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Effects of Multiple Karenia brevis Red Tide Blooms on a Common Bottlenose Dolphin (Tursiops truncatus) Prey Fish Assemblage: Patterns of Resistance and Resilience in Sarasota Bay, Florida
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Red tide blooms caused by the toxic dinoflagellate Karenia brevis are natural disturbance events that occur regularly along Florida’s west coast, often resulting in massive fish kills and marine mammal, seabird, and sea turtle mortalities. Limited prior work on the ecological effects of red tides suggests they play an important role in structuring ecosystem dynamics and regulating communities, however specific effects on prey populations and potential alterations to predator-prey interactions are unknown. We surveyed the prey fish assemblage of a top marine predator, the common bottlenose dolphin (Tursiops truncatus), in shallow seagrass habitat in Sarasota Bay, Florida, during 2004–2019, collecting data on prey density, species composition, K. brevis cell densities, and environmental variables. Across eight distinct red tide bloom events, resistance, resilience, and the ecological effects on the prey assemblage varied depending on bloom intensity, season, and frequency. Prey assemblage structure showed significant and distinct short-term shifts during blooms independent of the normal seasonal shifts in prey structure seen during non-bloom conditions. Canonical correspondence analysis indicated a strong influence of K. brevis density on assemblage structure. Blooms occurring primarily in the summer were associated with less initial prey resistance and higher than average annual catch per unit effort (CPUE) 1–3 years following bloom cessation, with bloom frequency prolonging the time needed to reach higher than average annual CPUE. Regardless of season, recovery to pre-bloom prey abundances occurred within 1 year. Sample-based rarefaction and extrapolation indicated significant differences in prey diversity among summer bloom events. This study is a first step in identifying differences in resistance, resilience, and the ecological effects of multiple red tide bloom events of various temporal scales and intensity on a dolphin prey assemblage. Improved understanding of the influence of red tides on estuarine structural dynamics and function can better inform management, and potentially guide mitigation efforts post-bloom.
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INTRODUCTION

Disturbance events are recognized as playing a crucial role in the formation and maintenance of ecological communities (Connell and Slatyer, 1977; Sousa, 1984; White and Jentsch, 2001; Callaway et al., 2002; Borer et al., 2006; Miller et al., 2011; Steudel et al., 2012; Johnke et al., 2014). Key aspects of disturbance include event type, intensity, timing, duration, spatial extent, distribution, and frequency (Pickett and White, 1985). The severity of a disturbance event depends primarily on its intensity, but varies by disturbance type and the degree of vulnerability of the species affected (Pickett and White, 1985; Miller et al., 2011). Severe disturbance events can affect community composition, resources, and food web structure through physiological stress, mortality, and a reordering of species’ dominance (Ostfeld and Keesing, 2000; Jentsch et al., 2007; Smith, 2011; Boucek and Rehage, 2014; Hoover et al., 2014). Disturbances of moderate severity have been shown to foster maximum species diversity [intermediate disturbance hypothesis (IDH); Connell, 1978] by reducing the effects of competitive dominance (Miller et al., 2011). However, chronic ecological disturbances can negatively impact environmental conditions, resulting in ecosystems with lower resilience to perturbation events, and greater risk of surpassing a tipping point between stable states (Scheffer et al., 2001; Lewis et al., 2021). Much work has focused on the dynamics of single species or guilds of species at the same trophic level, therefore the direct and indirect disturbance effects on the dynamics of populations linked by predator-prey interactions, across different trophic levels, are not as well understood (Commander and White, 2020).

Estuaries along Florida’s west coast are dynamic and highly productive natural habitats that are frequently impacted by harmful algal blooms (HABs) caused by the toxic dinoflagellate Karenia brevis (Steidinger and Ingle, 1972; Brand and Compton, 2007). Known as “red tides,” these natural disturbance events have been recorded as far back as the 1500s in Florida (Schrope, 2008), however data in recent decades suggests a changing disturbance regime, through increased frequency, duration and geographic spread (Smayda and White, 1990; Tester et al., 1991; Viviani, 1992; Tester and Steidinger, 1997; Van Dolah, 2000; Brand and Compton, 2007). K. brevis cells produce a suite of potent neurotoxins known as brevetoxins (PbTx) which cause acute neurologic symptoms in fish, birds, marine mammals, and sea turtles, including mortality (Gunter et al., 1948; Forrester et al., 1977; Baden, 1988; Bossart et al., 1998; Baden and Mende, 1982, reviewed by Landsberg, 2002; Naar et al., 2007). Previous research has documented exposure routes in wildlife (Landsberg, 2002; Flewelling et al., 2005; Naar et al., 2007; Fire, 2007), trophic transfer and vectoring of brevetoxins (Tester et al., 2000; Flewelling et al., 2005; Naar et al., 2007; Fire, 2007), and the persistence of brevetoxins in the ecosystem for up to a year post-bloom (Baden, 1988; Flewelling et al., 2005).

Two major red tide events along the west coast of Florida in 2005 and 2006 provided the most comprehensive assessment of the effects of K. brevis on fish populations and estuarine communities to date. Gannon et al. (2009) used a weight of evidence approach to show consistent patterns of decreases in fish abundance, species density, and shifts in community structure during ichthyotoxic conditions (i.e., red tide bloom conditions toxic to fish) across five different habitats in Sarasota Bay, Florida. Clupeid species (small pelagic schooling fishes) showed a positive association with K. brevis density and were the only group of fishes that did not decline in abundance during red tide conditions in 2005 and 2006. Additionally, Flaherty and Landsberg (2011) found significant declines in the annual recruitment of three important recreational sportfish species in Tampa Bay, Florida, an estuary just north of Sarasota Bay, in 2005 and 2006, despite species-specific subadult and adult abundances remaining consistent with years prior to 2005. Distinct shifts in community structure were detected during ichthyotoxic conditions in 2005 and 2006 that differed from normal seasonal patterns; however, the relationship between seasons remained cyclical. Fish communities returned to their normal seasonal patterns of community structure within 1 year following these severe blooms. Significant ecological effects were not detected in other years with documented red tide blooms. Schrandt and MacDonald (2020) attributed significant changes in community structure in Tampa Bay, Florida in 2005 and 2006 to red tide, however effects were also not detected in other years with bloom events. Walters et al. (2013) found that K. brevis toxicity was the likely cause of adult sand seatrout (Cynoscion arenarius) mortality and a reduction in subsequent spawning activity in Tampa Bay, Florida, in 2005. Indeck et al. (2015) found that ambient noise (snapping shrimp and fish chorusing) was significantly lower Tampa Bay, Florida, in 2005, compared to years in which there were no red tides. Recent ecosystem modeling suggests K. brevis blooms along the west Florida shelf can indeed impose top-down food web effects, causing trophic cascades, as well as changes in community structure and biodiversity (DiLeone and Ainsworth, 2019). These studies suggest a pattern of ecological effects on fish abundance, diversity, and/or community structure due to severe red tides; however, it is unknown how generalizable these results are to red tide blooms of differing intensity, season (timing), duration, and frequency.

