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Seasonal patterns of phytoplankton biomass and composition in the inner continental shelf off Cape Canaveral on the east coast of Florida were examined for a 6-year period (2013–2019). In situ water samples were collected and analyzed for chlorophyll a, phytoplankton biomass and composition, along with water quality parameters. Regional satellite data on chlorophyll a, and temperature was also obtained from NASA. Average chlorophyll a values over the study period ranged from 0.63 ± 0.03 μg L−1 in the summer to 2.55 ± 0.10 μg L−1 in the fall. Phytoplankton community composition also showed seasonal differences, with persistent dominance by picoplanktonic cyanobacteria in the summer, but mixed dominance by picocyanobacteria and dinoflagellates in the fall. Seasonal differences were attributed to a shift in predominant seasonal wind directions, which drive water along the coast from the north in the fall and winter, but from the south in the spring and summer, including eddies and upwelling from the Gulf Stream. Water masses moving along the Florida coast from the north are influenced by nutrient and phytoplankton-enriched inputs from estuaries along the north coast of Florida, explaining the higher phytoplankton biomass levels on the Cape Canaveral shelf in the fall and winter. Seasonal patterns observed in this study demonstrate the importance of allochthonous influences on phytoplankton biomass and composition, and highlight the potential sensitivity of phytoplankton communities to continuing cultural eutrophication and future climate changes, including the frequency and intensity of tropical storms, and alterations in discharges from land.
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Introduction

Coastal shelf habitats are among the most productive regions in the marine environment (Harris et al., 2014). High productivity is in part driven by the proximity to nutrient inputs from land for both planktonic and benthic primary producer communities (Falkowski et al., 1998, Herrmann et al., 2015, Cloern et al., 2014). The shallow nature of shelf environments also accentuates light availability for photosynthesis and access to nutrients in benthic sediments (Harris et al., 2014). Coastal waters of Florida in the southeastern United States have extensive continental shelf habitats on both the Atlantic Ocean and Gulf of Mexico sides of the peninsula. The shelf on the Gulf side is subject to inputs from several major rivers, including the Mississippi, Apalachicola, Suwannee, and Caloosahatchee Rivers. The Gulf shelf is also subject to frequent and intense toxic red tides (Steidinger, 2009; Vargo, 2009; Heil et al., 2014), which can be disruptive for the health of marine fauna and humans (Hoagland et al., 2014; Grattan et al., 2016). Due in part to the high frequency of red tides, the Gulf of Mexico has been the subject of extensive research on phytoplankton ecology (Heil et al., 2014). By contrast, phytoplankton communities on the Atlantic shelf of Florida have received less attention (Atkinson et al., 1978, 1984; Yoder, 1985; Yoder et al., 1985; Barnard et al., 1997), despite the important fishery and recreational resources located along the entire east coast of the state (Iafrate et al., 2019).

The Atlantic shelf of Florida is subject to inputs from a major river (St. Johns River) and inlets connected to restricted lagoons within the barrier islands spanning the east coast of the state. Rapid human development along the eastern seaboard of Florida since the 1940s has led to accelerated eutrophication of coastal environments (Tillman et al., 2004; Winkler and Ceric, 2004; Badruzzaman et al., 2012; Lapointe et al., 2015; Longley et al., 2019, Herren et al., 2021). The limited understanding of phytoplankton communities on the eastern continental shelf of Florida is reflective of the relative scarcity of extensive studies on sub-tropical and tropical phytoplankton compared to temperate ecosystems (Cloern and Jassby, 2008; Winder and Cloern, 2010; Zingone et al., 2010; Carstensen et al., 2015; Estrada et al., 2016; Liu et al., 2022). However, rapid human development in sub-tropical and tropical regions around the world has increased rates of cultural eutrophication, highlighting the need to better understand the factors that drive phytoplankton composition and dynamics in these coastal regions, especially with the possible exacerbating impacts of climate change (Nixon, 1995; Paerl et al., 2006; Heisler et al., 2008; Glibert and Burkholder, 2020; Griffith and Gobler, 2020; Anderson et al., 2021).

This study focused on the inner shelf environment off the coast of Cape Canaveral, located in the central east coast of Florida (Figure 1), which is part of the southern extent of the South Atlantic Bight (Miles and He, 2010). Studies on phytoplankton biomass on the shelf of the South Atlantic Bight have mainly involved satellite-based investigations of chlorophyll distribution, or short-term transect studies of phytoplankton biomass (Verity et al., 1998; Bontempi and Yoder, 2004; Martins and Pelegrí, 2006; Signorini and McClain, 2007; Miles and He, 2010). To date, there have been no extended in situ time-series studies of phytoplankton biomass and composition off the coast of east-central Florida.
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FIGURE 1
 East coast of Florida showing the location of the Cape Canaveral Shelf (CCS) sampling region. Four sub-regions include Bull Shoal, Chester Shoal, North Shoal, and South Shoal. Ridge areas are shown in blue and swale areas in green. Sampling locations in each region are marked as “+” for ridge sites and “*” for swale sites. The pink area in North Shoal was the site of dredging activity for beach re-nourishment in the early winter of 2013.The inset shows the location of the study region and the dotted line shows the boundary of the shelf. SJR is outlet of the St. Johns River, SAI is the St. Augustine Inlet, MI is the Matanzas Inlet, and PI is the Ponce de Leon Inlet.


The Cape Canaveral shelf (CCS) is bordered on the eastern side by the Gulf Stream, which impacts the region via eddies that propagate from the western side of the stream and upwelling of deep Gulf Stream water, particularly during the summer (Atkinson, 1977; Atkinson et al., 1978; Iafrate et al., 2019). The shelf region is also impacted by wind-driven longshore currents along the east coast of Florida (Lee et al., 1985; AlYousif et al., 2021). Longshore currents from the north flow toward the CCS and are subject to influxes of nutrient- and phytoplankton-rich water from rivers and inlets linked to estuaries within the system of barrier islands spanning the east coast of Florida. While currents from the south, including the Florida Current (Gulf Stream), bring in phytoplankton communities of more tropical origin to the CCS.

