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Vibriosis is the general term for human illnesses caused by infection of pathogenic Vibrio species. Vibrio vulnificus (Vv) and parahaemolyticus (Vp) are two problematic waterborne pathogens that have yet to be enumerated in northwest Florida coastal Gulf of Mexico estuaries. In this regionally novel study, we surveyed 43 locations in two subtropical estuarine systems, Perdido Bay and Pensacola Bay, over seven dates in winter 2020. Sampling included three substrate types: surface waters, sediments, and invertebrate biofilms. We determined baseline abundances of presumptive viable Vv and Vp appearing as colonies on CHROMagar (Vv, blue; Vp, purple). Vv was detected in 37 out of 43 water samples, with maximum levels of 3,556 CFU/mL. Vp was only detected in 15 water samples, with a maximum concentration of 8,919 CFU/mL. Sediments contained Vv in all but one sample, with concentrations ranging from 121 to 607,222 CFU/mL. In contrast, Vp were only detected in 33 sediment samples, where concentrations ranged from 28 to 77,333 CFU/mL. Opportunistically-sampled surface swabs (biofilms), collected from shells (either oyster or barnacle) and polychaete worms found in sediment samples, contained on average 7,735 and 1,490 CFU/mL of Vv and Vp, respectively. Surface water Vv abundances covaried with bottom water pH, maximum prior cumulative wind speeds, and tidal coefficient on the day of sampling. Vp surface water abundances negatively correlated with surface water salinity, surface water pH, and bottom water pH and positively correlated with total surface dissolved inorganic and total Kjeldahl nitrogen concentrations, and wind. Spatially, there was large variation in Vibrio densities in surface waters; abundances of both species were strongly correlated with wind, suggesting resuspension was important. Sedimentary abundances of both putative Vv and Vp shared a correlation with one parameter: salinity stratification. Due to the length of this study, temperature was not considered a major factor. This short-term (1 month) study was designed not to enumerate pathogenic Vv or Vp, but rather to establish the first winter baseline of Vibrio abundances for this region. Determination of these baseline winter cultivable putative Vibrio abundances will be valuable in predicting relative risk factors in each waterbody of interest.
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INTRODUCTION

Warm and salty or brackish waters in Florida and other nearby coastal states are currently subject to increased temperatures and frequency of storm events, changing heterotrophic bacterial communities (Lønborg et al., 2019). The success of specific groups of bacteria in subtropical estuaries and coasts are affected by many factors including eutrophication, sea-level rise, warming temperatures, and changes in trophic states (Montánchez et al., 2019; Krishna et al., 2020; Li et al., 2020). One major concern associated with these factors is increased Vibrio abundances: in the water column, in and on invertebrates, and in the sediments (Hughes et al., 2013). Vibrio vulnificus (Vv) and V. parahaemolyticus (Vp) are two species that are potentially harmful to humans and the marine life on which local economies depend. Vibrio infections in the USA account for approximately 8,000 deaths annually (Pruzzo et al., 2005). Vv mostly causes human disease via entrance of open cuts or wounds, with a case fatality rate as high as 50% (Johnson et al., 2012). Pathogenesis of Vp, on the other hand, occurs through the consumption of raw or undercooked shellfish (especially oysters) and is the leading cause of reported fatalities through gastroenteritis and septicemia due to foodborne illness (Panicker et al., 2004; Johnson et al., 2012). Both species possess specialized genes that contribute to pathogen virulence by promoting phenotypes such as increased epithelial (intestinal) cell adhesion or erythrocyte (red blood cell) lysis (i.e., hemolysis) (Zhang and Austin, 2005).

Although Vp infections are more common in recent years (Lovell, 2017), serious Vv infections are concurrently increasing in frequency (Baker-Austin and Oliver, 2018). These increased pathogenic loads can be attributed to a variety of factors. Temperature is considered to be a driving factor of Vibrio abundances (Johnson, 2013; Wetz et al., 2014) and may even affect the relative severity of vibriosis (Hernández-Cabanyero et al., 2020). However, temperature was not a major factor in this study. In fact, our findings suggest other factors may also be responsible for higher abundances of culturable Vibrio. Water column Vibrio abundances may increase after storm events, possibly from sediment bacteria resuspension (Fries et al., 2008). Increased nutrient loads, often associated with anthropogenic- and climatic-influenced eutrophication, will likely promote higher concentrations of human pathogens such as Vibrio species (Malham et al., 2014). Higher turbidity has been previously related to Vp in subtropical estuaries near coastal northern Gulf of Mexico (GoM) (Zimmerman et al., 2007). Because Vibrio may be associated with diatoms and zooplankton, their abundances are likely positively related to increased turbidity, typically measured as concentrations of total suspended solids (TSS). Similarly, a positive relationship is often observed between Vibrio abundance and phytoplankton biomass, typically measured by chlorophyll a (chl a) (Martinez-Urtaza et al., 2012). Therefore, the combination of terrestrial inputs of nutrients from rain and storm events, sediment resuspension from high wind speeds, and the quite evident rise in global water temperatures may provide optimal environmental conditions for the success of human pathogens such as Vv and Vp (Davis et al., 2017; Froelich et al., 2019).

Invertebrate filter-feeders (such as oysters or barnacles) are also susceptible to minor changes in water and sediment quality, making them common carriers of pathogenic Vp (Aagesen et al., 2013). Oysters in the Pensacola Bay System (PBS), including in polluted waterbodies within, such as Bayou Chico, are common (Caffrey et al., 2016). Barnacles were abundant invertebrates settling on artificial reefs in the nearby GoM shelf in a recent study (Babcock et al., 2020). Often, biofilms on invertebrate shells are considered anoxic, a key consideration in our evaluation of Vibrio on invertebrates. Vv and Vp are aerobes, with most strains functioning as facultative anaerobes (Drake et al., 2007). Biofilms on oyster or barnacle shells are often oxic (Ray et al., 2019), which could promote success of Vv, Vp, and other aerobes in shell biofilms. For example, desiccation or regular air exposure of oysters from nearby northern GoM bays promotes Vibrio growth (Grodeska et al., 2019; Pruente et al., 2020).

