Waters HLB cartridges (30 mg, 1 mL). Separation and detection of lignin phenols was performed on an Agilent Infinity 1260 series UHPLC system coupled to an Agilent 6420 QqQ detector operating in alternating positive and negative modes with dynamic multiple reaction monitoring. Eleven lignin phenols were determined in all samples, including vanillyl phenols (V; vanillin, acetovanillone, and vanillic acid), syringyl phenols (S; syringaldehyde, acetosyringone, and syringic acid), p-hydroxyl phenols (P; p-hydroxybenzaldehyde, p-hydroxyacetophenone, and p-hydroxybenzoic acid), and cinnamyl phenols (C; p-coumaric acid and ferulic acid). The sum of nine V, S and P phenols (TDLP9) was used as a tracer of tDOC and was not affected by any nonlignin sources (Fichot and Benner, 2012). Cinnamyl phenols were only used for source identification because of significant different reactivities to TDLP9 (Hernes et al., 2007).

Total hydrolyzable enantiomeric dissolved amino acids (free and combined) including L-and D- forms of aspartic acid, glutamic acid, serine, histidine, threonine, glycine, arginine, alanine, tyrosine, valine, isoleucine, phenylalanine, leucine, and lysine were analyzed using high performance liquid chromatography and fluorescence detection. After microwave assisted vapor phase hydrolysis (Kaiser and Benner, 2005), amino acid monomers were derivatized with a mixture of N-isobutyryl-L-cysteine and o-phthaldialdehyde and separated on an Agilent Poroshell 120 EC-C18 column (4.6 mm × 100 mm, 2.7 μm). A binary solvent system was employed: mobile phase A was 48 mmol L−1 KH2PO4 with pH adjusted to 6.25, and mobile phase B was methanol/acetonitrile (13/1, v/v). The linear gradient program was: 0% B at 0 min, 39% B at 13.3 min, 54% B at 19.2 min, 60% B at 21.3 min, 80% B at 22 min, and hold at 80% B for 1 min. The flow rate was 1.5 mL min−1 and column temperature was maintained at 35°C. Excitation and emission wavelength of the detector was set to 330 nm and 450 nm, respectively. Racemization of amino acid enantiomers occurring during acidic hydrolysis was corrected using the average rates determined on free and protein amino acids (Kaiser and Benner, 2005). Total D-amino acids (D-AA) was defined as the sum of the four D-enantiomers of aspartic acid (D-Asx), glutamic acid (D-Glx), serine (D-Ser), and alanine (D-Ala), which were ubiquitously present in all samples.

The amino acid degradation index was calculated based on the relative abundance of amino acids following the method described by Dauwe et al. (1999). All measured amino acids were included in the calculation. Relative abundances of combined D/L forms of amino acids were normalized by subtracting the average and divided by the standard deviation before principle component analysis.



16S Ribosomal RNA Gene Community Analysis and Metagenomics

For the 16S ribosomal RNA (rRNA) gene analysis, the water samples were filtered on 0.2 μm polyethylsulfone (PES) membrane filters immediately after returning to shore. Filters were stored in -80°C freezer until total nucleic acid was extracted, using the MO Bio PowerSoil DNA Isolation Kit (cat. no. 128888-50). PCR amplification, using Promega GoTaq Flexi DNA Polymerase was performed following the 16S rRNA gene Illumina amplicon protocol from the Earth Microbiome project1. Each sample was amplified in triplicate 25 μL reactions with the following cycling parameters: 95°C for 3 min, 30 cycles of 95°C for 45 s, 50°C for 60 s, and 72°C for 90 s, and a final elongation step at 72°C for 10 min. V4 region amplifications were performed using the 515F-806R primer pair (10 μM each) modified to include recently published revisions that reduce bias against the Crenarchaeota and Thaumarchaeota lineages as well as the SAR11 bacterial clade (Parada et al., 2016). The primer pair was additionally modified to include Golay barcodes and adapters for Illumina MiSeq sequencing. Final primer sequences are detailed in Walters et al. (2016). After PCR amplification, samples were run on a 1.5% agarose gel and quantified using Tecan Genios Spark 10 M microplate reader and QuantiFluor DNA dye. Following amplification, the triplicate products were combined together and run on a 1.5% agarose gel to assess amplification success and relative band intensity. Amplicons were then quantified with the QuantiFluor dsDNA System (Promega), pooled at equimolar concentrations, and purified with an UltraClean PCR Clean-Up Kit (MoBio Laboratories; Carlsbad, United States). The purified library, along with aliquots of the three sequencing primers, were sent to the Georgia Genomics Facility (Athens, GA, United States) for MiSeq sequencing (v2 chemistry, 2 × 250 bp). Sequence reads were processed using mothur v.1.39.5 following the MiSeq SOP protocol (Schloss et al., 2009; Kozich et al., 2013). DNA sequences generated can be found in the GenBank Sequence Read Archive under the accession number PRJNA558756.