The goal of this study was to describe temporal trends of phytoplankton biomass and composition using the results of a 6-year in situ examination of chlorophyll a, phytoplankton composition & biomass, and selected water quality parameters for the CCS. The results were compared to chlorophyll a values obtained from NASA’s MODIS-Aqua satellite (Justice et al., 1998; Miles and He, 2010; Gorelick et al., 2017). Together, the results provide a view of seasonal shifts in phytoplankton communities, and the environmental conditions associated with the shifts. The bases for the seasonal patterns are discussed within the context of the climatic conditions, hydrodynamic characteristics, and land influences on the continental shelf environment of the east coast of Florida.



Materials and methods


Sampling protocols

Water samples were collected seasonally, from the fall of 2013 through the summer of 2019. One date from the winter, spring, summer and fall of each year for a total of 23 separate sampling dates. The sampling area was located ~5 miles off the coast of Cape Canaveral, FL and 24 sampling sites were divided evenly among four regions: Chester, Bull, North Shoal, and South Shoal (Figure 1). The North and South shoal were part of the same shoal, and Chester and Bull sites represented other shoals north. Sites were split between shallower ridge and deeper swale sites (Figure 1). This was done to ensure that sampling sites occurred inside the ridge and swale portions of the Cape Canaveral shoals.

Surface water column samples and associated field data were collected at all 24 sites using a 3-m water-column, integrating pole sampler. The pole sampler was used to help avoid misrepresentation of surface water phytoplankton abundances due to surface scums or discrete depth chlorophyll maxima. At each site, a minimum of five poles of water taken to yield at least five liters of water, mixed and sub-samples were immediately withdrawn for subsequent analyses of chlorophyll a concentrations, phytoplankton composition and biomass, total phosphorus (TP) and total nitrogen (TN) concentrations.



Field parameters

At each sampling site, water temperatures and salinity were recorded using a YSI multi-parameter field probe ~0.5 m from the surface, aliquots of whole water were tested for turbidity using a LaMotte meter (APHA, 2005), and Secchi disk depths were determined to provide data on light attenuation.



Nutrient analyses

Sub-samples of water were frozen immediately after collection, then TN and TP concentrations were determined by the Soil and Water Science Department Wetland Biogeochemistry Laboratory at the University of Florida according to NELAP certification guidelines (1692 McCarty Drive, Room 2181, Building A, Gainesville, FL 32611).



Precipitation and wind

Precipitation and wind data were gathered from the National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental Information.1 Monthly precipitation data for weather stations in the Brevard County area were averaged and used to create a precipitation time series to approximate the rainfall and storm conditions that may have affected the study region.

The wind velocities were obtained from the NOAA National Data Buoy Center2 for the station 41,009 off coast from Cape Canaveral, FL. The wind velocity data had a directional component in degrees. The north–south (vertical) component was extracted to analyze the seasonal shift in north–south wind direction to estimate its effect on surface currents in the study region. The vertical velocity component (north and south) was obtained using the equation below (Equation 1). The wind data were in degree-vector form and the convention where positive wind velocity was in the northern direction was used. [image: image] refers to the vertical component of the wind velocity, [image: image] refers to the speed, and [image: image] is the wind direction in degrees where 360 degrees refers to true north, 180 degrees is true south, east is 90°, and west is 270°.
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Chlorophyll a analysis of water collected in situ

In duplicate, 700-mL of sampled water was filtered through a 0.3-μm Whatman glass fiber filter and stored in a light-protected container at −20°C. Chlorophyll a was solvent extracted (Sartory and Grobbelaar, 1984) and measured spectrophotometrically according to Standard Methods (APHA, 2005). Chlorophyll a values used for analysis were not pheophytin corrected because pheophytin-corrected chlorophyll a values measured spectrophotometrically have shown inconsistent results when compared with HPLC chlorophyll determinations (Stich and Brinker, 2005).



Satellite chlorophyll a

Surface chlorophyll concentrations were acquired using the Google Earth Engine (Gorelick et al., 2017) platform and extracting the Ocean Color SMI: Standard Mapped Image from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS; Justice et al., 1998; Gorelick et al., 2017). Images were filtered for those with low cloud cover, and a polygon was drawn to enclose the study region. Chlorophyll values used represent the average of all pixels inside the polygon for each day; then, a mean of all daily chlorophyll values for each month was used for analysis.

For satellite chlorophyll maps, MODIS-Aqua 8-day composite images were obtained from the NOAA/ERDAPP data server version 2.16 (Simons, 2011) to illustrate chlorophyll spatial patterns during a pair of fall and summer sampling dates.

When the satellite chlorophyll values were compared to the seasonal samples collected in situ at 24 sites within the same geographic region. The satellite chlorophyll values are a mean of the entire sampling region, and compared to the 24 discrete samples that were averaged together from the same region.



Phytoplankton biomass and composition

Samples for general phytoplankton composition analysis were collected in 125 mL amber glass bottles and preserved with Lugol’s during the field collections. Analyses were based on the Utermöhl method (Utermöhl, 1958). Samples were settled in 19-mm diameter cylindrical chambers. Phytoplankton cells were identified and counted at 400× and 100× with a Leica phase contrast inverted microscope. At 400×, a minimum of 100 cells of a single taxon and 30 grids were counted. If 100 cells of a single taxon were not counted by 30 grids, grids were counted until 100 cells of a single taxon were reached up to a maximum of 100 grids. At 100×, a total bottom count was completed for taxa >30 μm in size.