In water and sediments or on invertebrates of Florida subtropical estuaries, there is currently little data with respect to Vv or Vp abundances, except in Apalachicola Bay, FL (Williams and LaRock, 1985; Lipp et al., 2001), formerly home to one of the largest oyster fisheries in the United States. It is estimated that warming water temperatures due to climate change may have a more significant effect in temperate waters (Froelich and Daines, 2020). However, abundances in subtropical estuaries are important to assess, not only considering the potentially pathogenic nature of Vv and Vp, but also because of increasing water and sediment temperatures anticipated with climate change (Thomas, 2016). Furthermore, estuaries may be fragile ecosystems, especially so in the current threat of climate change in subtropical regimes. Extreme climate events (droughts, floods, tropical cyclones, heat waves, etc.) have increased in frequency and intensity, coinciding with climate model predictions due to anthropogenic causes. Consequences of warming waters combined with increased intensity or frequency of such extreme events impact a wide range of trophic levels. Terrestrial-derived nutrient influxes into fresh and estuarine systems promote a chain of succession in both primary and secondary producers, leading to changes in the types of heterotrophs. Warming waters expected with global climate change combined with increased terrestrial organic matter inputs exacerbates these changes, in both temperate (Paczkowska et al., 2019) and subtropical (Williams and Quigg, 2019) regions. Clearly, there is cause for investigating the effects of these changes locally in relation to potentially pathogenic Vibrio loads.

Study site. To determine baseline presumptive Vv and Vp loads in winter, we surveyed seven major basins in the Pensacola, FL area. Locations for this survey were chosen within the PBS and the Perdido Bay, located in northwest Florida. The PBS is an excellent model system to examine the responses of subtropical microbial responses to anthropogenically-driven changes in temperature, freshwater flow, and other parameters (Murrell et al., 2018). The PBS is the fourth largest estuary in Florida and is unique in that it is microtidal, nutrient inputs are relatively low (Caffrey and Murrell, 2016), and heterotrophs are substrate-limited (Murrell, 2003). Flow from the Escambia River provides approximately 70% of the freshwater to Escambia Bay, which is part of the PBS (Caffrey and Murrell, 2016). While light availability, nutrient fluxes, primary productivity, and chl a are influenced by riverine nutrient inputs (Caffrey and Murrell, 2016), the impact of freshwater flow on the distribution of Vibrio in the estuary and adjacent basins is unknown. Chl a concentrations range from 1 to 26 μg/mL and are highest in mesohaline portions of the Bay (Murrell and Lores, 2004; Murrell et al., 2007; Caffrey and Murrell, 2016). Bacterial abundances and production are also influenced by freshwater inputs from the Escambia River (Murrell, 2003). Cyanobacteria abundances in these systems are low at the marine ends and undetectable in freshwaters, but dominate in mesohaline zones (Murrell and Caffrey, 2005).

In the PBS, chl a and phytoplankton productivity peak about a month following seasonal maximum freshwater flow from the Escambia River (Murrell et al., 2007). Summer benthic hypoxia occurs during periods of stratification (Hagy and Murrell, 2007), but is moderated by light that supports sub-pycnocline phytoplankton and benthic primary production (Murrell et al., 2009). However, regional strong storm events do result in high particle loads (> 6,000 particles/mL), particularly in the summer. In winter (February 2014 and 2015), total particle abundances ranged from 500 to >3,500 particles/mL, as determined by FlowCam analysis (Sieracki et al., 1998) of Lugols-preserved whole water samples from the Escambia Bay (Michael Murrell, personal communication). Interestingly, the detrital contribution to total particulate matter composition is low (Murrell, 2003), suggesting the majority of particulate matter in the estuary is comprised of zooplankton and phytoplankton. The phytoplankton are diverse, with picocyanobacteria (<5 μm) dominating during summer months, representing 70 to 100% of total chl a (Murrell and Lores, 2004), a pattern found in other GoM estuaries (Murrell and Caffrey, 2005).

Perdido Bay is another shallow estuarine system whose watershed includes southeast Alabama. Waters in this system are generally more turbid than in the PBS as a whole, and major sources of freshwater input include the Perdido River and Elevenmile Creek (Macauley et al., 1995). While Escambia Bay/Pensacola Bay and Perdido Bay are major river-dominated systems with freshwater inflow, Big Lagoon is a mesohaline system connecting the PBS and Perdido Bay, where sediments are more sandy than muddy, light attenuation is generally low, and seagrasses are more abundant than in the Escambia or Perdido Bays (Hester et al., 2016; Murrell et al., 2018). Creeks provide freshwater inputs into the three urban bayous in this study: Bayou Grande, Bayou Texar, and Bayou Chico. All three bayous, adjacent to the city of Pensacola, are the largest bayous in the PBS that are impacted by stormwater runoff (Lewis et al., 2016). Other inputs of freshwater to the bayous include adjacent creeks, but runoff contributes greatly to eutrophication and sedimentation, as well as contamination with heavy metals and pesticides (Lewis et al., 2002; Nature Conservancy, 2014). Septic tank systems within the Bayou Chico and Grande watersheds contribute to eutrophication, and Bayou Chico fails to meet total maximum daily load goals of US and FL standards (Nature Conservancy, 2014). We hypothesized that abundances of Vibrio species in the Perdido and Pensacola Bay Systems would be higher in water column samples with high turbidity. We also expected Vibrio species to thrive where dissolved or total nutrient concentrations were high, especially when salinity and temperature fell within optimal ranges as described by previously-published studies (Kaspar and Tamplin, 1993; Motes et al., 1998; Hsieh et al., 2008). Temperature was not considered a major factor in this short-term study, as all sampling was done within one winter month (February 2020).



MATERIALS AND METHODS


Field Sampling

Forty-three stations were chosen, representing a wide range of salinities, stratification, eutrophication, and freshwater influence. We surveyed surface waters and sediments on seven dates between 02/03/20 and 03/02/20 (Supplementary Figure 1). All sampling and in situ measurements were performed from small vessels. Hydrographic data (surface water and bottom water) were measured with a YSI multimeter (Xylem, Yellow Springs, OH). Parameters measured in situ at all stations included surface and bottom water column readings of salinity (PSU), temperature (°C), and dissolved oxygen (mg/L). Surface and bottom water pH were determined with a ProDSS pH sensor, which became available on 02/21/20; thus, surface and bottom pH were reported only for Bayou Grande (02/21/20), Big Lagoon (02/28/20), and Perdido Bay (03/02/20). Statistical analyses (Supplementary Table 4) for pH data reflect the correct sample size (n = 20). Light attenuation coefficient (Kd, m–1) was calculated from the slope of attenuation of photosynthetic photon flux fluence rate (PPFFR) at 0.5-meter intervals measured with a LiCor 4II spherical underwater quantum sensor. Total water column depth (meters) was measured with the line on a Secchi disk and with the vessel’s on-board instrumentation. Total precipitation and cumulative maximum wind speeds were recorded in the three days leading up to sampling, including the mornings of sampling events in which windy conditions delayed the start of sampling. Precipitation and maximum wind speed data were obtained from the NOAA Climate Online Data station ID: GHCND:USW00013899, 30.47° N, 87.2° W located at Pensacola Regional Airport (WUnderground, 2020; Supplementary Table 4). Tidal coefficient (m) at Lora Point (Escambia Bay, 30.5178° N, 87.1700° W), also within our sampling area and in one of the seven basins, was also recorded for each sampling date (TidalCoefficient, 2020). Since precipitation, wind speed, and tidal coefficient were the same within basins, values for each were considered reflective of the entire basin. Therefore, sample size for these parameters was n = 7.