For the metagenomic analysis, samples (between 4 and 20 L) were pre-filtered immediately after sampling with a nitex filter (30 μm) to remove small grazers and large particles, then filtered through a glass fiber filter (GF/F with a 0.7 μm pore-size or GF/D with a 2.7 μm pore-size), followed by a 0.22 μm pore-size polyvinylidene fluoride (PVDF) filter. Filters were stored at -20°C until further use. DNA was extracted from the GF and PVDF filters (cut to represent ∼3 L of initial samples) via a phenol chloroform method. Filters were aseptically cut to represent a volume of ∼3 L of initial sample water, i.e., if 4 L of water was filtered then 3/4 of the filtered would be used for extraction. Briefly, samples were incubated in 10 mL of lysis buffer (120 mM NaCl, 225 mM sucrose, 6 mM EDTA, and 15 mM Tris HCl, pH = 9) and lysozyme (100 mg mL−1) at 37°C at 350 rpm for 30 min, then with proteinase K (20 mg mL−1) and 10% SDS at 50°C at 350 rpm overnight. DNA was extracted using saturated phenol (pH of 8) followed by two rounds of chloroform:isoamyl alcohol 24:1 before ethanol precipitation (Green and Sambrook, 2017). Residual phenol and chloroform was removed with the QIAamp® DNA mini and Blood mini kit. DNA samples were stored at −20°C until further use. DNA samples were sequenced using Illumina HiSeq chemistry (2 × 150 bp) at the Texas A&M Genomics & Bioinformatics facility in College Station, TX. BBTools were used to remove adapter sequences, sequence artifacts, and merge sequences2 before de novo assembly with MEGAHIT (Li et al., 2015). Gene prediction was performed using Prodigal (Hyatt et al., 2010) and the translated amino acid sequences were compared to the GenBank nr database using DIAMOND (Buchfink et al., 2015). The results were used to visualized the abundance of characteristic SEED metabolic pathways using MEGAN (Huson et al., 2011). Data are available through the BCO-DMO portal3.



Calculation of Bacterially-Derived DOC

Bacterial contributions to DOC were estimated following the methods of Kaiser and Benner (2008) according to:
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where BiomarkerDOM and Biomarkerbacterial DOM were the C-normalized yields of D-Asx, D-Glx, and D-Ala in sample DOM and freshly-produced bacterial DOM. C-normalized yields of D-Asx, D-Glx, and D-Ala in bacterial DOM were 24.3 nmol mg C−1, 16.5 nmol mg C−1, and 35.0 nmol mg C−1, respectively, and were representative of coastal and marine bacterial assemblages.



Calculation of DOC Export

Two methods were used to estimate DOC export to the bay for the storm event. One method used the measured river DOC concentrations during the first sampling cruise and freshwater export flux. Estimated freshwater volumes for the event was 14–17 × 109 m3 (Du et al., 2019a, b). The second method followed the approach of Officer, 1979 and used in other studies (Cai et al., 2004; He et al., 2010). The calculation of the DOC concentration for freshwater input is graphically shown in Supplementary Figure S1, applying at tangent to a fitted DOC/salinity relationship at a salinity of 7. This yielded a DOC concentration of 409 μmol L−1 for a salinity of 0.



Removal of Terrigenous Dissolved Organic Carbon

The removal of tDOC was calculated from correlations of carbon-normalized concentrations of p-hydroxy phenols, vanillyl phenols, and syringyl phenols (TDLP9-C) with river water fractions. Carbon-normalized concentrations of TDLP9 were calculated by dividing the sum of TDLP9 by the DOC concentration and reported in units of nmol mg C−1. Conservative mixing of TDLP9-C concentrations in bay waters is described by a rational model, i.e., a ratio of simple polynomials with a 0 intercept according to:
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where fR is the fraction of river water and α,β are model parameters. Model parameter β was estimated from a theoretical mixing model of river and ocean water from fR = 0 to fR = 1. Model parameter α was fitted with a rational model. The conservative mixing model used DOC and TDLP9 concentrations measured in San Jacinto river water discharged to the head of the bay during the first week of sampling. A graphical approach is presented in Figure 7 and a detailed description is provided in Kaiser et al. (2017a). Fitted TDLP9-C concentrations at fR = 1 were compared to the river endmember, and first-order decay constants were calculated as follows:
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where TDLP9-Csample is the fitted concentration at fR = 1, TDLP9-Criver is the concentration of the river endmember, and t is the water residence time in years. The fraction of river water was calculated assuming a salinity of 0 for river water and a salinity of 35.4 for the oceanic endmember. The unit years was used to allow comparison of decay constants published by Kaiser et al. (2017a). Error for calculations of decay constants was evaluated by considering the variability of TDLP9-C concentrations and fitting. Random noise limited by uncertainties of input variables was added to input variables and repeated >1000 times. Uncertainties are reported with decay constants and shown in Figure 8.