Samples for picoplankton analyses were collected in 22 mL glass scintillation vials and preserved with buffered glutaraldehyde solution in the field. Fluorescence microscopy was used to enumerate picoplanktonic cyanobacteria (e.g., Synechococcus spp., spherical picocyanobacteria spp.) at 1,000× magnification. Subsamples of waterwere filtered onto 0.2 μm Nucleopore filters and mounted between a microscope slide and cover slip with immersion oil (Phlips et al., 1999).

Cell biovolumes (i.e., μm−3 mL−1) were estimated by assigning combinations of geometric shapes to fit the characteristics of individual taxa (Smayda, 1978; Sun and Liu, 2003). Specific phytoplankton dimensions were measured for at least 30 randomly selected cells. Species which vary substantially in size, such as many diatom species, were placed into size categories. Phytoplankton biomass as carbon values (i.e., μg carbon mL−1), were estimated by using conversion factors for different taxonomic groups applied to biovolume, as prescribed by Menden-Deuer and Lessard (2000), with adjustments to biovolumes for the effects of Lugol’s preservative (Strathmann, 1967; Ahlgren, 1983; Sicko-Goad et al., 1984; Verity et al., 1992; Work et al., 2005).



Statistical analyses

Comparison of seasonal differences in chlorophyll a, phytoplankton biomass, and physical/chemical parameters was done by comparison of means using the Games-Howell pairwise comparison (Games and Howell, 1976) using the posthocTGH function in the Rosetta package in R (Peters, 2018). This comparison was chosen because it does not require the assumptions of homogeneity of variance to be met. When correlation was compared (including pairwise), the Pearson correlation coefficient was used and the significance of this relationship was tested using the t-statistic.




Results


Temperature and salinity

Mean surface water temperatures for the in situ sampling events ranged from 17.7 ± 0.1°C in the winter of 2015/16 to 29.1 ± 0.2°C in the summer of 2019 (Figure 2). More temporally intensive surface water temperature data from MODIS-Aqua satellite showed a similar range of values (Figure 3).

[image: Figure 2]

FIGURE 2
 Mean surface water temperature (°C) and salinity (psu) from all sites between October 2013 and August 2019. Error bars of one standard error are added to show the variance of the values.


[image: Figure 3]

FIGURE 3
 Monthly average surface temperature (°C) for the study region from MODIS-Aqua satellite from October 2013 to August 2019.


Mean surface salinities ranged from 33.58 ± 0.10 psu in the winter of 2015/16 to 39.06 ± 0.03 psu in the summer of 2019 (Figure 2). Fall and winter sampling periods had lower salinity than spring and summer (p < 0.05; Table 1).



TABLE 1 Mean seasonal values for physical and chemical variables for different seasons with the standard error in paratheses.
[image: Table1]



Turbidity and Secchi disk depth

Mean Secchi depths ranged from 1.9 m in the winter of 2017/18 to 8.1 m in the summer of 2015 Mean turbidites ranged from 0.7 ntu in the summer of 2018 to 9.0 ntu in the winter of 2018/19 winter season (Figure 4). Turbidity and Secchi disk depths showed similar trends, with higher Secchi depths and lower turbidity in the summer, and higher turbidity and lower Secchi depths in the winter and fall seasons (Figure 4, Table 1).

[image: Figure 4]

FIGURE 4
 Mean Secchi disk depths in meters (m) and turbidity (ntu) from all sites between October 2013 and August 2019. The missing point is from November 2016 for the Secchi figure. Error bars of one standard error are added to show the variance of the values.




Precipitation and wind

Mean monthly rainfall totals in Brevard County ranged from 8.0 ± 0.7 mm in February of 2018 to 343.3 ± 26.4 mm in September of 2017 (Figure 5). Precipitation patterns reflect a warm rainy season (May–October), followed by a cooler, dry season (November–April), which is characteristic of the sub-tropical environment of central Florida (Irizarry-Ortiz et al., 2013). The region was also directly affected by three tropical systems in August of 2016 and September of 2016–2017 (Figure 5). The lowest monthly rainfall was in February of 2018 where 8 mm of rain was collected. The spring and summer seasons were characterized by heavier rain with the maximum monthly rainfall of 343 mm occurring in September of 2017, coinciding with Hurricane Irma (Figure 5).

[image: Figure 5]

FIGURE 5
 Mean monthly precipitation sum (mm) for land stations in Brevard County, Florida (NOAA). Error bars of one standard error are added to show the variance of the values. Red arrows indicate tropical systems that passed over or near the sampling sites during the sampling period.


The north/south component of wind velocities were taken for each season to examine changes between seasons in the origin of water effecting the sampling region. The first three sampling dates for the spring showed little prevailing north/south wind direction, while the last three dates showed consistent northward wind velocities for just over 70% of days. This southerly wind trend was much stronger in the summer with over 80% of days leading up to the summer sampling dates had a net northern component with velocities ranging from 2.0 m/s to 3.6 m/s (Figure 6). The fall season shows a reversal in wind direction showing a northerly prevailing wind direction for over 74% of days leading up to each sampling date and had a net southern component with velocities ranging from −1.4 m/s to −3.1 m/s. The winter sampling dates did not show a consistent wind direction with only the winter of 2016 having 68% of days showing a northerly wind direction for that sampling date (Figure 6). Consistent wind directions were seen in the fall and summer, while the winter and spring had less consistent directionality.

[image: Figure 6]

FIGURE 6
 Average vertical wind speed (m/s) over a 30-day period prior to the sampling date for each season. Positive values represent wind traveling from south to north. Numbers to the right of the vector arrows represent the percentage of days where the average wind was traveling in the direction of the arrow.