In response to a recent severe bloom event in 2018–2019, the first major red tide to occur in the summer months in the Sarasota Bay area since 2006, this study evaluates the population- and community-level effects of red tide on a prey assemblage of a year-round, long-term resident bottlenose dolphin (Tursiops truncatus) community. Expanding upon work by Gannon et al. (2009), we first describe the ichthyotoxic bloom conditions associated with differential changes in prey abundance, prey diversity, and temporary shifts in prey assemblage structure from 2018 to 2019. We then take a unique and comprehensive approach to assess whether these results are consistent across multiple bloom events by examining the hypothesis that bloom severity (i.e., intensity, season, and/or frequency) is associated with differential changes in prey resistance, resilience, and temporary shifts in assemblage structure using a long-term fisheries-independent monitoring dataset compiled during 2004–2019. Resistance describes the ability of a system to remain unchanged by a disturbance event (Waide and Willig, 2012), while resilience refers to the ability of an ecosystem to recover its essential structure and function after a disturbance event (Holling, 1973; Walker et al., 1999). Both concepts are components of what determines ecosystem stability and are often quantified in relation to the normal range of variability within a community (Van Straalen, 2002). Understanding resistance, resilience, and the ecological effects of red tides, including population/community level effects and potential alterations to predator-prey interactions, across multiple bloom events can lend insight into regime patterns, better inform management, and potentially guide mitigation efforts following a severe disturbance event (Stevens et al., 2016).



MATERIALS AND METHODS


Study Area

This study was conducted in the Sarasota Bay region of central west Florida, in estuarine waters from Passage Key Inlet at the southwestern edge of Tampa Bay (27.5528° N/82.7423° W) southward to Phillippi Creek (27.27096° N/82.53757° W), including the waters of Sarasota, Palma Sola, Roberts Bays, and Anna Maria Sound. K. brevis sampling to characterize the local distribution of red tide bloom events included additional areas south of Phillippi Creek, to Blackburn Bay (27.1176° N/82.4660° W), including the waters of Little Sarasota Bay.



Prey Sampling

We conducted concurrent surveys of K. brevis cell density, environmental variables (temperature, dissolved oxygen (DO), and salinity), and the density of dolphin prey fish species as part of the Chicago Zoological Society’s Sarasota Dolphin Research Program’s (SDRP) long-term seasonal fish monitoring program. Standardized SDRP fish survey methods and procedures have been detailed previously in Gannon et al. (2009), however a brief description of the methods is included below.

Data from fish monitoring surveys in seagrass habitat were used to quantify the relative abundance of a prey assemblage comprised of 10 common dolphin prey species, based on Wells et al. (2013). Assemblage species included pinfish (Lagodon rhomboides), pigfish (Orthopristis chrysoptera), scaled sardine (Harengula jaguana), Atlantic threadfin herring (Opisthonema oglinum), ladyfish (Elops saurus), mullet (Mugil spp.), sheepshead (Archosargus probatocephalus), spot (Leiostomus xanthurus), spotted seatrout (Cynoscion nebulosus), and Gulf toadfish (Opsanus beta). Shallow seagrass beds have been identified as important foraging habitat for resident dolphins in Sarasota Bay (Barros and Wells, 1998; Rossman et al., 2015), therefore sampling effort focused on seagrass habitat exclusively. Fish were caught at randomly selected seagrass habitat sites from June 1, 2004 through September 30, 2019, in the summer (June–September) and winter months (January–March) using a small purse-seine net (183 × 6.6 m, 2.5 cm stretch mesh). In response to high K. brevis cell counts (>100,000 cells l–1) in the study area, additional sampling occurred in the winter months of December in 2004 and November in 2012, and from October through December in 2018. A summary of the fish sampling chronology is detailed in Table 1. Fish were identified to species, measured, counted, and released as possible. Relative abundance data were expressed as catch per unit effort (CPUE: the number of fish caught during each standardized deployment of the purse-seine net).


TABLE 1. Summary of sampling chronology and effort during, (1) concurrent random surveys of fish, environmental variable, and Karenia brevis sampling in the summer and winter months, and (2) supplemental K. brevis sampling throughout the Sarasota Bay study area during 2003–2019.
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Karenia brevis Cell Counts and Environmental Variables

We used two independent sampling schemes to assess the spatial and temporal trends in K. brevis abundance. During concurrent SDRP sampling surveys, K. brevis samples were collected at every random fish sampling site, and temperature, salinity, and DO environmental variables were measured with a YSI 85 multiprobe or YSI Pro2030 approximately 15 cm above the bottom. A summary of the K. brevis and environmental variable sampling chronology is detailed in Table 1. These data were used to investigate the relationship between K. brevis density and prey abundance at fine temporal and spatial scales.