Forty-three surface water samples were collected via bucket cast and held in an acid-washed 1-L Nalgene bottle (one for each site) in coolers maintained at in situ temperature. Sediment samples were collected using a PONAR grab sampler. Forty-two sediment samples (0.5 to 2.0 mL of superficial sediment) were collected from the top 0 to 30 cm with sterile, single-use plastic spatulas and resuspended in 0.5 mL of phosphate-buffered saline (1X solution contains 0.137M NaCl, 0.0027M KCl, 0.0119M phosphates, pH 7.4) (Fisher BioReagents, Pittsburgh, PA), and held in sterile 50-mL centrifuge tubes in coolers maintained at in situ temperature. An additional 50 mL of sediment was collected for analysis of sediment water content, organic matter content (loss on ignition), sediment chl a and phaeopigment concentrations. Surface water was filtered on-site through Whatman GF/F filters to collect filtrates which were deposited into acid-washed bottles and immediately preserved in coolers on ice and later stored at the laboratory at −20°C for subsequent dissolved nutrient analyses. Filters were also immediately cooled on site and preserved at −20°C for subsequent chl a analyses. Whole water was preserved with H2SO4 as per EPA method 351.2 and held at 4°C for total Kjeldahl nitrogen (TKN) analyses. Where invertebrates were present (on marker poles or in sediment grabs), we collected invertebrate surface (presumptive biofilm) samples via surface-swab, henceforth referred to as biofilm or biofilm swab samples. A total of 13 samples of these biofilms, approximately 1 cm2 surface area each, were collected with sterile cotton swabs, resuspended in 0.1 mL of sterile phosphate-buffered saline in centrifuge tubes and held at in situ temperature until processed.

All surface water samples were analyzed using the following methods: dissolved inorganic phosphate (DIP) as in (Parsons et al., 1984), NH4+ as in (Holmes et al., 1999), and NO3– + NO2– as in (Schnetger and Lehners, 2014). Dissolved inorganic nitrogen (DIN) is the sum of NH4+, NO3–, and NO2–. Whole water was preserved with acid and analyzed for TKN with EPA method 351.2 on a Lachat Quikchem FIA Model autoanalyzer. Samples for chl a were extracted in 90% acetone for 24 hours and analyzed as in (Welschmeyer, 1994). Sediment samples were evaluated for biomass of benthic microalgae using the acidified chl method to determine concentrations (μg/g) of sediment chl a and phaeopigment as in (Parsons et al., 1984). Sediment aliquots were also processed for water content and organic carbon (ash content) percentages. Ash-free dry weight combustion was at 500°C. Surface water concentrations of TSS were determined using EPA method 160.2.



Viable Putative Vibrio Abundances

To determine abundances of presumptive viable Vv and Vp, all samples (surface water, sediment suspension, and biofilm surface-swab suspension) were plated on CHROMagarTM-Vibrio (DRG International, Inc., Springfield, NJ), an agar medium with chromogenic substrates (15.0 g/L agar, 8.0 g/L peptone and yeast extract, 51.4 g/L salts, 0.3 g/L chromogenic mix, pH 9.0). In winter (January) and summer (June) of 2019, we had performed preliminary end-point PCR testing to narrow color ranges of presumptive Vv (bright blue, with early color development before 24 h) and Vp (bright mauve, again with early color development). To assess accuracy of presumptive Vv colored colonies on CHROMagar, vvhA was assayed using primer pair F-vvh785/R-vvh990 as previously described (Panicker et al., 2004; Panicker and Bej, 2005). Presumptive Vp, appearing as bright pink, not purple, were confirmed as Vp with either tdh- or trh-positive end-point PCR, employing primer pairs tdh-F/R and trh-F/R as previously described (Nordstrom et al., 2007). All samples of colony biomass were also tested by end-point PCR for prokaryotic 16S rRNA (BACT1369 + PROK1541R), to verify there were no false-negatives. None of the 2019 preliminary data (abundances based on colony counts or end-point PCR results) are presented here, since data collection in 2019 did not include environmental data. In the preliminary work, depending on the body of water sampled, the percent of bright blue colonies scoring vvhA-positive ranged from ∼50 to 85%, with an average of 75% among all summer and winter 2019 samples for Vv (bright blue colony, vvhA-positive) and Vp (bright pink colony, tdh- or tlh-positive.) The same person (L. Waidner) who observed vvhA-positive and trh- or tdh-positive colonies was also the one who counted colonies in the winter 2020 data presented in this study.

In this study, to assess presumptive Vv and Vp abundances, water samples were plated undiluted on CHROMagarTM-Vibrio; fresh sediment samples were diluted 2-, 3-, and 4-log-fold with phosphate-buffered saline before plating, and biofilm surface-swab samples were similarly diluted 1- and 2-log-fold. Subsequent to dilutions and plating, exact volumes of each sediment sample were determined. Each abundance calculation accounted for the variability in volume of sediments collected in the field. Presumptive biofilm, sediment, and undiluted surface water samples were vigorously shaken (water) or mixed via vortex (sediment and biofilm) prior to plating. Three aliquots (0.15 mL each) of each dilution of each sample, in triplicate, were plated on Petri plates as previously described (Oliver, 2003; Huq et al., 2012; Thomas et al., 2014; Yeung and Thorsen, 2016). Plating was followed by incubation in the dark at room temperature (24°C, chosen since this was most similar to in situ temperature) for 24, 48, and 72 h. At each 24-hour interval, the number of each of the colored colony types was recorded and reported as CFU of presumptive Vv or Vp. The abundances of each type of Vibrio were calculated in the same manner for all sample types and included all abundances of dilutions that could be accurately assessed (between 3 and 300 CFU/plate). Abundances lower than the limit of detection (15 CFU/mL) were recorded as zero. For presumptive abundance determination across all samples, abundances at 48 hours were used, and average cell abundances were normalized to milliliters (mL), since abundances per cm3 are equivalent to abundances per volume (mL). We did not use molecular methods to confirm Vv and Vp (i.e., bright blue and bright pink colonies, respectively) in this study.