Total nitrogen and phosphorus

Mean TN concentrations of the study ranged from >0.04 ± 0.01 mg L−1 in the summer of 2014 to 0.35 ± 0.05 mg L−1 in the fall of 2013 (Figure 7). Mean TN levels often remained between 0.1–0.25 mg L−1. Notably, the high levels of TN in the fall of 2013 coincided with a bloom of the nitrogen-fixing cyanobacterium Trichodesmium erythraeum (Tate et al., 2020).

[image: Figure 7]

FIGURE 7
 Mean surface total nitrogen and total phosphorus concentration (mg L−1) for all sites from October 2013 to August 2019. Error bars of one standard error are added to show the variance of the values.


Mean total phosphorus concentrations ranged from 0.007 ± 0.001 mg L−1 to 0.033 ± 0.004 mg L−1 in summer 2018 and in spring 2015, respectively, (Figure 7). Besides the maximum in 2015, TP never exceeded 0.03 mg L−1 during the sampling period. No significant correlation was seen between TP and TN values.



Seasonality of physical/chemical variables

Mean TN was highest in the fall at 0.20 ± 0.01 mg L−1, significantly higher than TN during the other three seasons (p < 0.01; Table 1). The fall season also coincided with the highest mean chlorophyll (Table 2) and turbidity (Table 1) values and the lowest Secchi depths (p < 0.01; Table 1). Mean TP values showed no significant difference among seasons (Table 1). Secchi depth/turbidity showed a significant difference (p < 0.01) among all seasons, with the summer showing the lowest surface turbidity and deepest Secchi depth (Table 1).



TABLE 2 Mean chlorophyll concentrations (μg L−1) at different seasons, site topographies, and depths with the standard error in paratheses.
[image: Table2]



In situ chlorophyll a

Variability in chlorophyll a concentrations were examined using medians and interquartile ranges for each sampling date to compare the interannual variability (Figure 8). Spring chlorophyll a median values ranged from 0.16 μg L−1 in 2017 to 1.11 μg L−1 in 2016 (Figure 8). Summer chlorophyll a median concentrations ranged from 0.27 μg L−1 in 2016 and 2017 to 1.35 μg L−1 for 2019. Fall had the highest median chlorophyll a concentrations among the four seasons and had a higher associated variance. Fall median chlorophyll a values ranged from 1.35 μg L−1 in 2015 to 3.66 μg L−1 for 2017. Winter chlorophyll a median values ranged from 0.49 μg L−1 in 2015 to 2.03 μg L−1 for 2017 (Figure 8). While the winter season did have a higher median chlorophyll a concentration than the spring or summer seasons, there were periods early in the investigation (2014–2015) when chlorophyll a values were comparable to the spring and summer (Figure 8). Separating the sampling dates by month, November had the highest median chlorophyll a 2.73 μg L−1 and June had the lowest median chlorophyll a 0.19 μg L−1 for the in situ sampling (Figure 9).

[image: Figure 8]

FIGURE 8
 Surface chlorophyll (μg L−1) boxplots for each sampling date arranged by season and year from October 2013 to August 2019.


[image: Figure 9]

FIGURE 9
 Average surface chlorophyll (μg L−1) (top) with error bars of one standard error added to show the variance of the values. Boxplots of surface chlorophyll (μg L−1) (bottom) showing the range of chlorophyll values obtained for sampling dates within each month from October 2013 to August 2019.


Summer and spring in situ mean chlorophyll a concentrations for the study period did not differ significantly, with means of 0.63 and 0.66 μg L−1 (Table 2). Winter chlorophyll a mean concentration was 1.31 ± 0.06 μg L−1, which differed significantly (p < 0.001) from all other seasonal means. Fall mean chlorophyll a concentration was 2.55 ± 0.10 μg L−1, significantly higher than all other seasonal means (Table 2).



Comparison of in situ and satellite chlorophyll a

Surface chlorophyll a concentrations from both satellite and in situ collections showed a similar seasonal pattern, with higher levels in the fall and winter months (Figures 8–10). When comparing the two methods, the satellite data revealed higher concentrations of chlorophyll a, with values exceeding 6 μg L−1 in December of 2017 and March of 2019 (Figures 6, 8). In situ collected chlorophyll a concentrations also peaked during these periods, but monthly mean chlorophyll a concentrations did not exceed 4 μg L−1 (Figure 9). Also, while the satellite data showed similar chlorophyll seasonality to in situ data, the chlorophyll maxima for the satellite imagery alternated between fall and winter dates, while the in situ data consistently showed peak chlorophyll values during the fall in October and November (Figure 9). Investigating some of the satellite imagery, there is a distinct enhancement of chlorophyll on the Atlantic shelf during the fall season compared to the summer season (Figure 11).

[image: Figure 10]

FIGURE 10
 Monthly average surface chlorophyll (μg L−1) values for the study region obtained from MODIS-Aqua satellite images with low cloud cover from October 2013 to August 2019. Error bars of one standard error were added to show the variance of the values.


[image: Figure 11]

FIGURE 11
 Natural log of chlorophyll concentrations (mg m−3) measured by MODIS-Aqua satellite for an 8-day composite for November 2017 and August 2018. The red square denotes the sampling region. SJR, St. John’s River Estuary; AUG, St. Augustine Inlet; PDL, Ponce de Leon Inlet.


In situ chlorophyll values and satellite chlorophyll values were compared on dates where both satellite and in situ data were available. Overall, the values showed a linear relationship but deviated from the 1:1 line with satellite chlorophyll tending to have higher chlorophyll values on the same dates (Figure 12). Linear modeled satellite chlorophyll concentrations were higher than the in situ chlorophyll values by 60%.

[image: Figure 12]

FIGURE 12
 Correlation between the mean of sampled surface chlorophyll (μg L−1) and the satellite chlorophyll estimate for the region (μg L−1). The dashed red line represents the 1:1 ratio.