Then, in addition to the random K. brevis sampling scheme described above, all available data from several fixed and opportunistic independent sampling schemes were utilized to assess the local regime of red tide bloom events throughout the study area from 2003 through 2019, specifically, the intensity, duration, and the spatial and temporal trends in K. brevis abundance. K. brevis samples were collected on a near-monthly basis at 10 standard monitoring locations distributed throughout the study area, from 2006 through 2019. In 2018 and 2019, additional K. brevis samples were collected at each dolphin sighting location during monthly monitoring surveys. We used K. brevis samples collected year-round on a near-daily basis at two fixed monitoring sites sampled by Mote Marine Laboratory’s Phytoplankton Ecology Program (New Pass channel and City Island Seagrass Flats), from 2003 through 2019 (Figure 1). Opportunistic sites sampled by Mote Marine Laboratory’s Phytoplankton Ecology and Chemical Ecology Programs were included when available within the study area. While fish sampling did not commence until 2004, we include K. brevis data from 2003 to give insight into the dynamics of the fish community in 2004. These data were used to investigate temporal trends at a larger scale, to characterize discrete bloom events over the 17-year sampling period, and to determine if blooms occurred outside of the summer and winter fish sampling seasons. Water sample collection and cell counting procedures were identical for all sampling schemes and followed standard protocols (see Lund et al., 1958; Sournia, 1978; Sellner et al., 2003).
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FIGURE 1. Study area showing locations seagrass habitat and of daily and monthly Karenia brevis fixed monitoring stations sampled by Mote Marine Laboratory (New Pass and City Island Grass Flats) and the Chicago Zoological Society’s Sarasota Dolphin Research Program (SDRP), respectively.




Data Analyses

We first examined prey abundance, species density, diversity, and assemblage structure across the 2018–2019 red tide event to expand upon Gannon et al. (2009), using similar methodology and analyses. Then, to assess whether these response patterns were consistent and generalizable across multiple bloom events, we examined the relationship between bloom severity (i.e., intensity, season, and/or frequency) and differential changes in prey resistance, resilience, and shifts in assemblage structure across the full 17-year sampling period. An overview and summary of the data analyses are detailed in Supplementary Table 1.


Designation of Bloom Periods and Non-bloom Periods

To account for the patchy nature of red tide blooms, fish sampling periods were designated as “red tide” or “non-red tide” based on K. brevis cell counts measured at fish sampling stations only. Sampling periods prior to July 7, 2005 were designated based on K. brevis cell counts from fixed K. brevis sampling stations located throughout the study area. Red tide conditions were defined as occurring during the period when a cell count at a fish sampling station exceeded 100,000 cells l–1 and continued for 30 days beyond the time at which cell counts dropped back down below 100,000 cells l–1. This threshold was chosen based on the cell concentration level typically required for fish kills (Quick and Henderson, 1975; Landsberg and Steidinger, 1998) and has been used extensively in previous work (Gannon et al., 2009; Flaherty and Landsberg, 2011). Following Gannon et al. (2009), a 30-day lag period was incorporated as a conservative approach to account for some lingering effects of red tide on prey assemblage structure. We acknowledge that this approach likely underestimates the full effective duration of each bloom disturbance, as brevetoxins are known to persist in the food web for up to a year post-bloom (Naar et al., 2007). These designations were used to assess the 2018–2019 bloom event and to assess shifts in prey assemblage structure across the 17-year dataset.



2018–2019 Red Tide Bloom Event


Karenia brevis Cell Densities

To quantify changes in abundance, species density, diversity, and structure of the dolphin prey assemblage during the 2018–2019 red tide event, monthly and seasonal K. brevis cell counts were summarized and plotted across time. K. brevis samples collected from April through September were considered summer samples. Samples collected from October to March were considered winter samples in efforts to gauge the effects of the preceding winter season, as seasonal seagrass senescence and loss generally occurs in late September and/or October and many fish species move offshore to spawn during the fall months.



Prey Abundance, Species Density, Diversity, and Community Structure

Catch per unit effort, species density, and Shannon diversity indices (Shannon, 1948) of the prey assemblage were calculated during non-red tide and red tide periods in the summer and winter months. Total and species-specific CPUEs during non-red tide periods were compared to those during red tide periods, using Welsh’s t-tests and non-parametric Mann-Whitney U tests, respectively. Differences between red tide and non-red tide periods regarding species density (the number of species caught per standardized seine set) were assessed using Mann-Whitney U tests. We chose Hutcheson’s two-sample t-tests (Hutcheson, 1970) to evaluate differences in Shannon diversity indices between red tide and non-red tide periods, as a direct comparison with past analyses from Gannon et al. (2009).

Differences in prey assemblage structure related to month, season, and bloom period were analyzed using non-metric multidimensional scaling (NMDS). NMDS is an indirect gradient analysis approach which produces an ordination based on a distance or dissimilarity matrix, by maximizing the rank order correlation; as such the method does not assume linear relationships or a unimodal response. CPUE data were fourth-root transformed to reduce the influence of extremely abundant taxa on subsequent analyses and to allow mid-range and rare species to contribute to the calculation of similarity (Clarke and Warwick, 2001). Data were averaged over month, season, and bloom period (non-bloom or bloom conditions) and an NMDS ordination was constructed using a Bray-Curtis distance matrix. We then used a permutation-based multivariate analog of Levene’s test for homogeneity of variances (Anderson, 2006) to check for homogeneity of dispersions among bloom conditions and seasons, followed by a two-way crossed permutational multivariate analysis of variance (PERMANOVA) at α = 0.05, with bloom condition and season as fixed effects, to test for significant differences in prey assemblage structure. PERMANOVA allows the use of dissimilarity measures to test for significance of specific effects using a permutation test that does not require the data to follow a particular distribution (Anderson et al., 2008). Canonical correspondence analysis (CCA) was chosen to evaluate patterns of association between prey assemblage structure and environmental gradients (temperature, DO, salinity, and K. brevis cell densities measured in situ). CCA is a constrained ordination technique that extracts major gradients among combinations of explanatory variables in a dataset. These analyses examine the effects of a K. brevis red tide on fish abundance, species density, Shannon diversity, and community structure using similar methodology as Gannon et al. (2009).



Multi-Event Response Patterns


Karenia brevis Cell Densities

Bloom intensity, duration, and the spatial and temporal trends of multiple red tide events were summarized across the study area from 2003 through 2019, based on all available K. brevis cell counts and additional bloom period criteria. Categorizing blooms as distinct events across the entire study area can be difficult when blooms move, die-off, reappear multiple times across many months, or when a single cell count occurs above the 100,000 l–1 threshold but at no other location or time thereafter. For these reasons, a distinct red tide bloom event had to have at least two consecutive weeks of K. brevis cell counts above the 100,000 l–1 threshold for ichthyotoxic conditions anywhere in the study area, in addition to the previously described bloom period criteria of commencing when at least one K. brevis cell count exceeded the 100,000 l–1 threshold and persisting for 30 days beyond the time at which cell counts dropped back down below 100,000 cells l–1.