Statistical Analyses

Mathematical relationships and each corresponding significance were performed using the “Analyze” function of the Statistical Package for the Social Sciences (SPSS). All surface water and sedimentary Vibrio abundances were log-transformed to accommodate normality for Pearson (parametric) correlation analysis. SPSS was used to generate one-way analysis of variance (ANOVA) tests to determine differences between log-transformed Vibrio abundances and environmental parameters among all seven basins. Parameters that showed relatively strong evidence (r >0.30) for a difference among basins were followed with multiple comparison procedures (Tukey’s Post Hoc) to determine wherein the seven basins lies the difference. In addition to basin-by-basin comparisons, one-way ANOVAs were also generated to determine differences between open and enclosed basins. Pearson correlation coefficients were calculated in the statistical package Plymouth Routines in Multivariate Ecological Research (PRIMER) version 7. Box- and surface-plots showing the distribution of measured abundances and ecological parameters across all basins were also generated using PRIMER.



RESULTS


Overview of Bodies of Water Sampled

In all stations of all basins surveyed, the minimum depth was approximately 0.4 m, with a maximum depth at any station of 6.1 m. The average surface water temperature of all stations was 15.4°C, and temperatures ranged from 12.3 to 22.2°C (Table 1A). Surface water salinities ranged from 0.9 to 18.2 PSU. Among all seven basins, Bayou Chico had the greatest average water chl a (8.6 ± 5.4 μg/L), TKN (53.5 ± 16.7 μM), and DIN (39.0 ± 38.7 μM) concentrations. Of all basins examined, the surface waters’ temperature and salinity in Bayou Chico were overall the highest and lowest, respectively (Figure 1). Additionally, salinity stratification was high at two of the five locations sampled within Bayou Chico, V-20 and V-23, with surface and bottom values of 9.4 and 21, respectively (Supplementary Table 4). Perdido Bay had the lowest average water chl a concentration (1.9 ± 1.0 μg/L), and Big Lagoon had the lowest average TKN (24.2 ± 3.0 μM) and DIN (1.7 ± 0.5 μM) concentrations. DIP concentrations were negligible or undetectable in surface water samples (Table 1A and Figure 2).


TABLE 1A. Means and ranges of physical and chemical parameters of surface water.
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FIGURE 1. Boxplots of surface water salinity and temperature. Open circles denote extreme values; box-tops and -bottoms show the 25th and 75th percentiles; lines within boxes mark mean values; and whiskers indicate minimums and maximums.
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FIGURE 2. Boxplots of dissolved inorganic nitrogen and phosphorous (DIN, DIP) and total Kjeldahl nitrogen (TKN) concentrations. Open circles denote extreme values; box-tops and -bottoms show the 25th and 75th percentiles; lines within boxes mark mean values; and whiskers indicate minimums and maximums.


Bottom water temperatures and salinities ranged from 13.0 to 22.0°C and 1.9 to 28 PSU, respectively (Table 1B). Bayou Texar had the greatest average sediment chl a concentration (3.7 ± 2.4 μg/g). Escambia Bay had the greatest average concentration of sediment phaeopigment (4.7 ± 1.5 μg/g) and average sediment water content (58.0 ± 22.7%). Perdido Bay had the greatest average sediment organic content (8.3 ± 6.0%), with Pensacola Bay as the lower bound (1.8 ± 2.8%).


TABLE 1B. Means and ranges of physical and chemical parameters of bottom water and sediment.
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Overview of Putative Vibrio in Surface Waters

Overall, in surface waters, Vv was more ubiquitous than Vp. In seven of the 43 surface water samples, putative Vv was below detection limits of the chromogenic agar assay (Table 2). In the remaining 36 locations, Vv concentrations ranged from 15 to 3,556 CFU/mL, with a median concentration of 44 CFU/mL. In contrast, putative Vp abundance was below the limit of detection at 28 of the 43 stations (Table 3). In the 15 surface water samples where it was detected, Vp concentrations ranged from 15 to 8,919 CFU/mL, with a median concentration of 104 CFU/mL. Bayou Texar greatly outnumbered the other basins with regards to Vp abundances, with Pensacola Bay and Perdido Bay having the lowest surface water Vp abundances (Table 3). Conversely, Bayou Chico had the greatest abundance of surface water Vv of the seven basins, as well as the largest range in Vv surface water abundance at the sites within the basin (Figure 3).


TABLE 2. Abundances of culturable Vv in sediments and surface waters.
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TABLE 3. Abundances of culturable Vp in sediments and surface waters. Medians and ranges in each basin are provided.
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FIGURE 3. Boxplots of surface water Vibrio abundances. Open circles denote extreme values; box-tops and -bottoms show the 25th and 75th percentiles; lines within boxes mark mean values; and whiskers indicate minimums and maximums.




Overview of Putative Vibrio in Sediment Samples

Basin-wide analyses indicated there was no body of water with low concentrations of Vibrio in sediments. At the 43 locations sampled, 42 sediment samples were obtained. Sediment types ranged from sand to sand-mud mix to mud. When Vv was detected, concentrations ranged from 169 to 607,222 CFU/mL, with a median concentration of 18,160 CFU/mL (Table 2). In three of the seven major basins, there were exceptionally high Vv concentrations in at least one location each. In Bayous Chico and Texar, Vv was found in some locations at concentrations > 300,000 CFU/mL, and in one location of Big Lagoon at > 600,000 CFU/mL (Table 2). In contrast, Vp was generally less concentrated in the sediments and was below detection limits in nine of the sediment samples (Table 3). In the remaining 33 stations, Vp concentrations ranged from 28 to 77,333 CFU/mL, with a median concentration of 652 CFU/mL. The highest densities of Vp were observed in the sediments of Bayou Chico (77,333 CFU/mL) and in Big Lagoon (19,185 CFU/mL). In four of the five Perdido Bay sites, Vp was undetectable. In Bayou Grande, Vp was undetectable in two of the seven locations. In the Pensacola Bay basin (Pensacola Bay and Escambia Bay), we collected 11 sediment samples. Of those, three contained undetectable levels of Vp, one site had 1,649 CFU/mL, and the remaining eight sites contained fewer than 655 CFU/mL in the sediments (Table 3).