Correlation of chlorophyll a with physical/chemical variables

In situ chlorophyll a showed a strong positive correlation with turbidity, a positive correlation with TN, and a weaker positive correlation with TP (Figure 13). Surface chlorophyll a showed a negative correlation for parameters associated with the summer season including higher temperature and higher salinity (Figure 13). All correlations mentioned were statistically significant (p < 0.05).

[image: Figure 13]

FIGURE 13
 Pairwise correlation between physical/chemical variables and chlorophyll concentration during sampling period. Scale is in Pearson’s correlation coefficient.




Phytoplankton biomass and composition

Mean total phytoplankton biomass per sampling event, in terms of estimated carbon, ranged from 50 μg carbon L−1 in Spring 2016 to 340 μg carbon L−1 in fall of 2013 (Figure 14). Over the study period there were significant seasonal differences in mean total biomass over the study period (Table 3). The highest mean value was in the fall, followed by winter, summer, and lowest in spring. In order to examine the relative contribution of different taxonomic groups to total biomass, phytoplankton were subdivided into four groups: cyanobacteria, dinoflagellates, diatoms and “other” (i.e., all other taxa). The fall season had the highest mean biomass for all four groups (Table 3). However, for diatoms winter mean biomass was statistically similar to fall, and for cyanobacteria summer mean biomass was similar to fall. In terms of each season, cyanobacteria had the highest mean biomass in the spring, summer and winter (Table 3). In fall, dinoflagellates and cyanobacteria had higher mean biomass than diatoms or “Other” taxa.

[image: Figure 14]

FIGURE 14
 Mean surface water phytoplankton biomass (μg carbon L−1) for each sampling date, sub-divided into four major groups, i.e., cyanobacteria, diatoms, dinoflagellates and all “other” (i.e., all other taxa) groups, from October 2013 to August 2019.




TABLE 3 Comparison of mean phytoplankton biomass (μg carbon L−1) by functional group between the four seasons with standard errors shown in parentheses.
[image: Table3]

In addition to mean biomass patterns for the four groups of taxa, there were also noteworthy differences in the dominant individual taxa by season. The seasonal differences are illustrated by a comparison of the frequency of occurrence of taxa in the Top-200 list of highest biomass values observed for individual taxa in the summer and fall seasons (Table 4). Cyanobacteria were major elements of the Top-200 list in both the summer and fall. In summer, picoplanktonic cyanobacteria (i.e., spherical forms and Synechococcus spp.) represented 90% of the Top-200 entries (Table 4). In fall, picoplanktonic cyanobacteria were only 48% of the Top-200 entries. In addition, the filamentous nitrogen-fixing cyanobacteria Trichodesmium erythraeum appeared four times on the list, principally in 2013. T. erythraeum also registered the highest single biomass observation in the Top-200 list in either list. T. erythraeum is considered a Harmful Algal Bloom (HAB) species with potential for toxin production (Lundholm et al., 2009; Lassus et al., 2016).



TABLE 4 Top-200 list of highest biomass of individual taxonomic groups for the summer and fall.
[image: Table4]

The second most prominent group in the Top-200 list of both the summer and fall was dinoflagellates (Table 4). In the summer, the most prominent of the four species on the list was the known toxin producer Azadinium caudatum (Lassus et al., 2016). The other three dinoflagellates on the summer Top-200 list were two mixotrophs, Scrippsiella sp., and Torodinium robustum, and the heterotroph Gyrodinium spirale. In the fall, there were 15 dinoflagellate taxa on the Top-200 list (Table 4). The HAB species Margalefidinium polykrikoides had the highest frequency of occurrence on the Top-200, and had the highest single biomass observation, 92 μg carbon L−1. The next dinoflagellates most frequently on the list were three heterotrophic species, including Protoperidinium sp., Gyrodinium sp., and Gyrodinium spirale. Seven other dinoflagellates were on the Top-200 list multiple times, including three HAB species, including Prorocentrum micans, Prorocentrum triestinum, and Karlodinium veneficum.

Overall, diatoms showed lower biomass levels in the summer than fall (Table 3).

In the summer, two diatom species were present on the Top-200 list, Leptocylindrus danicus, with four entries, and Dactyliosolen fragilissimus, with one entry (Table 4). Both species are cosmopolitan in distribution (Hoppenrath et al., 2009). In the fall, there were five diatom taxa that appear on the Top-200 list, including Guinardia delicatula, Paralia Sulcata, Brockmaniella brockmannii, Bellerochea horologicalis, and an undefined centric diatom. B. brockmannii had the highest observed biomass at 76 μg carbon L−1.

Within the “Other” category of taxa, prasinophytes (Chlorophyta) had the highest frequency of occurrence in the Top-200 list in both the summer and fall (Table 4). They were often among the numerically abundant taxa in many samples next to picoplanktonic cyanobacteria, and in fall reached the fourth highest individual biomass observation on the Top-200 list, at 102 μg carbon L−1. In the fall, other nanoplanktonic (i.e., >2–20 μm) taxa were in the Top-200 list, including undefined eukaryotic taxa and spherical flagellates.




Discussion


Phytoplankton biomass trends

The results of this study of the Cape Canaveral shelf (CCS) reveal distinct seasonal patterns in phytoplankton biomass and composition, and identify key environmental drivers. Using mean chlorophyll a as the measure of phytoplankton biomass, mean concentrations were higher in the fall and winter than in the spring or summer. A similar seasonal pattern has been reported in previous remote sensing studies of chlorophyll a in several other near-shore regions of the South Atlantic Bight along the east coast of the United States (Badylak and Phlips, 2004; Martins and Pelegrí, 2006; Signorini and McClain, 2007). The range of in situ chlorophyll a values is similar to the range of values for satellite studies of the broader South Atlantic Bight, i.e., 0.1–10 μg L−1 (Yoder et al., 1993, 2001, 2002; Barnard et al., 1997). This range is also in line with chlorophyll a values reported for many other subtropical coastal regions across the globe (Gregg et al., 2005; Xiao et al., 2018).