Resistance

Prey resistance, resilience, and assemblage structure across multiple red tide bloom events were examined from 2004 through 2019, as prey sampling did not begin until 2004. Previous work by Gannon et al. (2009) and analysis of species-specific CPUEs in this study (see section “Results”) indicated that the abundance of clupeids (scaled sardines and Atlantic threadfin herring) increased during red tide bloom periods, a trend opposite that of non-clupeid species in the prey assemblage. For this reason and because prey assemblage CPUEs were species-aggregated, clupeids were excluded from analyses of prey resistance and resilience. Following Stevens et al. (2016), resistance of the prey assemblage to red tide bloom events was analyzed by plotting the log-transformed annual CPUE (mean and SE) of the prey assemblage over time.



Resilience

To analyze resilience and prey population recovery post-bloom, each sample was standardized to the mean CPUE in years in which there were no summer red tide events in the study area (2004, 2007–2017, 2019; standardized CPUE = [CPUE/non-red tide event average]). Analysis of resistance indicated that winter red tides had little or no effect on CPUE, therefore CPUEs in years in which winter red tide events occurred were included in the resilience CPUE standardization procedure (see section “Results”). Prey assemblage responses to red tide bloom events were determined by comparing standardized CPUEs between the years with no summer blooms (referred to as non-red tide years) (2004, 2007–2017, 2019) to samples collected during each year with a bloom event and to those collected 1 year following a bloom event. Differences were determined by calculating 95% confidence intervals (CIs) for non-red tide and post-bloom event means from a bootstrapped distribution with 1000 iterations. If CIs of the non-red tide years and the red tide event standardized CPUEs overlapped, the prey assemblage was considered resistant to the red tide event. Recovery was determined as the number of years needed for the CIs around the standardized CPUE to overlap with their respective pre-event CI.



Community Structure

Differences in prey assemblage structure related to year, season, and bloom period (based on K. brevis cell counts measured at fish sampling stations only) from 2004 through 2019 were analyzed using NMDS and PERMANOVA, following tests for homogeneity of dispersions among bloom conditions and seasons. Canonical analysis of principal coordinates (CAP; Anderson and Willis, 2003) ordination was used to aid our interpretation of the PERMANOVA analyses, specifically the bloom condition:season interaction effect. CAP is a form of canonical discriminant analysis, based on any distance measure, that uses principle coordinate axes to search for the vectors in multivariate space that maximize the differences among a priori defined groups (Anderson and Willis, 2003). If significant seasonal or red tide bloom event patterns in prey assemblage structure were determined by PERMANOVA, we used one-way similarity percentage (SIMPER, Clarke, 1993) analysis to determine which prey species contributed most to differences in assemblage structure between red tide conditions and non-red tide conditions within each season. Based on the decomposition of Bray-Curtis dissimilarity index, SIMPER analysis performs pairwise comparisons of groups of sampling units to find the average contribution of each species to the average overall Bray-Curtis dissimilarity. CCA ordination analysis was used to evaluate patterns of association between prey assemblage structure and environmental gradients (temperature, DO, salinity, and K. brevis cell densities measured in situ).



Bloom Severity–Species Richness and Diversity

Analysis of prey resistance, resilience, and assemblage structure in this study indicated that red tide blooms may have greater effects on dolphin prey populations in the summer months (see section “Results”). Therefore, to assess differences in summer bloom severity independently of prey abundance, we used sample-based and coverage-based rarefaction and extrapolation. Sample coverage during each summer bloom period was assessed to validate each comparison of species richness and diversity (Chao and Jost, 2012). Hill’s numbers were chosen because they have been shown to have numerous advantages over other diversity indices (Chao et al., 2014). Hill’s numbers (qD) were calculated to indicate the effective number of species for different orders of q (q = 0, 1, 2; Jost, 2006). 0D is species richness, where the number of species is not sensitive to species abundance, and therefore gives a disproportionate weight to rare species. 1D is the exponential of Shannon entropy, which weights each species according to its proportional abundance in the sample, and therefore it can be interpreted as representing common species. 2D can be interpreted as number of dominant species (Jost, 2006; Díaz-García et al., 2017). All extrapolation curves were plotted using a doubling in sample size (Chao and Jost, 2012). Differences in species richness and diversity between bloom events were determined by calculating 95% CIs for the Hill’s numbers using a bootstrap method with 1000 replications (Chao and Jost, 2012). Significant differences were considered to exist if the 95% CIs did not overlap.

For analyses in which samples could be categorized by red tide or non-red tide conditions (i.e., Welsh’s t-tests, Mann-Whitney U tests, NMDS, PERMANOVA, CAP, and SIMPER), we were able to include all data collected during 2018–2019, and during 2004–2019 for multi-event analyses. For CCA, which require a full suite of data (K. brevis, environmental variables, and fish abundance) for every sample, only data collected from 2018 through 2019 and from 2005 through 2019 for multi-event analyses were included. Prior to analysis, CPUE and K. brevis cell count data were transformed using ln(x + 1). Hutcheson’s two-sample t-tests to evaluate differences in Shannon diversity indices between bloom conditions during 2018–2019 were completed in Past 3.10 (Hammer et al., 2001). All other analyses were completed in R (R Core Team, 2020), with the package Vegan (functions “metaMDS” for NMDS; “betadisper,” “permutest,” and “adonis2” for PERMANOVA; and “capscale” for CAP; Oksanen et al., 2019) to analyze community structure, and the package iNEXT (Chao et al., 2014; Hsieh et al., 2020) to compare species richness and diversity. Figures were produced using the package ggplot2 (Wickham, 2009).



RESULTS


2018–2019 Red Tide Bloom Event


Karenia brevis Cell Densities

Sampling effort is detailed in Table 1. Red tide cell concentrations exceeded 100,000 cells l–1 in the study area from June 7 to June 21, 2018, and then dropped down to background levels throughout July (Figure 2). On August 1, cell concentrations spiked to more than 3 million cells l–1, with maximum concentrations of up to 90 million cells l–1 on August 13. Counts continued to fluctuate until December 7 with counts as low as zero and as high as 82.8 million cells l–1. Cell concentrations then dropped to fewer than 24,000 cells l–1 through much of December only to rise to 122,500 cells l–1 on January 2, 2019, and up to 2.12 million cells l–1 on January 3. Concentrations fluctuated for a brief period but dropped below 100,000 cells l–1 on January 10. Background levels persisted in the study area through January 16.
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FIGURE 2. Monthly Karenia brevis cell densities (mean ± se) sampled from January 1, 2018–December 31, 2019. Symbols: • = samples collected anywhere in the Sarasota Bay study area; ✴ = samples collected at fish sampling stations; horizontal dashed line = 100,000 cells l–1 threshold for ichthyotoxic conditions.