The variation in sediment Vibrio abundance, both among the seven basins and within each of them, was high. The upper bound of Vv was similar across all basins, with Pensacola Bay and Perdido Bay having the largest range (Figure 4). Vp, however, was more abundant in Bayou Chico, with Bayou Texar and Big Lagoon following closely behind. Sites within basins Pensacola Bay and Bayou Grande generally had the lowest abundance of Vp in sediments. Given that the average concentration of total active aerobic bacterial cells present per mL of estuarine, riverine, or coastal marine sediments is 1 to 500 × 106 (Glavin et al., 2004; Kirchman, 2018; Luna et al., 2002; Proctor and Souza, 2001), the data suggest Vv make up from 0.2 to 60% of total sediment bacteria; whereas Vp could comprise 0.003 to 0.2% of all bacteria in sediments. On average, Vv outnumbered Vp by approximately 18-fold in all sediments. Notably, very high abundances of Vv and Vp in sediments were found in stations V-24 and V-25, two sites in Bayou Grande. In these locations, bottom pH and stratification were closely tied and showed the greatest variation among all sites (Figure 5).
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FIGURE 4. Boxplots of Vibrio abundances in sediments. Open circles denote extreme values; box-tops and -bottoms show the 25th and 75th percentiles; lines within boxes mark mean values; and whiskers indicate minimums and maximums.
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FIGURE 5. Surface plot illustrating site-to-site variation of the most influential environmental parameters covarying with Vibrio abundances.




Putative Vibrio in Biofilm Samples

The median concentrations of Vv and Vp in all presumptive biofilms were 2,281 and 163 CFU/mL, respectively (Table 4). Only two invertebrate biofilm samples resulted in undetectable Vibrio – one from a polychaete worm in Pensacola Bay, and the other from an oyster located at Bayou Grande. In the remaining 11 samples, mostly from swabbed oyster or barnacle shells, putative Vv abundances ranged from 81 to 28,844 CFU/mL, and putative Vp from 81 to 14,422 CFU/mL. There was not a statistical difference between oysters (n = 5) and barnacles (n = 6) for Vv (t-test, p = 0.750) nor Vp (t-test, p = 0.560) (Table 4).


TABLE 4. Numbers of Vv and Vp present in biofilms on invertebrates.
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Correlation of Abundances With Abiotic Environmental Parameters

Vibrios were generally most abundant in Bayou Chico (with the exception of Vp water abundances, which were greatest in Bayou Texar) (Tables 2, 3 and Figure 3). Prior wind speeds showed strong evidence for a positive correlation between surface water abundances of both Vv (r = 0.84, p < 0.05) and Vp (r = 0.83, p < 0.05), but not with sedimentary Vibrio abundances (Table 5). Water Vv abundances were also positively correlated with bottom water pH (r = 0.46, p < 0.05) and tidal coefficient (r = 0.86, p < 0.01) and moderately correlated with average sediment chl a concentrations (r = 0.29, p = 0.057) (Table 5). Surface water Vv did not covary strongly with salinity. Surface water Vp abundances correlated with seven parameters, the greatest number of correlations among the four calculated species abundances. Parameters that showed negative correlations with surface water Vp included surface salinity (r = −0.36, p < 0.05), surface pH (r = −0.45, p < 0.05), and bottom pH (r = −0.47, p < 0.05). Positive correlations with surface Vp included total DIN (r = 0.32, p < 0.05) and TKN (r = 0.36, p < 0.05) concentrations. Maximum cumulative wind speed (r = 0.83, p < 0.05) also showed evidence for a positive correlation with water Vp (Table 5).


TABLE 5. Correlations between Vibrio abundances and environmental parameters.

[image: Table 5]In sediments, putative Vv abundances positively correlated with both surface (r = 0.50, p < 0.05) and bottom (r = 0.52, p < 0.05) pH (Table 5). Sedimentary Vp was correlated with average sediment chl a concentrations (r = 0.31, p < 0.05) and tidal coefficient (r = 0.77, p < 0.05). Interestingly, both Vv and Vp sediment abundances shared a correlation with one parameter: salinity stratification. Although winter levels of salinity stratification among all basins were generally low, stratification positively correlated with sedimentary abundances of both Vv (r = 0.31, p < 0.05) and Vp (r = 0.33, p < 0.05). Within the salinity values measured at different locations in this study, there was no optimal salinity range where Vv or Vp was found to be more abundant (Supplementary Figure 3 and Supplementary Table 4). To further examine the relationship of salinity with these presumed Vv and Vp abundances, we also examined Vibrio abundances within a subset of stations that had salinities only between 5-25 PSU. Five stations (V-7, V-19, V-20, V-23, V-27) with surface or bottom water salinities outside this range were excluded from this additional correlation analysis. Even when salinity did fall within the optimal range, there still was no significant relationship with abundance, whether in the water column (Vv; r = −0.0089, p = 0.958, n = 38) or in the sediments (Vv; r = 0.0875, p = 0.596, n = 39 and Vp; r = 0.1107, p = 0.542, n = 39). Only surface Vp showed a strong relationship with optimal salinity conditions, but it did so negatively (r = −0.435, p < 0.01, n = 38) (Supplementary Table 4).

Water column Vibrio abundances were not correlated with concentrations of TSS, dissolved oxygen, DIP, chl a, or Kd. Sedimentary Vibrio abundances were not correlated with the following sediment characteristics: percent water, percent organic content, and sediment phaeophyte pigments. Additionally, neither presumptive Vv nor Vp abundances were correlated with water column Kd.



Analysis of Variance (ANOVA) Among Basins

ANOVA tables were generated for each environmental parameter and subsequently used to determine factors that indicated strong evidence for a difference among basins (Supplementary Table 1). Bottom pH (F = 16.548), bottom salinity (F = 7.771), bottom water temperature (F = 33.328), log-DIN concentrations (F = 10.684), log-Vp sediment abundances (F = 9.421), log-Vp water abundances (F = 19.735), surface pH (F = 21.012), surface salinity (F = 13.750), surface water temperature (F = 96.284), and TKN concentrations (F = 9.732) were different at a < 0.001. Additionally, TSS (F = 3.225, p = 0.01), water chl a (F = 4.791, p = 0.001), DIP (F = 5.210, p = 0.001), and Kd (F = 4.817, p = 0.001) showed strong evidence for a difference among basins.