Although seasonal trends in chlorophyll a in the CCS were similar using in situ and satellite data, satellite-derived values were proportionally higher by around 60% of the in situ values. Similar disparities have been reported for coastal zone color scanner (CZCS) data for the continental shelf of the Southeast United States, where chlorophyll concentrations from satellites were ~50% higher than chlorophyll concentrations of in situ collected samples (Martins and María, 1998, Martins and Pelegrí, 2006). Much of the disparity appears to arise from the MODIS chlorophyll a algorithm, which uses the OC3/OC4 band ratio (Hu et al., 2012) and is intended for clear, case-1 waters. Shallow continental shelf water has higher turbidity than open ocean waters, as a result surface reflectance in these regions can be mistaken as an increase in chlorophyll concentration. To combat this overestimation, some researchers have used regional remote sensing algorithms for chlorophyll estimates in shallow near-shore environments (Brewin et al., 2013; Vazyulya et al., 2014). The differences between in situ and satellite chlorophyll a concentrations may also been influenced by uneven vertical distribution of phytoplankton in the portion of the water column captured by the two methods.

Estimates of phytoplankton biomass in terms of carbon obtained from microscopic analyses of water samples collected in situ in the CCS, yielded similar seasonal patterns obtained using chlorophyll a data. The highest mean carbon values were observed in the fall, followed by winter, then summer, and the lowest in the spring. The fall peak in mean phytoplankton biomass contrasts with the more typical observation of peaks in the spring reported for many temperate environments (Yamada et al., 2004; Harding et al., 2005; Cloern and Jassby, 2008; Winder and Cloern, 2010; Carstensen et al., 2015). The factors that drive the seasonal pattern of phytoplankton biomass in the CCS can be viewed within the context of two related questions: (1) what conditions promote the potential for elevated phytoplankton biomass in the fall and winter, and (2) what explains the comparatively low average biomass in the spring and summer? Three features of the Cape Canaveral shelf provide insights into the potential for elevated fall and winter biomass: the shallow depth of the nearshore shelf as it relates to light availability in the mixed layer, subtropical climatic conditions in the region as it relates to temperature and light intensity optima for algal growth, and seasonal shifts in nearshore circulation patterns which help to define the origins of water masses flowing across the CCS.

The shallow CCS is generally characterized by polymictic conditions with the euphotic zone often extending to the seafloor. In deeper temperate coastal regions, increases in solar irradiance, temperature and water column stratification in the spring provide conditions that drive elevated phytoplankton production (Sverdrup, 1953; Ianson et al., 2001). In addition, the central east coast of Florida is within the sub-tropical zone between the tropical waters of the Florida Keys and temperate waters north of Florida, providing higher fall and winter incident light and temperature than at higher latitudes. For example, maximum daily incident irradiance at Cape Canaveral is ~420 Langley’s day−1 in December, compared to only 250 Langley’s day−1 in December on the shores of Long Island in New York (Oswald, 1988). The seasonal range of water temperatures in the CCS fluctuates between winter low temperatures near 20°C to summer high temperatures near 30°C, well within the range to support strong phytoplankton growth throughout the year (Karentz and Smayda, 1984; Andersson et al., 1994; Boyd et al., 2013). While these features help to explain the potential for high phytoplankton biomass in the fall and winter, they do not explain the comparatively low phytoplankton biomass in the spring and summer when light and temperature conditions should be favorable.

Another important feature of the east coast of Florida is seasonal shifts in the prevailing longshore wind direction (Signorini and McClain, 2007; AlYousif et al., 2021), with a predominance of winds from the north in the fall and winter, and the reverse in the spring and summer. Longshore winds have a strong influence on the direction of currents along the inner shelf of Florida (Signorini and McClain, 2007; Miles and He, 2010; AlYousif et al., 2021). Seasonal changes in these wind patterns change the origin of water masses entering the CCS, which play a role in defining phytoplankton biomass and composition in the region. In other words, the character of the phytoplankton community is partially determined by the history of water masses introduced to the CCS from the north, south or east by longshore currents, eddies from the Gulf Stream, or upwelling of deep water from off the shelf (Atkinson et al., 1978, 1984; Lee et al., 1985).

During the peak phytoplankton biomass seasons of fall and winter, the predominant wind and surface current direction along the east coast of north Florida is from the north (Signorini and McClain, 2007, AlYousif et al., 2021). Nearshore water masses moving southward along the Florida peninsula toward the CCS interact with a number of major inputs from the peninsula, including the St. Johns River (one of Florida’s largest rivers) and three inlets to the intracoastal waterway: St. Augustine, Matanzas, and Ponce de Leon (Figure 1). The St. Johns River, and the inner barrier island estuaries linked to the three inlets, are associated with watersheds subject to significant cultural eutrophication and periodic major algal blooms (Scholl et al., 1980; Hendrickson et al., 2002; Phlips et al., 2007, 2015, 2021; Dix et al., 2013; Srifa et al., 2016; Herren et al., 2021). The St Johns River provides the highest riverine discharges to the eastern coast of Florida (Nordlie, 1990), with the fall demonstrating highest mean discharges within the annual cycle (Srifa et al., 2016). Watershed inputs of nutrients to the river yield high levels of nitrogen and phosphorus in the downstream reaches of the river, which are transformed into elevated levels of NH4+, NOx−, and dissolved inorganic phosphorus in the estuary (Wang and Zhang, 2020). Short water residence times in the saline reaches of the river diminish the potential for major marine phytoplankton blooms in the estuary, but elevated levels of phytoplankton have been detected in the river plume in the Atlantic shelf (Wang and Zhang, 2020).