At fish sampling stations, cell concentrations did not exceed 100,000 cells l–1 until August 13, 2018 (Figure 2). Counts fluctuated thereafter, with maximum concentrations of up to 2.28 million cells l–1, until December 7. A maximum cell concentration of 90,000 cells l–1 was recorded on January 9, 2019, with concentrations dropping down to background levels or lower (≤4,000 cells l–1) from January 11 to March 31.

The study area was under red tide conditions for 67% of the days between April 1, 2018 and March 31, 2019, 63% of days in the summer months (April–September) and 72% in the winter months (October–March). Based on cell concentrations taken at fish sampling stations, August 13, 2018 through January 7, 2019, were considered “red tide periods”; June 1, 2018 through August 12, 2018, and January 8, 2019 through March 31, 2019 were considered “non-red tide periods.” Mean ± SD of K. brevis cell counts at fish sampling stations were 311,428 ± 72,888 cells l–1 during red tide conditions and 4,466 ± 3,237 cells l–1 during non-red tide conditions.



Prey Abundance

From June 21, 2018 to March 15, 2019 we captured 38,801 fishes from 74 species in 99 purse-seine sets, including 29,995 from the prey assemblage. Seasonally, we captured 20,896 fishes, 16,589 prey fishes, and 66 species in 40 sets in the summer months, and 17,905 fishes, 13,406 prey fishes, and 47 species in 59 sets in the winter months. Prey CPUEs in June and July of 2018 (CPUE = 412.3, SD = 294.0, Median = 352, min = 56, max = 992) were generally comparable to CPUEs during the same months from 2004 through 2019 (CPUE = 505.9, SD = 506.0, Median = 381.0, min = 255, max = 868). In August 2018 CPUE decreased by 66.3%, coinciding with K. brevis cell densities exceeding ichthyotoxic threshold levels at fish sampling sites and directly following an August 1, 2018 spike in K. brevis concentrations within the study area. With clupeid species (Atlantic threadfin herring and scaled sardines) excluded from the analyses, CPUE decreased by 72.3%. Regardless of whether or not clupeid species were included in the analyses, CPUE was significantly lower during summer red tide bloom conditions (August/September) than during non-red tide bloom conditions (June/July) [prey assemblage: t(24) = 3.4623, p = 0.0020; prey assemblage excluding clupeids: t(26.7) = 5.3959, p < 0.0000]. Five species-specific CPUEs (ladyfish, mullet, pigfish, pinfish, and spotted seatrout) were significantly lower during bloom conditions in the summer months (Figure 3A).
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FIGURE 3. Seasonal catch per unit effort (CPUE ± se) of bottlenose dolphin prey species caught in seagrass habitat during non-bloom (gray bars) and bloom (black bars) conditions, from (A) June–September of 2018 (summer) and from (B) October 2018–March 2019 (winter). *Mann-Whitney U, p < 0.05; **Mann-Whitney U, p < 0.01.


The CPUE of most prey species decreased or remained at low levels without trend through December 2018, as K. brevis concentrations from fish sampling stations and others throughout the study area consistently exceeded ichthyotoxic threshold levels. Clupeid CPUE increased 54.6% in October 2018 before decreasing each month through December 2018. K. brevis cell densities dropped below threshold levels at fish sampling sites in January 2019. CPUE increased 568.1% from January to February, 2019 and 49.1% from February to March 2019. Overall, the increase in clupeid CPUE negated statistically significant changes in CPUE during winter red tide bloom conditions (October/December) compared to non-red tide bloom conditions (January/March) [t(54) = −0.4273, p = 0.6708]. When clupeids were excluded from the analyses, CPUE increased significantly during winter non-red tide bloom conditions [t(56) = 2.0752, p = 0.0425]. Three species-specific CPUEs changed significantly between bloom periods (Figure 3B). Pinfish CPUE was significantly lower during bloom conditions, while scaled sardine and Atlantic thread herring CPUEs were significantly higher.



Species Density and Diversity

Species density was significantly lower during summer bloom conditions (U = 334, n1 = n2 = 20, Median1 = 5.5, Median2 = 3.0, p = 0.0002), however, no significant changes were found between bloom conditions in the winter (U = 431, Median1 = Median2 = 1.0, n1 = 29, n2 = 30, p = 0.9558). Shannon diversity indices were significantly lower during summer red tide bloom conditions [t(16385) = 20.433, p < 0.0001], but significantly higher during winter bloom conditions [t(3962.9) = 16.33, p < 0.0001].



Community Structure

Non-metric multidimensional scaling analysis effectively summarized prey assemblage structure in two dimensions (stress = 0.0361, random restarts = 100, Figure 4) and showed distinct shifts across the 2018–2019 red tide event, mainly by season and bloom period. Samples from summer non-red tide periods were tightly grouped together in the mid left portion of the graphic, resulting in a convex hull that did not overlap with any other group. Summer non-red tide samples were characterized by higher abundances of mullet, spot, pigfish, and ladyfish. Summer red tide samples grouped together in the lower middle portion of the graphic and were most closely associated with higher abundances of Atlantic threadfin herring and scaled sardines. Samples from winter non-red tide periods grouped in the upper mid portion of the graphic, resulting in a convex hull that overlapped slightly with the winter red tide group. Winter red tide samples comprised the most dispersed group, occupying a relatively large portion of the middle and right side of the graphic.
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FIGURE 4. Non-metric multidimensional scaling (NMDS) ordination of prey assemblage structure based on month, season, and bloom condition during red tide events from June 2018 through September 2019. Symbols: [image: image] = summer red tide conditions; [image: image] = summer non-red tide conditions, gray convex hull; [image: image] = winter red tide conditions, blue convex hull; [image: image] = winter non-red tide conditions, gray convex hull.