RESULTS


Freshwater Load to Galveston Bay

During the storm period, the San Jacinto River contributed 73% of the total freshwater discharge. The Trinity River, surface runoff and groundwater contributed the remaining freshwater input. Freshwater release during the entire storm period was 14–17 × 109 m3 (∼4 times of the bay volume) and export peaked at over 2 × 104 m3 s−1 immediately following the heaviest precipitation period of August 26–30th (Du et al., 2019a, b).

The salinity range across the bay was 0–7 immediately following the main precipitation event and as sampling was initiated on September 4th (Table 1 and Figure 2A). Water transit times in the bay were on the order of 1–2 day on August 27th, adjusting to 60–90 day after September 3rd (Du et al., 2019c). The salinity in the bay eventually recovered to 8–20 after 4 weeks (Table 1 and Figure 2A). Complete recovery of salinity after the storm took ∼2 month (Du et al., 2019a, b).


TABLE 1. Transect data from five cruises in Galveston Bay after Hurricane Harvey.
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FIGURE 2. Spatial and temporal variations of (A) salinity, (B) DOC, (C) sum of nine dissolved p-hydroxyl, vanillyl, and syringyl phenols (TDLP9), and (D) total hydrolyzable amino acids (THAA) concentrations during the sampling period after Hurricane Harvey.




Concentrations and Distributions of DOC and Biochemicals

Temporal and spatial distribution patterns of DOC concentrations showed an inverse relationship to salinity (Figure 2B, Supplementary Figure S1, and Table 1). Concentrations of DOC were highest (566 μmol L−1) in freshwater entering the bay and gradually decreased toward the mouth of the estuary and over the four-week sampling period (Figure 2B). Changes in DOC concentrations were most pronounced in the first 2 weeks of sampling. Locally elevated concentrations were found at mid-bay stations 6 to 8 during the first sampling cruise, and stations 4 and 6 during the second and third cruises.

Concentrations of TDLP9 ranged from 109 to 832 nmol L−1 (Figure 2C, Supplementary Figure S1, and Table 1). Highest TDLP9 concentrations were observed during lowest salinity and highest discharge demonstrating the input of terrigenous DOM to the bay. Like concentrations, SUVA254, which is representative of aromatic moieties in DOM molecules, and carbon-normalized yields of TDLP9 were highest at the mouth of the bay at the start of the sampling program and declined profoundly over the following month (Table 1, Figure 3, and Supplementary Figure S1).
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FIGURE 3. Spatial and temporal variations of (A) carbon-normalized concentrations of p-hydroxyl, vanillyl, and syringyl phenols (TDLP9-C), (B) carbon-normalized concentrations of dissolved L-amino acids (LAA-C), and (C) carbon-normalized concentrations of dissolved D-amino acids (DAA-C) during the sampling period after Hurricane Harvey.


Amino acid concentrations varied from 619 to 3605 nmol L−1 and increased as water clarity improved after 2 weeks (Table 1, Figure 2D, and Supplementary Figure S1). Both, D-amino acid concentrations (DAA) and carbon-normalized yields of amino acids followed the same trend as observed for concentration. Amino acid degradation index values calculated from amino acid compositions (Dauwe et al., 1999; Kaiser and Benner, 2009) showed relatively large variations (from 0.17 to 2.93), with distinctly higher values during the third sampling trip. High carbon-normalized yields of amino acids and degradation index values during the third cruise were indicative of bioreactive DOC.

The compositional lignin phenol parameters S/V, and C/V ranged from 0.32 to 0.48, and 0.06 to 0.13, respectively, and did not exhibit substantial changes with locations and time (Table 1 and Figure 4). S/V and C/V are generally employed to explore sources of tDOC (i.e., angiosperm versus gymnosperm and woody versus nonwoody) (Hedges and Mann, 1979; Goñi and Hedges, 1995; Godin et al., 2017). Representative tissues and their leachates were integrated in Figure 4 to aid with identification of tDOC sources (Supplementary Table S1). Leaching and sorptive processes can skew diagnostic ratios (Hernes et al., 2007; Spencer et al., 2008), but the dominance of DOC leached from nonwoody angiosperm tissues was clearly evident.
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FIGURE 4. Ratios of syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/V) phenols in water samples collected in Galveston Bay after Hurricane Harvey. The shaded boxes denote ranges of phenol ratios in representative source vegetation materials and their leachates (see Supplementary Table S1). Phenols were analyzed with a new method, and phenol ratios were corrected for comparison with literature values (Yan and Kaiser, 2018b).