Similar to the St. Johns River, the estuaries associated with the St. Augustine, Matanzas, and Ponce de Leon inlets are subject to significant cultural eutrophication, and are characterized by high nutrient levels compared to coastal waters (Dix et al., 2013; Phlips et al., 2010, 2021). Taken together, these observations indicate that inputs from estuaries along the northeast coast of Florida enhance nutrient and algal loads to the coast, which can be the basis for increases in phytoplankton biomass extending from the outflow of the St. Johns River down to the CCS – as illustrated by satellite images of nearshore chlorophyll a levels (e.g., Figure 11). Nutrient loads are heightened due to increased discharges during the fall because of high rainfall levels in the late summer and early fall, in part due to tropical storm activity during the peak of the hurricane season (i.e., August–October; Srifa et al., 2016; Phlips et al., 2020).

In contrast to fall and winter, there are two major components of water movement from the south during the spring and summer: (1) nearshore currents that move up the coast from the south, and (2) the Florida Current (Gulf Stream), which passes ~60 miles off the shore of Cape Canaveral, and is subject to eddies which propagate off the current toward the coast. A satellite image from August 2018 (Figure 11) illustrates the effect of northerly nearshore water movement on chlorophyll a levels in the summer, with elevated levels of chlorophyll a north of the outflow of the St. Johns River. This image indicates that nutrient and algal inputs from the river and other tributaries in Georgia (e.g., St. Mary’s River) and the Carolinas have a positive effect on phytoplankton biomass on the nearshore shelf. The Florida Current can influence the CCS directly when eddies periodically come off the western side of the Current (Yoder et al., 1981; Lee and Atkinson, 1983) driving water of tropical origin with comparatively low phytoplankton biomass and nutrient levels onto the shelf. Winds from the south in the summer can also drive upwelling of deep water from off the continental shelf into nearshore regions (Atkinson, 1977; Atkinson et al., 1978; Yoder et al., 1985; Miles and He, 2010). Deep cold-water intrusion onto the shelf likely has a depressing effect on phytoplankton biomass since it is low in phytoplankton abundance. While deep-water can contain elevated nutrient levels, the infrequency and limited magnitude of the events, and the limited residence time of the deep-water on the inner shelf, minimize the potential for significant impacts of autochthonous phytoplankton production from the upwelling on inner shelf biomass.



Seasonal differences in phytoplankton composition

The hypothesis that seasonal differences in phytoplankton biomass are in part linked to changes in the sources of water masses passing through the CCS is further supported by seasonal differences observed in the character of phytoplankton communities. These differences are illustrated by a comparison of the species composition in the Top-200 list of highest biomass of individual taxonomic groups for the summer and fall. In the summer, the list is dominated by picoplanktonic cyanobacteria, which likely reflects a strong influence of Gulf Stream water. The latter observation coincides with previous studies that show the prominence of this group in open ocean ecosystems around the world (Jochem, 2003; Vaulot et al., 2008; Flombaum et al., 2013; Caroppo, 2015; Linacre et al., 2019). Picocyanobacteria have been shown to account for up to 80% of the total primary production in the tropical Eastern Pacific, and for ~60% in the tropical Western Atlantic (Blanchot et al., 1992). The peak densities for picocyanobacteria in this study (109 cells L−1) were generally higher than typically found in the open ocean (Flombaum et al., 2013), but similar to values observed in some other nearshore habitats where upwelled nutrients or terrestrial nutrient inputs provide the potential for higher biomass levels (Paerl et al., 2010; Scanlon, 2012, Caroppo, 2015).

In the fall, while picoplanktonic cyanobacteria are still well represented on the Top-200 list, dinoflagellates and nanoplanktonic eukaryotes are also prominent. Dinoflagellates on the list included a range of obligate autotrophs, mixotrophs and heterotrophs. For example, one of the mixotrophic dinoflagellates most frequently present on the fall Top-200 list is the HAB species Margelefidinium polykrikoides (aka Cochlodinium polykrikoides). M. polykrikoides has been linked to bloom events in other ecosystems subject to elevated levels of NH4 and dissolved organic nitrogen (DON; Kudela and Gobler, 2012; Qin et al., 2021). It has been proposed that elevated levels of NH4+ and DON provide a competitive advantage for dinoflagellates over diatoms, which favor elevated levels of nitrate as the principal source of nitrogen (Kang and Kang, 2022) and can even be inhibited by high levels of NH4+ (Lomas and Glibert, 1999; Berg et al., 2003). By contrast, many dinoflagellates and cyanobacteria are efficient users of NH4+ and dissolved organic forms of nitrogen, such as urea (Glibert et al., 2006; Hattenrath-Lehmann and Gobler, 2015; Huang et al., 2020; Ivey et al., 2020), and many mixotrophic/heterotrophic dinoflagellates, like M. polykrikoides, can also take advantage of particulate carbon and nitrogen through phagotrophy (Jeong et al., 2004).

The major sources of water inflows into the northeast coast of Florida emanate from estuaries that have experienced significant anthropogenic eutrophication over the past century, including the St. Johns River, St. Augustine Inlet, Matanzas Inlet, and the Ponce de Leon Inlet. Many of the dinoflagellate species most prominently represented on the Top-200 list for fall are also commonly observed in the aforementioned estuaries (Hart et al., 2015; Phlips et al., 2011, 2021). In addition, the strong representation of nanoplanktonic species (i.e., prasinophytes and other undefined nanoplanktonic eukaryote) in the Top-200 list for the fall is a feature shared by the aforementioned northeast coastal estuaries and the CCS, and may in part reflect elevated levels of inorganic and organic forms of nutrients. Taken together, these observations support the hypothesis that inputs from estuaries along the Northeast coast of Florida strongly influence not only nutrient levels along the coast, but also the composition and biomass of phytoplankton communities in water masses moving southward toward the CCS in the fall and winter.