ANOVA Between Open and Enclosed Waterbodies

Statistical analysis was also performed to determine evidence of a difference between open estuaries (Pensacola Bay, Escambia Bay, and Perdido Bay) and enclosed estuaries (Bayou Texar, Bayou Chico, Bayou Grande, and Big Lagoon). Log-Vv water abundance (F = 9.973, p = 0.003), log-Vp water abundance (F = 9.662, p = 0.003), log-Vp sediment abundance (F = 17.271, p < 0.001), surface temperature (F = 7.838, p = 0.008), bottom temperature (F = 24.197, p < 0.0001), salinity stratification (F = 4.257, p = 0.045), log-DIN concentrations (F = 8.305, p = 0.006), and tidal coefficient (F = 25.809, p = 0.004) were different between open and enclosed estuaries (Supplementary Table 2). In surface waters, Vv median abundance was approximately 2-fold greater in open basins than in the enclosed basins. The difference was more striking for Vp; in only three of the 25 stations, Vp abundances were at levels above the minimum detection limit in open basins (12% of samples), whereas this species was found in surface waters in 12 of the 18 locations in enclosed waterbodies (67% of samples). Median Vv and Vp in sediments, however, did not follow the same pattern of surface water Vibrio abundances. In open basins, the median Vv sediment abundance exceeded that of enclosed waterbodies by approximately 1.8-fold, while median sediment Vp was approximately 2-fold greater in enclosed systems than in open systems.



DISCUSSION

Salinity, among others, is often considered a predictive variable for Vibrio in the water column, with optimal conditions ranging from 5 to 25 PSU (Kaspar and Tamplin, 1993; Motes et al., 1998; Hsieh et al., 2008). However, this was not the case in this study. In the seven basins examined, locations chosen for the survey represented waterbodies with a wide range of salinities and stratification (Figure 5). Within the salinity values measured at these different locations, there was no optimal salinity range where presumptive Vv or Vp was found to be more abundant (Supplementary Figure 3 and Supplementary Table 4). Moreover, bottom pH and stratification also correlated with one another, though not as dramatically (r = 0.4541, p = 0.044). This could have been attributed to the lower sample size (n = 20), as pH measurements were only taken for approximately half of all basins (Bayou Grande, Big Lagoon, and Perdido Bay). Vv abundances can increase with depth, particularly in bottom waters within shallow estuaries (Wetz et al., 2014). This trend may be attributed to variation in salinity and/or temperature at different depths, suggesting covariation between temperature and salinity in regards to estimating Vibrio abundance. However, in our study, putative abundances of Vv and Vp did not significantly vary with total water column depth, and there was no consistent pattern of depth, salinity, and Vibrio abundances. In some basins, surface water Vibrio abundances may have been greater than usual due to high wind speeds, which likely promoted mixing in the water column and resuspension of sediments. Therefore, it would have been unlikely to see a relationship between Vibrio abundances and depth. However, we did notice a strong relationship between Vibrio abundances and salinity stratification, which does in fact align with findings in previous studies, especially for shallow estuaries (Wetz et al., 2014). We also chose to sample from a diverse group of waterbodies, varying greatly in salinity, stratification, eutrophication, and freshwater influence. Although the method employed here assesses only abundances based on viable CFU, this broad range of data is useful in determining baseline abundances in the region.

Correlations of Vibrio abundance with temperature are often linked to seasons (Hsieh et al., 2008; Wetz et al., 2014). For example (Wetz et al., 2014), reported seasonal data over a four-year period for environmental parameters that may influence surface and bottom water abundances of Vv within the Neuse River Estuary (NRE). Certainly, the length of this survey capacitates the reporting of seasonal data. Although the NRE and the PBS are both shallow, river-dominated estuarine systems, and despite the contrast in duration of the study, actual relationships between water or sedimentary Vibrio abundances and environmental parameters differ depending on the influence of physicochemical factors (i.e., runoff, mixing, resuspension). Evidently, seasonal data reported for temperature, salinity, turbidity, and chl a all showed strong correlations to Vv abundances, whereas none of the four covaried with Vibrio abundances in our study (Wetz et al., 2014). In fact, surface water temperatures in this winter survey were less than optimal for maximum concentrations of Vv or Vp, presumed to fall within the range of 20 and 37°C (Tantillo et al., 2004; Johnson et al., 2012; Johnson, 2013). Maximum abundances of surface water putative Vv were in Bayou Chico, the one basin with the highest overall Vv surface water abundances. In this basin, surface water salinities were lowest of all, but temperatures (Figure 1) and salinity stratification (Supplementary Table 3) were the highest. It was surprising to see very high winter abundances in surface waters, sediments, or both, in particular basins of this study.

Surface water presumptive Vp were maximal in Bayou Texar where total DIN concentrations were high, and sedimentary presumptive Vp was greatest in Bayou Chico where chl a concentrations were high – factors that are both associated with eutrophication suspected to promote Vibrio success (Wetz et al., 2008; Turner et al., 2009; Froelich et al., 2019; Han et al., 2020). It is feared that eutrophication will promote higher concentrations of pathogens such as Vibrio species (Malham et al., 2014). Estuarine eutrophication alone, often measured by chl a concentrations, does not necessarily assess the number of higher trophic levels (Van Meerssche and Pinckney, 2019). Genomic evaluation of Vv and Vp suggests most are chitinolytic (Grimes et al., 2009), and Vibrio may be attached to zooplankton or eukaryotic phytoplankton (Takemura et al., 2014). Abundances of particle-associated estuarine Vibrio may be strongly correlated with chl a, but this relationship may vary seasonally or from year to year (Main et al., 2015). These data suggest much of the particulate material in these estuaries, terrestrial-derived and autochthonous, drives and is associated with primary production. If Vibrios in subtropical estuaries are largely associated with diatoms or zooplankton (Martinez-Urtaza et al., 2012), one might expect a positive relationship of Vibrio abundances with increased turbidity and phytoplankton biomass (chl a). However, surface water Vibrio abundances were not significantly correlated with TSS or chl a in this study. A lack of, or negative, correlation of abundance with chl a and/or TSS is consistent with findings of previous temperate estuarine studies (Wetz et al., 2014; Deeb et al., 2018). However, culture-dependent methods of total Vibrio counts do suggest their abundances are strongly and positively correlated with turbidity and DIN (Froelich et al., 2019). Here, we observed culturable presumptive Vp positively correlating with DIN and TKN, similar to the findings of (Froelich et al., 2019) in a temperate estuary. However, neither surface water putative Vv nor sedimentary putative Vp or Vv significantly covaried with nitrogen. Additionally, an earlier study (Wetz et al., 2008) of culture-dependent enumeration of total Vibrio found abundances strongly correlated with temperature during two significant storms, but abundances were correlated with salinity and TSS in only one of the two events. These findings were explained by the different wind directions and levels of sediment resuspension. Therefore, in addition to nutrients, turbidity, and phytoplankton biomass, estuarine dynamics such as tidal influence, salinity stratification, and wind-driven mixing may also be important considerations.