P/V ratios significantly increased (t-test, p < 0.001) temporally and spatially exhibiting consistently lower values in the upper bay compared to the lower bay. The increase in P/V was negatively correlated (R2 = 0.73, p < 0.001) to carbon-normalized TDLP9 (TDLP9-C) concentrations (Figure 5). Average (Ad/Al)V gradually decreased from 0.88–0.64 (Table 1 and Figure 6) over the sampling period, whereas the average spectral slope (S275–295) increased. Both parameters were significantly lower than values observed for the coastal Gulf of Mexico (Fichot et al., 2014).
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FIGURE 5. Relationship of p-hydroxyl phenol/vanillyl phenol (P/V) ratios with TDLP9-C (nmol mg C–1) for all water samples collected in Galveston Bay after Hurricane Harvey.
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FIGURE 6. Temporal trends of average vanillic acid/vanillin (Ad/Al)V ratios and the spectral slope (S275–295) for water samples collected during each cruise. Error bars show standard deviations.




Degradation and Mineralization of Flood-Derived Dissolved Organic Carbon

The approach to calculate tDOC removal is shown in Figure 7. It was assumed the loss of dissolved lignin phenols reflected the loss of bulk tDOC (Hernes and Benner, 2003). TDLP9-C for river water was 124.8 nmol/mg C−1 and likely presented a conservative endmember for river input. The exponential decay constant for mineralization of tDOC was 25.99 ± 4.31 year−1 for the first 2 weeks, and decreased to 9.80 ± 4.96 year−1 for the remainder of the sampling period. The decay constant for tDOC observed during the first 2 weeks was about 3 times higher than decay constants observed among tDOC from high and low latitudes (Figure 8, Kaiser et al., 2017a). The compilation of decay constants represented in-situ observation and experimental assays, and included tDOC from Arctic rivers, from rivers within the Gulf of Mexico watershed, and from rivers along the Southeastern seaboard. Decay constants were compared in consideration of the time dependence of decay kinetics that recognized compositional changes during decomposition (Kaiser et al., 2017a). After the second week, the tDOC decay constant conformed to globally observed tDOC decay constants.
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FIGURE 7. Relationship of river water fractions with carbon-normalized concentrations of dissolved lignin phenols (TDLP9-C). Conservative mixing of bay waters with shelf water follows a rational model. The solid black line represents the conservative mixing curve for river water with shelf water. The dashed colored lines show mixing curves for samples collected during the third (9/16) and fifth (9/28) cruise according to the rational model.
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FIGURE 8. Comparison of terrigenous dissolved organic carbon (tDOC) decay constants in this study with those from high and low latitude watersheds Kaiser et al. (2017a). Decay constants are plotted relative to decomposition time. The abnormally high decay constant for hurricane tDOC was observed during the first 2 weeks of sampling.


Removal of tDOC was calculated according to:
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Of tDOC 57 ± 10% was lost in the bay within 2 weeks of discharge, and additional 11 ± 5% was lost over the remaining sampling period.



Bacterial Community Composition and Metabolic Pathway Components

The major bacterial classes identified in Galveston Bay included Betaproteobacteria, Alphaproteobacteria, Gammaproteobacteria, Actinobacteria, Flavobacteriia, Sphingobacteriia, Cyanobacteria, Deltaproteobacteria, Acidimicrobiia, Planctomycetacia, Opitutae, and OPB35_soil_group, and Chloroflexia (Figure 9). Floodwaters strongly modified water characteristics in the bay (e.g., salinity and temperature) and introduced soil (e.g., Opitutae and OPB35_soil_group), freshwater (e.g., Betaproteobacteria), and sedimentary (e.g., Actinobacteria) microorganisms, replacing the previously dominant marine species.
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FIGURE 9. Relative compositions of major bacterial classes identified in water samples collected in Galveston Bay after Hurricane Harvey.