Top-down control and other issues

Top-down processes may also contribute to the seasonal pattern of phytoplankton biomass in the CCS. While there are little data on zooplankton grazing rates in the CCS, a recent contemporaneous study of regional zooplankton composition may provide some insights (Phlips et al., 2022). The study showed that ciliates on average represent over a third of total zooplankton biomass. The same study also showed that pico- and nano-phytoplankton taxa represented on average over 50% of total phytoplankton biomass (Tate et al., 2020). Since ciliates are known to be a major grazer of pico- and nanoplankton (Pierce and Turner, 1992; Calbet and Landry, 2004), they likely play a role in top-down control of phytoplankton biomass. This observation highlights the importance of microbial loop processes (Pomeroy et al., 2007; Fenchel, 2008) in the CCS. The role of the zooplankton community on top-down control of phytoplankton biomass warrants further investigation, as does the role of other key microbial interactions, such as the impacts of marine viruses, which affect the dynamics of phytoplankton populations and nutrients within the water column (Lehahn et al., 2014; Weitz et al., 2015; Knowles et al., 2020).




Conclusion

The atypical pattern of fall/winter peaks of phytoplankton biomass in the Cape Canaveral shelf (CCS) are strongly influenced by allochthonous inputs. Although the CCS is not directly impacted by major river discharge, the origins of water masses moving through the region help to explain the observed seasonality of phytoplankton biomass. In the fall and winter, wind-driven southerly movement of water masses along the coast of northern Florida are exposed to inputs from nutrient- and phytoplankton-rich rivers and inlets to barrier island estuaries. The inputs enhance phytoplankton biomass potential of water masses that ultimately reach CCS. By contrast, persistent south easterly trade winds in the spring and summer enhance the influence of more oligotrophic Gulf Stream waters on the CCS, resulting in lower seasonal average phytoplankton biomass. The seasonal patterns observed highlight the potential sensitivity of coastal phytoplankton communities to continuing cultural eutrophication and future climate changes, such as higher temperatures, frequency and intensity of tropical storms, and alterations in the character and quantity of discharges from land.
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Season Chla Post-hoc

Spring 0.6 (0.03) A
Summer 0,63 (0.03) A
Fall 2555 (0.10) c
Winter 131(0.06) B

The letters are the results of the Games-Howell pairwise comparison post-hoc test. Groups
sharing the same letter are not significantly different from each other (p >0.05).
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Species Freq. in Top-200 Highest Biomass ug  Highest Density 10°
carbon L cells L™
Spherical Picocyano spp. Cyanobacteria 141 219 957,918
Synechacoccus spp. 39 85 194,550
Azadinium caudatum Dinoflagellate 5 60 50
Scrippsiella sp.* 2 2 14
Torodinium robustum" 1 17 18
Gyrodinium spirale’ 1 15 2
Leptocylindrus danicus Diatom 4 ) 3
Dactyliosolen fragilissimus 1 27 7
Prasinophyte spp. Other 6 63 9,612
Top-200: Fall
Species Freq. in Top-200 Highest Biomass pg Highest Density 10%
carbon L cells L™
Spherical Picocyano spp. Cyanobacteria 95 140 612862
Trichodesmium erythraeum 4 286 a4
Synechacoccus spp. 1 3 75,965
Margelefidium polykrikoides"  Dinoflagellate n 92 20
Protoperidinium sp.* 7 78 32
Gyrodinium sp 7 54 713
Gyrodinium spirale’ 5 47 6
Scrippsiella sp-* 4 76 50
Prorocentrum micans" 1 28 7
Prorocentrum triestinun" 3 92 81
Gymnoid spp. (UD) 3 62 831
Torodinium robustum" 3 3 5
Kapelodinium vestifici 2 53 181
Karlodinium veneficun" 2 45 182
Amphidinium spt 1 5 £
Protoperidinium bipes" 1 4 60
Protoperidinium steinii" 1 2 2
Tripos hircus™ 1 2 il
Centric diatom sp. Diatom 3 2 1
Guinardia delicatula 3 2 91
Paralia sulcata 2 32 131
Brockmanniclla brockmannii 1 76 770
Bellerochea horologicalis 1 31 2
Prasinophyte spp. Other 14 102 15,525
Eukaryotic nanoplankton (UD) 2 97 10328
Spherical flagellate spp. (UD) 9 170 14,691

Table shows the frequency of occurrence of each taxa in the Top-200, the highest biomass and cell abundance of each taxa during each season. ™ refers to taxa that are known to
be mixotrophic through the abiliy to engage in phagotrophy, “'” refers to heterotrophic species that do not contain plastids. “UD" refers to taxonomic group where species are not defined.
Taxa in red lettering are known Harmful Algal Bloom (HAB) species (Lundholm et al., 2009; Lassus et al,, 2016; Anderson etal,, 2021).
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Results of Games-Horwell post-hoc pairwise comparison of means are shown with capital leters comparing the functional group across different seasons (horizontally) and lower-case letters
comparing different functional groups in a single season (vertically). Mean values which share letter designations are not significantly different (p of 0.05).
*Other group included all other phytoplankton taxa (mostly nanoflagellate).
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Season SAL (psu) TP (mg| Secch Turb (n!

Spring 36,68 (0.06) A 0016(0.001) A 0.15(001) A 5202)C 118 (0.08) B
Summer 36.43 (0.09) A 0.016 (0.001) A 0.13(0.01) A 7.1(02)D 070 (0.05) A
Fall 35.26 (0.05) B 0.017 (0.001) A 0.20(001) B 26(0.0A 265(0.12) D
Winter 3484 (0.08) C 0,018 (0.001) A 0.15(0.00) A 37008 186 (0.13) C

The letters are the results of the Games-Howell pairwise comparison post-hoc test. Groups sharing the same letter are not s

nificantly different from each other (p >0.05)
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