Multivariate homogeneity of group dispersion analysis indicated no significant differences in dispersion between bloom periods. However, significant differences in dispersion were found between seasons, indicating greater variation in prey composition in winter than in summer (Table 2). PERMANOVA analysis revealed significant effects of bloom condition and season on prey assemblage composition.


TABLE 2. Homogeneity of group dispersion and permutational multivariate analysis of variance (PERMANOVA) results of prey community structure in the Sarasota Bay study area from June 2018 to March 2019, in relation to bloom condition and season.

[image: Table 2]Direct gradient analysis by CCA ordination of the relationships of prey assemblage structure to environmental variables (temperature, DO, and salinity) and K. brevis density at each fish sampling location resulted in first and second axes that explained 21.7 and 14.7% of the variation in prey data, respectively. Biplots indicated a strong association between positive scores on the first axis and salinity, and less strong associations with temperature (positive scores), K. brevis (negative scores), and DO (negative scores) (Figure 5). The second axis was primarily associated with temperature and secondarily with K. brevis and DO. Samples in the summer and winter months of 2018 segregated from each other along the K. brevis cell count gradient, with the K. brevis vector terminating nearest the clupeid species, Atlantic thread herring and scaled sardines.
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FIGURE 5. Canonical correspondence analysis (CCA) of the prey assemblage from purse seine catches, from June 2018 to March 2019. Symbols: [image: image] = summer red tide conditions, (August–September); [image: image] = summer non-red tide conditions, (June–July); [image: image] = winter red tide conditions, (October–December.); Δ = winter non-red tide conditions, (January–March); environmental vector codes: DO: dissolved oxygen (mg l–1); Tp: temperature (°C); S: salinity (ppt); Kb: Karenia brevis cell density (cells l–1).




Multi-Event Response Patterns


Karenia brevis Cell Densities

Since 2003, eight distinct red tide blooms have affected the Sarasota Bay study area, spanning from 9 to 39 weeks (includes a 30-day lag period following the time at which cell counts dropped below 100,000 cells l–1), with 5–25 consecutive weeks of cell concentrations exceeding 100,000 cells l–1 (Table 3). Most extended blooms crossed multiple seasons; however, based on cell concentrations, severity was not necessarily ubiquitous across seasons within the same year. Overall, one severe bloom occurred primarily in the summer months (2003), four occurred in the winter months (2004, 2013, 2016, and 2017), and three encompassed significant portions of both the summer and winter months (2005–2006, 2006–2007, and 2018–2019). When cell concentrations were analyzed at just the fish sampling stations, one distinct summer bloom emerged (2005–2006), one winter bloom (2016), and one bloom spanning both seasons (2018) (Figure 6).


TABLE 3. Duration and intensity of red tide blooms affecting the Sarasota Bay study area during 2003–2019.

[image: Table 3]
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FIGURE 6. Annual Karenia brevis cell densities (mean ± se) measured at each fish sampling station in the Sarasota Bay study area during 2005–2019. Symbols: [image: image] = summer months, (April–September); [image: image] = preceding winter months, (October–March). Horizontal dashed line = 100,000 cells l–1 threshold for ichthyotoxic conditions.




Resistance

In Sarasota Bay, the initial effects of each bloom event on the CPUE of the eight-species dolphin prey assemblage (excluding Clupeidae spp.) varied by season (Figure 7). Prey assemblage CPUE decreased to all-time or near all-time lows in years with severe summer red tide events (2005/2006 and 2018), and two of the three summer bloom events (2005 and 2006) were preceded by moderate to severe red tide events in the winter months (Table 2). Specifically, standardized CPUEs decreased by 62.9% in 2005 and by 58.6% in 2018, compared to each previous year’s CPUE (Figure 8). CPUE increased from 2005 to 2006 (+76.4%) despite a continued but intermittent bloom; however, the 2006 CPUE showed a decrease of 34.7% when compared to the closest previous summer non-bloom year (2004). In 2005 and 2018, the CI between the non-bloom CPUE and the annual CPUE did not overlap, indicating a clear lack of resistance during years with severe and prolonged summer blooms. The 2006 CI did overlap with the non-bloom CPUE; however, non-bloom conditions occurred from February 2, 2006 through August 8, 2006 making detection of resistance problematic.
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FIGURE 7. Annual catch per unit of effort (CPUE; mean ± se) of bottlenose dolphin prey species (excluding Clupeidae spp.) caught in the Sarasota Bay study area during 2004–2019. Symbols: [image: image] = summer red tide years, [image: image] = winter red tide years, • = no known red tide disturbance events.
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FIGURE 8. Standardized catch per unit effort (CPUE; mean ± 95% confidence intervals) of 8 bottlenose dolphin prey species combined (excludes Clupeidae spp.) caught during non-severe bloom periods (horizontal line) and in each survey year (circles) between 2004 and 2019. Overlap of 95% CIs between the non-severe bloom periods (horizontal dotted lines) and the CI of an annual CPUE indicates resistance, i.e., no effect of the bloom event. Resilience, or the recovery period post-bloom, is defined as the number of years between the bloom event and the year in which 95% CI overlap. Symbols: [image: image] = severe summer red tide years, [image: image] = winter red tide years, • = no known red tide disturbance events.


Catch per unit effort varied in years with red tide events primarily in the winter months (2004, 2007, 2013, 2016, and 2017) (Figure 7). CPUEs in 2004 and 2017 were at or near all-time highs, while CPUEs in 2007, 2013, and 2016 were low but similar to CPUEs in other years (2009–2015, 2019). Notably, a period of unusually cold temperatures occurred in the first week of January 2010. CPUE in 2010 was low but similar to CPUEs in other years. Standardized CPUEs increased by 5.5% in 2007, 1.8% in 2016, and 27.3% in 2017, but decreased by 19.6% in 2013, compared to the previous year’s CPUE (Figure 8). Prey populations were not sampled in 2003 therefore changes in CPUE from 2003 to 2004 could not be evaluated. In 2004, 2007, and 2016, the CIs between the non-bloom CPUE and the annual CPUE overlapped, indicating resistance during some years with severe winter blooms. Lack of CI overlap between the non-bloom CPUE and annual CPUEs in 2013 and 2017 indicate a lack of resistance, however effects were negative in 2013 (32.1% below non-bloom CPUE) and positive in 2017 (30.3% above non-bloom CPUE.