During the high discharge stage the microbial community composition was similar between the upper and lower bay. Over the following month, the microbial community composition slowly changed from bacteria inhabiting terrestrial environment (e.g., Betaproteobacteria) to those in marine environment (e.g., Cyanobacteria; Figure 9) and reverted to pre-hurricane conditions, where freshwater microbes were dominant in upper bay region and marine species prevalent in the lower bay. In particular, Cyanobacteria exhibited the most prominent transition pattern, as they accounted for less than 5% of the total bacterial community initially and then increased over time to reach 20–30% at the end of sampling campaign. The recovery time for the microbial community to pre-storm conditions was ∼5 weeks.

Changes in microbial community composition were also reflected in the distribution of D-amino acids (D-Ala, D-Glx, and D-Asx) (Figures 10B,C). D-amino acids were characteristic of specific bacterial biopolymers including peptidoglycan, teichoic acids, siderophores, and other cell membrane-derived sources (Kaiser and Benner, 2008). A diversity measure of the microbial community expressed through the Simpson index showed that species richness and evenness declined as the bay adjusted to a normal salinity regime (Figures 10A,D). It is known that the Simpson index is more sensitive to species evenness than richness (DeJong, 1975).
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FIGURE 10. Temporal trends of average (A) salinity, (B) D-Ala/D-Glx, (C) D-Ala/D-Asx, and (D) Simpson’s Diversity Index for water samples collected in upper bay and lower bay during each cruise. Error bars show standard deviations.


Sampling of the microbial community identified gene content and prevalent metabolic pathway components by comparison against the SEED subsystem (Figure 11). Specific identified genes and metabolic traits showed large differences between the first 2 weeks compared to the last 2 weeks. During the first 2 weeks, enrichment in heterotrophic metabolisms such as degradation of aromatic, nitrogen and sulfur compounds were prevalent. In the last 2 weeks, metabolic traits were associated with photosynthesis and paralleled the high abundance of cyanobacteria.


[image: image]

FIGURE 11. Heat map showing scores of gene expressions of the bacterial community in Galveston Bay after Hurricane Harvey.




DISCUSSION

Tropical cyclones are regular events that threaten coastal ecosystems and inland environments. Such environmental disturbances harm or benefit natural systems and biological life by profoundly altering biogeochemical processes, sediment distributions, and biological diversity (Sousa, 1984; Du et al., 2019b; Osburn et al., 2019; Steichen et al., 2020). As affected regions are home to almost ∼40% of the global population, cyclone activity, and impact are invariably linked to financial losses, loss of ecosystem services, dispersal of harmful chemicals from industries, or human fatalities and require proper preparation and analysis.

There is much debate on how climate change and human perturbations affect future storm activity and impact (Sobel et al., 2016). Physical considerations and model simulations predict an increase in storm severity and wetness as more heat and moisture is available (Trenberth et al., 2005, 2018). Observational records indicate hurricane-related flooding events have increased in severity and magnitude (Freeman et al., 2019; Paerl et al., 2019). Historic geological storm records linked increased hurricane intensity in the western North Atlantic to climate variability or the strength of the North Atlantic Meridional Overturning Circulation (Toomey et al., 2017). Fingerprints of a weakening circulation have been reported (Caesar et al., 2018), serving as a bellwether for these changes.

Hurricane Harvey described a realistic scenario of storm evolution in a warmer climate affecting an extremely urbanized and industrialized coastal environment. Hurricane Harvey’s path was erratic, reversing its course and making landfall twice, and producing record rain fall in less than a week. Major flooding was the main issue for the Houston/Galveston coastal region where the hurricane made the second landfall inundating low-lying urban and industrialized areas and briefly converting Galveston Bay into a freshwater system (see also Steichen et al., 2020). The following discussion sheds light on carbon cycling issues during such a unique hurricane event that may be representative of storms in the near future.


DOM Sources in Galveston Bay After Hurricane Harvey

The input of tDOC to Galveston Bay for the entire storm event was 87 ± 18 Gg of DOC derived from terrigenous sources, of which the large majority (95%) was delivered within the first week. Error in the estimated DOC input resulted from the assumed DOC concentration of run-off (see methods) and variability in freshwater load estimates (Du et al., 2019a, b). The amount of tDOC input during the storm period represented the average annual tDOC load to Galveston Bay (Warnken and Santschi, 2004) and exceeded estimates of tDOC fluxes during previous hurricanes hitting the East Coast by up to 6 times (Avery et al., 2004; Osburn et al., 2019). For comparison, the tDOC flux for the storm event was equivalent to ∼3% of average annual tDOC export from the Mississippi-Atchafalaya River System (Shen et al., 2012), which supplies more than 80% of freshwater input to the northern Gulf of Mexico (Dunn, 1996).