Salinity and stratification, both affected by wind and/or rain events, can affect Vibrio concentrations (Fries et al., 2008). Therefore, we evaluated the effect of maximum cumulative wind speeds recorded in the Pensacola metropolitan area in the three days leading up to and on the mornings of our sampling events. Wind mixing introduces sediment-dwelling bacteria into surface waters and may partly explain increased Vibrio concentrations in surface waters, particularly in Bayou Texar (02/07/20), the basin with the highest cumulative wind speeds (84 MPH). While wind-driven resuspension could explain the very high numbers of presumptive Vp in all stations sampled there, corresponding water abundances of Vv do not support wind as the sole cause for high Vp numbers on that sampling date. For example, in Bayou Texar, Vv water levels were between 89 and 207 CFU/mL, while Vp concentrations ranged from ∼1,000 to 9,000 CFU/mL. In contrast, concentrations of both species in sediments showed the opposite trend. In two of the six locations sampled, putative Vv in sediments roughly equaled those of putative Vp. At the remaining four stations, Vv exceeded Vp by at least eight-fold. It is clear that other factors, in addition to wind, are likely responsible for high Vibrio concentrations in the water column and within the sediments.

In sediments of subtropical coasts or temperate estuaries, Vp are generally more prevalent than Vv (Pfeffer et al., 2003; Vezzulli et al., 2009), but this overall pattern was not seen in this study. The relative abundances of these two species in sediments varied widely, with an approximate 1500:1 ratio of presumptive Vv:Vp in Perdido Bay, but approximately 50:1 in all other basins, except Bayou Chico, where Vv:Vp was only 6:1 (Figure 4 and Tables 2, 3). Multiple comparison procedures (Tukey’s Post Hoc) determined Vp sedimentary abundances in Pensacola and Perdido Bays were significantly lower than in the other basins. Interestingly, Vibrio abundances covaried with tidal coefficient and maximum wind speeds, indicating the influence of sediment resuspension. In this study, bottom water oxygen concentrations and putative Vibrio abundances in the sediments were not correlated. Generally, there is a lack of hypoxia in bottom waters of these basins in winter (Caffrey and Murrell, 2016), which was also found in winter 2020 (Supplementary Table 3). Since all types of putative Vibrio we enumerated except sediment Vv were significantly correlated with prior cumulative wind speeds, resuspension may be a contributing factor in explaining Vibrio in the surface waters of the Pensacola and Perdido Bay water basins.

To determine the effects of rain events prior to our sampling dates, we evaluated precipitation with respect to Vibrio abundances and environmental parameters. In all basins, total precipitation did not positively covary with turbidity as expected (Supplementary Figure 2 and Supplementary Table 4). Kd, not unexpectedly, was positively correlated with TSS (r = 0.30, p = 0.05) and chl a (r = 0.73, p < 0.0001). Pensacola Bay cyanobacterial abundances in these waters are lowest in winter (Murrell and Lores, 2004; Murrell and Caffrey, 2005), and while we did observe different chl a concentrations among the basins examined, there was no significant relationship with surface or sedimentary Vibrio abundances (Supplementary Table 4). Although we anticipated increased Vibrio densities in waters with higher turbidity, as observed previously with Vp in subtropical waters of coastal northern GoM (Zimmerman et al., 2007), abundances of Vv and Vp may not consistently covary with turbidity, where patterns are either site- or season-specific (Zimmerman et al., 2007; Blackwell and Oliver, 2008; Johnson et al., 2012). Our findings suggest terrestrial inputs of nutrients concomitant with mixing and increased turbidity are alone not sufficient to explain Vibrio success, as previously suggested for temperate estuaries (Davis et al., 2017; Froelich et al., 2019).

For the purposes of initial surveys to determine baseline levels, culture-dependent methods can provide notable ecological insights, yet also be limited in scope. For example, the false-positive rate of identifying Vv on CHROMagar as a bright blue colony was previously tested from a low-salinity body of water (Lake Ponchartrain) in the same approximate latitude as the waterbodies surveyed here (Nigro and Steward, 2015). In this typically oligohaline environment, with a salinity in the range of our study sites Bayous Texar and Chico (Supplementary Table 3), winter abundances of Vv and Vp may be overestimated by 50% (Nigro and Steward, 2015). Additionally, enumeration of Vv and Vp using the colony method likely underestimates the count, as a single particle may contain numerous Vibrio cells but still appear as a single colony (Joux et al., 2015).

False-positives may also be due to cross-reactivity of the substrate, such as blue colonies presenting as putative Vv confirmed by other methods to be V. cholerae or V. mimicus (Hara-Kudo et al., 2001). In our preliminary testing (winter and summer of 2019) of similar bodies of water, molecular method verification indicated that Vv presented not only as bright blue on this solid medium, but also vvhA-positive in end-point colony PCR, using established primers for the vvhA gene, a species-marker for Vv. Similarly, bright pink (not purple, which may be Aeromonas species) were determined to be either tdh- or trh-positive (data not shown). Molecular analyses (either end-point PCR of colonies or qPCR on DNA extracted directly from the sample) may also provide over- or underestimates of Vv abundance data, due to possible cross-reactivity of vvhA PCR primers with related Vibrio species (Canizalez-Roman et al., 2011; Klein et al., 2014). However, this is not the case for Vp-specific PCR primers, such that they do not cross-react with other species of Vibrio (e.g., V. mimivus, V. fluvialis, V. cholerae).