Resilience

Following years with summer red tides (2005, 2006, and 2018), 95% CIs of each annual standardized CPUE (excluding Clupeidae spp.) overlapped with that of the average non-bloom CI 1 year later (2006, 2007, and 2019; Figure 8). Recovery was also associated with elevated annual CPUEs 1–3 years following a bloom (2008 and 2019). Red tide events in 2003 (based on red tide data throughout study area, see Table 2) and 2018 were followed by near all-time high CPUEs in 2004 and 2019, respectively. Recovery from the 2005 red tide event occurred in 2006, despite additional severe red tide conditions from August 8, 2006 to February 16, 2007. However, CPUE in 2006 remained relatively low, indicating lag effects from brevetoxin or other conditions likely affected prey recovery. CPUE increased slightly (5.2%) from 2006 to 2007, but a significant increase in assemblage abundance was not seen until 2008, when CPUE increased 46.8% (compared to 2007) and the annual CI was significantly greater than the non-bloom CI. Unusually cold temperatures in January of 2010 corresponded with a low, but not statistically significant, annual CPUE. Following winter red tide blooms in 2013, 2016, and 2017, CIs of each standardized CPUE overlapped with the non-bloom CI 1 year later in just one case, 2013–2014. Following the 2016 winter bloom event, 2017 exhibited a significant near all-time high CPUE, while CPUE decreased significantly from 2017 to 2018 due to a severe summer bloom event in 2018. Regardless of season, standardized CPUEs increased each year following a red tide event, unless the following year included a severe summer red tide event.



Community Structure

Dolphin prey assemblage structure across multiple bloom periods could effectively be summarized by an NMDS ordination in three dimensions (stress = 0.0562, random restarts = 100) (Figure 9). The main gradients along which species composition varied were by season and bloom period. Samples from summer non-red tide periods were tightly grouped together in the upper left portion of the graphic, resulting in a convex hull that did not overlap with any other group. Summer non-red tide samples were characterized by higher abundances of mullet, spot, and pigfish. Summer red tide samples grouped together in the lower middle portion of the graphic, resulting in a convex hull that overlapped that of the winter red tide group. Summer red tide samples were most closely associated with higher abundances of Atlantic threadfin herring and scaled sardines. Samples from winter non-red tide periods loosely grouped in the upper right portion of the graphic, resulting in a convex hull that overlapped with the winter red tide group. Winter non-red tide samples were associated with higher abundances of several species, including ladyfish, pinfish, and sheepshead. Group overlap made the association with Gulf toadfish and spotted seatrout difficult to interpret. Winter red tide samples comprised the most disperse group, occupying a relatively large portion of the middle and right side of the graphic. Overlap occurred with the summer red tide and winter non-red tide groups and made the interpretation of species associated with this group problematic.
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FIGURE 9. Non-metric multidimensional scaling (NMDS) ordination of prey assemblage structure based on year, season, and bloom condition during red tide events during 2004–2019 in Sarasota Bay, Florida. Symbols: [image: image] = summer red tide conditions, orange convex hull; [image: image] = summer non-red tide conditions, gray convex hull; [image: image] = winter red tide conditions, blue convex hull; [image: image] = winter non-red tide conditions, gray convex hull.


Multivariate homogeneity of group dispersion analysis indicated no significant differences in dispersion between bloom periods, however significant differences in dispersion were found between seasons, indicating greater variation in prey composition in winter than in summer (Table 4). PERMANOVA analysis revealed significant effects of season, bloom periods, and the season:bloom period interaction on prey assemblage composition. The CAP ordination better explained the significant season:bloom period interaction effect (ANOVA permutation test: F = 12.688, p = 0.001) (Supplementary Figure 1). While sample sites discriminated along CAP2 and summer samples separated from winter samples along CAP1, the degree of separation during non-red tide/red tide conditions in the summer is much greater than seen during the winter. The first and second CAP ordination axes explained between 43.5 and 5.9% of the variation in prey composition data, with a total of 52.0% of the prey abundance data explained by the three canonical axes. SIMPER analysis carried out on the prey assemblage revealed that differences between non-red tide and red tide CPUEs during the summer months were best explained by pigfish (9.7%), pinfish (9.4%), and clupeids (Atlantic threadfin herring [5.0%], scaled sardine [4.3%]; 9.3% total contribution) (Table 5). These 4 species contributed 28.5% to the dissimilarity between non-red tide and red tide CPUEs during the summer months. During the winter months, dissimilarity was best explained by pinfish (7.6%), clupeids (scaled sardine [6.5%] and Atlantic threadfin herring [5.5%]), and spotted seatrout (3.3%), contributing a total of 23.1% to the dissimilarity combined. In the summer months, all non-clupeid prey species decreased in abundance during red tide conditions, while all clupeid species increased in abundance. In the winter, 4 of the 10 prey species increased in abundance during red tide conditions, including scaled sardine, Atlantic threadfin herring, spotted seatrout, and mullet. These results support and lend further insight into the results of the NMDS analysis.


TABLE 4. Homogeneity of group dispersion and permutational multivariate analysis of variance (PERMANOVA) results of prey community structure in the Sarasota Bay study area, from 2004 to 2019, in relation to bloom condition and season.

[image: Table 4]
TABLE 5. Summary of similarity of percentage (SIMPER) analyses comparing the difference in prey assemblage composition between non-bloom and bloom conditions during each season, 2004–2019.