Source ratios of syringyl (S), vanillyl (V), and cinnamyl (C) phenols in flood-derived tDOC were typical of leached organic matter from non-woody tissues (e.g., leaves and grasses) of angiosperm vegetation. Remarkably, source composition of tDOC did not change substantially post-flood as indicated by relatively invariant S/V and C/V ratios. The remaining variability among lignin phenol source ratios could be attributed to diagenetic alterations of terrestrial macromolecules that was supported by increasing P/V ratios (Hernes et al., 2007). For comparison, similar S/V ratios were measured in adjacent rivers such as the Brazos River and Mississippi River (0.78–0.90), but C/V ratios were elevated compared to both of these rivers emphasizing the dominance of non-woody tissues in flood-derived tDOC (Shen et al., 2012; Yan and Kaiser, 2018b).

Polluted storm runoff from urbanized and industrialized areas contributes an additional source of DOM to estuaries (McGrane et al., 2016; Freeman et al., 2019; Steichen et al., 2020). Floodwaters quickly overwhelmed wastewater infrastructure and released an estimated 30 million gallons of untreated sewage (Environment Texas Research and Policy Center, 2017). In addition, spills of gasoline and crude oil among other industrial chemicals occurred from numerous chemical and tank facilities that were swept along with flood waters. The quantity of these inputs was poorly resolved as only few measurements were performed. Microbial community analysis showed elevated levels of Escherichia coli, a fecal indicator, in Houston bayou waters and flooded residential areas immediately after the storm (Yu et al., 2018). Bay floodwaters sampled at the head of the bay during the first cruise had higher contributions of Sphingobacteria, which are common in activated sludge, but gut-associated bacteria (i.e., Enterobacteria and Firmicutes) were not elevated (Figure 9). At the same time, only low levels of common pharmaceuticals and polycyclic aromatic hydrocarbons (PAHs) were detected (Steichen et al., 2020). Sampling was initiated 4 day after overflowing wastewater treatment plants were reported by local news outlets suggesting the peak of untreated sewage release was not captured with this sample set.

While tDOC dominated the DOC pool during the first 2 weeks of sampling, a bloom event of diatoms, chlorophytes, and dinoflagellates fed by ample supply of nutrients and clearer surface waters during the third cruise (Steichen et al., 2020) lead to input of biolabile planktonic DOM and marked a transition to a DOM pool with variable contributions from terrestrial and in-situ derived DOM sources. The transition to a mixed DOM pool in the bay was indicated by higher amino acid yields and degradation index values, both robust indicators of biolabile DOM from phytoplankton exudation (Davis et al., 2009; Kaiser and Benner, 2009).

Yields of D-amino acids quickly increased as tDOC loss and input of DOC from a planktonic source was observed, demonstrating the enrichment of bacterial macromolecules and a close link between removal processes and microbial mineralization. Bacterially-derived DOC contributed 26 ± 4% of DOC within the first 2 weeks, and 37 ± 9% of DOC over remaining 2 weeks of sampling in the bay. The biological reactivity of this newly produced bacterial DOC included labile and refractory biomolecules (Kaiser and Benner, 2008). Although the majority of DOC from flooding and planktonic sources was presumably mineralized to CO2, the production of refractory DOC suggested that storm events can also contribute to the long-term storage of carbon and associated bioelements in the ocean.



Mineralization of Terrigenous DOC and Linkage to Microbial Community Structure

Estimated decay constants indicated the rapid removal of storm-derived tDOC in the bay. In particular, the decay constant estimated for tDOC immediately after the storm was ∼3 times higher than decay constants observed for tDOC across high and low latitude environments (Figure 8; Kaiser et al., 2017a). Following the initial high loss of tDOC, the decay constant for tDOC over the latter 2 weeks quickly adjusted to the range of global tDOC decay constants. The rapid and presumed extensive mineralization of tDOC was likely linked to its high biolability, efficient removal processes, or both. The presence of some sewage-derived DOM may have contributed to the high removal efficiency of storm-derived DOC, although fresh plant leachates, and flood-derived DOM also exhibit high biolability (Holmes et al., 2008; Wickland et al., 2012; Harfmann et al., 2019).

Mechanisms of tDOC removal in ocean margins include sorption or flocculation, and mineralization by microbial and photochemical processes. Relatively low spectral slope values (S275–295, 0.0134–0.0187 nm−1) indicated minor exposure to solar radiation (Helms et al., 2008; Fichot and Benner, 2012). Likewise, (Ad/Al)V ratios were low (0.71–0.86) confirming microbial oxidation was the dominant mode of mineralization of tDOC. In the Northern Gulf of Mexico, where photochemical processes play an important role in the mineralization of DOM, (Ad/Al)V ratios were typically >2 (Hernes and Benner, 2003). Sorption was found to be of minor significance in the Mississippi River plume, but flocculation could have led to some loss of hydrophobic macromolecules (Benner and Opsahl, 2001; Hernes and Benner, 2003; Fichot and Benner, 2014).