Another limitation of the plating method may be a potential underestimate of the Vibrio abundance due to incubation temperatures or other factors affecting bacterial growth on solid agar. Conversely, there is a possibility that not all putative Vv and Vp detected on plates may contain the established marker genes (e.g., tdh, trh for Vp or vvhA for Vv). Therefore, a combination of plating and molecular methods is ideal for enumerating putative Vibrio species in the water column or sediments. For example, in a study of Vibrio abundances responding to hurricanes, low percentages of the colonies detected on plates of water or sediment samples contained genes associated with virulence (vcgC and tdh), and none of the sediment or water colonies were positive for trh. Notably, in that study, abundances of sedimentary and water column Vv and Vp, detected with culture methods, were not significantly impacted by wind or freshening due to the storm (Shaw et al., 2014). In contrast, in our study, putative Vibrio, based on only the culture method employed here, did significantly covary with prior wind speeds. Cultivable Vv and Vp abundance determination is dependent on culture substrate, time and temperature of incubation, among other factors. In a GoM estuary near our study site, for instance, Vibrio abundances associated with finfish or shellfish were previously determined using simultaneous culture-dependent and -independent methods (Givens et al., 2014). The abundances determined by both approaches were similar, but it should be noted that molecular methods may be more sensitive when attempting to enumerate all Vibrio, culturable and non-culturable, or when enumerating only pathogenic species (Gutierrez West et al., 2013).

Additionally, both Vv and Vp can be underestimated by culture-dependent techniques as compared to molecular methods (Kirchman et al., 1982; Froelich et al., 2012; Williams et al., 2017). There was variability of putative Vibrio abundances among the few surface swab samples collected (Table 4), but this could be explained by the diversity of strains enumerated, some of which may have missed being counted due to slow recovery after plating. Recovery of Vv, Vp, or other Vibrio on various types of culture media is variable (Nordstrom and DePaola, 2003; Warner and Oliver, 2007) and possibly dependent on the nutrient state of the environment from which the sample was derived (Warner and Oliver, 2007). In this study, low abundances from swab samples may have been rectified by a longer period of incubation on agar plates or use of a different medium (Nordstrom and DePaola, 2003; Warner and Oliver, 2007). We enumerated colonies after 24, 48, and 72 h, but there were no significant increases in numbers of Vv nor Vp colonies after 48 h. Therefore, the variability of Vibrio in the opportunistically-sampled biofilms in this study may be more dependent on the abundances of Vv and Vp in the surrounding water column, but this was not seen in oysters and water samples in Tampa Bay, FL (Chase et al., 2015).

Consistent with other studies that examined subtropical water column and sediments, Vv and Vp in sediments outnumbered those in surface waters by at least 10-fold. In surface waters of temperate or subtropical estuaries, Vv distributions are highly variable (Heidelberg et al., 2002; Franco et al., 2012; Givens et al., 2014), but this may be explained by underestimates in the culture method, due to overwintering, in which Vv enter a “viable but not culturable” (VBNC) state when conditions are not optimal, such as in cooler months (Oliver and Bockian, 1995; Foster, 2004; Franco et al., 2012). In temperate systems, culture-dependent abundances in winter sediments are low compared to those in surface waters, also suggesting overwintering (Pfeffer et al., 2003), but bottom water temperatures in systems such as those examined here are generally warmer. Evaluation of subtropical Mediterranean coastal lagoon sediments did not yield cultivable Vv, but incubations were performed at higher temperatures (41°C) (Cantet et al., 2013) than in this study.

The design of this study was not to enumerate pathogenic Vv and Vp, but rather to determine baseline bacterial loads in winter for a set of waterbodies yet to be examined for Vibrio. Although the method employed here assesses only “presumptive” Vv and Vp abundances based on viable CFU, this broad range of data is useful in determining baseline abundances in the region. Cultivable abundance estimates, previously shown to be representative of consistent sample-to-sample comparison (Zimmerman et al., 2007), are valuable in and of themselves for determining relative risk factors in each waterbody of interest. Pathogenic strains’ abundances vary extensively – within samples, between sampling dates in the same location, among samples with different source salinities, among seasons, or after significant storm events (Kaufman et al., 2003; Zimmerman et al., 2007; Nigro et al., 2011; Liu et al., 2016). Therefore, to confirm estimated loads of pathogenic strains of either species measured with culture-dependent analyses, future efforts will be directed toward species-specific enumeration, with additional methods using culture-independent analyses of Vibrio species abundances.
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aSignificance levels indicated: *p ~ 0.05; *'p < 0.05; ***p < 0.01; N.S., not significant.

Surface water

Bottom water/sediment

Vv (log) Vp (log) Vv (log) Vp (log)
rh pa I,b pa I,b pa rb pa
NS. 0.22 -0.36  *(p=0.018) NS 0.57 N.S. 0.48
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0.86°  ***(p=0.008) N.S. 0.28 NS. 0.64 0.77°  **(p =0.045)

b Bacterial abundances, Pearson correlation coefficient (r) of log(CFU/mL) with parameter. D.F. for these analyses was 42 (surface water abundances) and 41 (sediment

abundances). Bottom and surface water pH n = 20.

°D.F. for these analyses was 6, and basin-wide means of /v or Vp were used.
Values in bold to indicate strong evidence (p > 0.05) for a significant correlation between parameters.
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Waterbody Organism type? Vv (CFU/mL) Vp (CFU/mL) Ratio W:Vp Total DIN? (M) TKNP (M) DIP® (M) Chl a(g/L)

Pensacola Bay Barnacle 7,822 489 16 274 27.00 0.00 3.55
Barnacle 2,281 326 7 1.42 28.14 0.00 2.81

Oyster 28,844 (o} n/a 2.28 26.93 0.00 1.83

Worm 0 0 n/a 711 28.36 0.00 1.57

Escambia Bay Worm 27,215 0 n/a 3.48 29.14 0.00 5.30
Bayou Texar Oyster 1,630 4,726 0.34 2278 38.64 0.00 2.88
Oyster shell 1,548 163 9.5 25.78 39.00 0.00 3.09

Bayou Chico Barnacle 17,519 14,422 1.2 3.82 42.43 0.00 8.57
Barnacle 244 163 1.5 9.21 46.43 0.00 8.46

Oyster shell 9,289 81 114 9.39 43.29 0.00 5.60

Bayou Grande Barnacle 10,267 163 63 6.45 33.36 0.06 5.41
Oyster 0 0 n/a 7.66 42.57 0.19 5.36

Barnacle 81 326 0.25 4.30 50.64 0.00 0.86

aDissolved inorganic nitrogen.

b Total Kjeldahl nitrogen.

°Dissolved inorganic phosphorus.

dExact taxonomic identification was not determined for sampled invertebrates. Worm, polychaete worm.
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Medians and ranges in each basin are provided. 2Number of sediment samples obtained in each basin; °Number of samples in which Vibrio species was below detection

limit;

SMinimum CFU/mL in which Vibrio species was above detection limit: “Number of surface water samples obtained from each basin.