As the microbial community played a dominant role in the mineralization of storm-derived DOC, the diversity of microbial taxa and their metabolic capabilities were investigated to gain insights on controls of mineralization efficiency. River and estuarine systems show distinct shifts in bacterial communities driven by flow regime and the composition of organic matter to benefit from pulses of biolabile DOM (Crump et al., 2009; Kaiser et al., 2017b). Driven by floodwaters, the microbial community completely changed after the hurricane and resembled communities typical for rivers and soil environments (Figure 9; Steichen et al., 2020). Synchronous to the shift in microbial communities and the massive tDOC input, heterotrophic metabolisms dominated during the first 2 weeks of sampling. In particular, the enrichment of genes for the decomposition of aromatic compounds was evident immediately after the storm when mineralization was highest. This suggested the enzymatic capabilities of the microbial community were well tuned to the chemical composition of the existing DOM pool that was dominated by aromatic moieties in lignin and tannin-type structures. At the same time, high microbial diversity potentially promoted metabolic efficiency and energy harvesting through microbial cooperation (Coyte et al., 2015).

With the transition of the DOM pool to a mixture of tDOC and planktonic DOM, enrichment in protein, nucleotide and nucleoside, RNA, DNA, and carbohydrate metabolisms demonstrated a domain shift in the functional gene repertoire and metabolic potential. In addition, gene sequences for aromatic compound metabolism were vastly reduced or absent as microbial communities adjusted to changing chemical composition of the DOM pool and took advantage of biolabile planktonic DOM sources. Remaining terrigenous macromolecules were diagenetically altered as indicated by elevated P/V ratios. Together with the absence of genes for aromatic compound metabolism, this may explain the lower removal efficiency of tDOC as time progressed.

Given the large export of tDOC during the storm event, the presumed mineralization of tDOC potentially resulted in a large flux of CO2 from Galveston Bay and adjacent coastal shelf. High freshwater discharge during the flood event quickly delivered tDOC to the bay and shelf areas. For calculation of total CO2 from the presumed mineralization of tDOC it was assumed mineralization efficiencies were similar in the bay and on the coastal shelf. In the bay microbial processes dominated the mineralization of tDOC. Higher light availability in the shelf mixed layer could have could have led to enhanced biomineralization from photochemical processes (Fichot and Benner, 2014).

Within 1 month, 68 ± 15% of tDOC or 65 ± 15 Gg was mineralized, of which 57 ± 10% occurred within the first 2 weeks, and 11 ± 5% over the remaining 2 weeks. The extent of tDOC removal substantially exceeded removal efficiencies of tDOC observed in ocean margins (∼50% per year) (Fichot et al., 2014; Kaiser et al., 2017a) or spring flood-derived DOC of Arctic rivers (17–53% over 1–3 month) (Holmes et al., 2008; Wickland et al., 2012). This suggested hurricanes impose unique conditions on biogeochemical cycles in the coastal zones and affect the connectivity between terrestrial and aquatic ecosystems.



CONCLUSION

Recent hurricanes have carried a climatic fingerprint and had a profound impact on human infrastructure and coastal ecosystems. Observations made during heavy flooding by Hurricane Harvey in the Houston/Galveston watershed showed the majority (68 ± 15%) of flood plain-derived DOC was removed in bay and shelf waters within 1 month. The high biolability of this mobilized DOC was mainly linked to freshly-leached plant-derived organic matter and an active microbial community with functional gene repertoires. Intense microbial processing of flood-derived DOC contributed to both mineralization and production of biorefractory DOM, affecting feedback mechanisms within the coastal and ocean carbon cycle. The efficient mineralization of flood-derived DOC suggests hurricane-induced flood events alter net CO2 exchange and nutrient budgets in estuarine watersheds and coastal seas.
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Station Salinity DOC TDLPg THAA D-AA TDLPg THAA PNV SV C/N (Ad/Al)y DI SUVA2s4 S275-2905

(wmol L) (nmol L™1) (nmol L~7) (nmol L) (%0C) (%0C) (LmgC~'m™) (nm=1)
9/4/2017
S1 0 566 832 1926 131 1.21 1.24 0.24 0.32 0.06 0.76 0.69 4.30 0.0134
S3 0.63 482 739 1589 113 1.26 1.20 0.25 0.34 0.08 0.88 0.67 416 0.0134
S4 0.84 429 514 1257 90 0.99 1.06 0.25 0.37 0.08 0.81 0.44 4.00 0.0139
S6 0.73 457 590 1332 93 1.07 1.06 0.28 0.39 0.08 0.77 0.72 3.79 0.0142
S8 1.07 457 699 1586 116 1.26 1.27 0.24 0.35 0.08 0.87 0.63 4.21 0.0138
S9 5.84 311 341 1313 96 0.90 1.54 0.40 0.48 O3 0.78 0.65 3.73 0.0143
S10 6.57 308 357 1130 96 0.95 1.33 0.33 0.42 0.11 0.86 0.38 3.70 0.0143
9/9/2017
S1 4.35 359 398 1410 103 0.92 1.44 0.30 0.38 0.10 0.83 0.71 3.82 0.0141
S2 5.65 377 394 1306 102 0.86 1.26 0.27 0.38 0.08 0.75 0.49 3.75 0.0142
S6 3.76 417 375 1549 118 0.74 1.39 0.28 0.35 0.08 0.82 0.95 3.75 0.0145
S8 8.14 302 186 1143 95 0.50 1.40 0.57 0.43 0.13 0.74 0.80 3.65 0.0145
S9 7.98 316 230 1268 86 0.59 1.51 0.49 0.43 0.2 0.71 0.95 3.62 0.0144
S10 10.38 314 221 1433 82 0.57 1.76 0.49 0.42 0.2 0.70 1.52 3.52 0.0144
9/16/2017
S1 5.40 335 231 1873 95 0.56 223 0.39 0.38 0.10 0.75 2.31 3.87 0.0145
sS4 416 401 289 3605 140 0.59 3.74 0.37 0.38 0.10 0.80 2.93 3.99 0.0146
S5 6.85 396 260 2944 129 0.54 3.07 0.37 0.38 0.08 0.67 207 3.69 0.0152
S7 12.18 334 188 2228 117 0.46 2.75 0.40 0.37 0.09 0.79 2.71 3.22 0.0162
S9 22.55 240 109 1792 127 0.37 3.10 0.51 0.43 0.11 0.69 2.61 2.78 0.0174
S10 19.38 257 130 1995 123 0.41 3.18 0.50 0.42 0.11 0.71 2.61 2.84 00172
9/21/2017
S1 6.84 339 268 619 41 0.65 0.65 0.39 0.41 0.12 0.76 0.17 3.60 0.0158
S4 9.86 331 186 1238 99 0.46 1.35 0.38 0.38 0.09 0.69 0.39 3.37 0.0163
S5 12.07 320 184 1136 88 0.47 1.27 0.41 0.36 0.09 0.72 0.37 3.28 0.0167
S7 15.52 300 147 1211 93 0.40 1.47 0.44 0.39 0.10 0.73 0.47 3.05 0.0174
S9 20.06 257 118 1178 95 0.37 1.71 0.50 0.43 0.11 0.70 0.84 2.75 0.0183
S10 ND 255 117 922 94 0.37 1.32 0.51 0.43 0.11 0.74 0.43 200 0.0182
9/28/2017
St 7.84 346 210 1394 100 0.50 1.49 0.44 0.42 0.11 0.66 1.02 3.41 0.0163
S4 8.31 358 167 1248 104 0.38 1.30 0.44 0.39 0.09 0.68 0.87 3.27 0.0174
S6 11.24 325 146 1467 107 0.37 1.71 0.50 0.42 0.11 0.66 1.21 2.95 00178
S8 12.60 323 133 1292 99 0.34 1.51 0.48 0.42 0.10 0.64 1.01 3.10 0.0178
S9 19.88 267 118 1017 106 0.36 1.44 0.47 0.37 0.09 0.71 0.82 2.84 0.0186
S10 20.08 269 123 1285 124 0.37 1.89 0.48 0.36 0.09 0.67 1.80 2.74 0.0187

Locations are shown in Figure 1. DOC = dissolved organic carbon; TDLPg = sum of vanillyl, syringyl, and p-hydroxyl phenols; THAA = dissolved total hydrolyzable amino acids; D-AA = sum of dissolved D-amino acids;
P/V = p-hydroxyl phenols divided by vanillyl phenols; S/V = syringly phenols divided by vanillyl phenols; C/V = cinnamyl phenols divided by vanillyl phenols; (Ad/Al)y = vanillic acid divided by vanillin; DI = degradation
index calculated based on amino acid relative composition; SUVA2s4 = specific ultraviolet absorbance at 254 nm; Sa75_095 = absorbance spectral slope over 275 to 295 nm; ND = not determined.
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