[image: Table 5]Direct gradient analysis by CCA explored the relationships of prey assemblage structure to environmental variables (temperature, DO, and salinity) and K. brevis density at each fish sampling location. The first and second ordination axes explained between 32.2 and 9.9% of the variation in the prey abundance data. Together, the first three canonical axes explain 44.8% of the prey abundance data. The CCA biplot showed strong associations between the first axis and temperature and DO, reflecting a gradient from sampling sites with lower temperatures, higher DO measures, and increased abundances of Gulf toadfish, spotted seatrout, and ladyfish on the right side of the diagram, to higher temperatures, lower DO measures, and increased abundances of pigfish, spot, and mullet on the left (Figure 10). The second axis was negatively correlated with K. brevis abundance at each of the fish sampling stations; the sites with higher K. brevis densities and associated species (clupeids) appeared at lower scores, while the sites with lower K. brevis densities and associated species (pinfish, pigfish, mullet, spot, sheepshead, ladyfish, and spotted seatrout) were located at the positive end. Based on biplot arrow length, temperature and DO had the greatest influence on prey assemblage composition, directly followed by K. brevis density.
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FIGURE 10. Canonical correspondence analysis (CCA) of the prey assemblage from purse seine catches, from July 2005 through March 2019. Symbols: [image: image] = summer red tide conditions, [image: image] = summer non-red tide conditions, [image: image] = winter red tide conditions, Δ = winter non-red tide conditions, environmental vector codes: DO: dissolved oxygen (mg l–1); Tp: temperature (°C); S: salinity (ppt); Kb: Karenia brevis cell density (cells l–1).




Bloom Severity–Species Richness and Diversity

Both the sample- and coverage-based rarefaction and extrapolation curves indicated that assemblage richness and Shannon diversity estimates were significantly different from one another for all but the smallest sample sizes, with the lowest estimate in 2005, followed by 2006, and the highest estimate in 2018 (Supplementary Figure 2A). Simpson diversity was also highest in 2018 and significantly different from 2005 to 2006, however 95% CIs continuously overlapped in 2005 and 2006 indicating Simpson diversity did not differ significantly in those years. Significant differences between the numbers of species detected between bloom years existed at numerous sampling sizes (Supplementary Figure 2B). For each diversity order, coverage-based rarefaction and extrapolation curves indicated that sample coverage (completeness) was above 85% during each year, implying that correcting for sample completeness was not warranted as the lowest coverage, known as the base coverage, did not differ drastically from the highest coverage value (Supplementary Figure 2C).



DISCUSSION

Using data from long-term surveys of K. brevis across the study area, we identified eight distinct red tide blooms that affected the Sarasota Bay study area between 2003 and 2019. During the most recent bloom event (2018–2019), the abundance of a bottlenose dolphin prey assemblage decreased during ichthyotoxic conditions; however, changes in species density, diversity, and assemblage structure exhibited seasonal differences. From 2004 through 2019, resistance, resilience, and the ecological effects of multiple red tide events on the dolphin prey assemblage varied, depending on bloom intensity, season, and frequency. These results improve our understanding of how different bloom events affect the prey base of a year-round, long-term, top marine predator, the bottlenose dolphin.

The northern extent of the 2018–2019 red tide bloom event bordered Sarasota Bay and the very southern parts of Tampa Bay, Florida. This bloom had a patchy distribution; entering the Sarasota Bay estuary in the southern portion of the bay first in June 2018, then spreading northward from August 2018 on. The combination of decreases in prey assemblage abundance, species density, and Shannon diversity at fish sampling stations during ichthyotoxic conditions in the summer months suggests K. brevis had a severe effect on dolphin prey populations. Work by Rycyk et al. (2020) in the Sarasota Bay region supports these findings. Using passive acoustic techniques and data from SDRP’s fish monitoring program, Rycyk et al. (2020) documented a sudden decrease in mean sound spectrum levels in 2018 (June 2018 to October 2018), coincident with decreased non-clupeid and soniferous (i.e., noise-making) fish abundances, decreased fish species density, and increased observations of K. brevis in the Sarasota Bay region. In the winter months, results were less conclusive. Abundance declined during bloom conditions, however species density did not change and the Shannon diversity index value was lower during non-red tide conditions. A lower Shannon diversity index value during non-red tide conditions can be attributed to lower species evenness, as this index takes into account both species density and evenness. These results may indicate less severe K. brevis impacts in the winter months; however, bloom dynamics as well as seasonal dynamics, such as fish movement offshore as part of the normal reproductive cycle, with subsequent recruitment back into the estuary, and ontogenetic changes in habitat use, likely play important roles. In conjunction, shifting top-down or bottom-up forces may influence the population dynamics of dolphin prey. Declines in predatory fish abundances during bloom events, along with compensatory density-dependent reproductive, growth, and survival processes, and/or potential increases in the abundance of seasonal drift macroalgae (providing increased access to shelter and/or resources) may contribute to an increase in dolphin prey abundance during or following a winter bloom event.

From 2018 through 2019, changes in non-clupeid CPUEs ranged between −48.3% (pinfish) to −100% (ladyfish) between non-bloom and bloom periods in the summer months, and between +77.0% (toadfish) to −90.4% (ladyfish) in the winter months (negative percentages indicating lower densities during red tide and positive percentages indicating higher densities during red tide). Changes in clupeid CPUEs ranged between −4.0% (scaled sardine) to +124.2% (Atlantic thread herring) in the summer and between +317.9% (scaled sardine) to +565.1% (Atlantic thread herring) in the winter. On average 299 fewer non-clupeid prey fishes were caught per purse-seine set during summer red tide periods, compared to non-red tide periods when 366 non-clupeid fish were caught on average. Ordination analyses showed a positive association between clupeid abundance and K. brevis density across multiple red tide events (Figures 4, 5, 9, 10). In fact, clupeids have been one of the biggest contributors to the differences in CPUE between red tide and non-red tide periods across multiple bloom events, ranking 3rd highest in the summer months and 2nd highest in the winter months (Table 3). Pigfish contributed the most to differences in CPUE in the summer. Pinfish, the most abundant dolphin prey species in the study area, ranked 2nd in the summer but contributed the most in the winter months. These results indicate a pattern of species-specific responses to red tide events. Dolphins consume a variety of prey species (Barros and Wells, 1998; Wells et al., 2013; Rossman et al., 2015), however previous work has shown that dolphins selectively consume soniferous fish in Sarasota Bay (Berens McCabe et al., 2010). Four of the ten prey species included in this study are soniferous, specifically pigfish, spot, spotted seatrout, and Gulf toadfish. Due to their increased availability during bloom events, clupeids may be an important prey resource for dolphins, as the abundances of other prey species, especially soniferous prey species, decline. However, catching and consuming these smaller, less energy-dense clupeid species, likely comes with an energetic cost for the dolphins.

Across multiple bloom events since 2004, prey assemblage structure showed distinct and significant short-term shifts between red tide and non-red tide conditions independent of the normal seasonal shifts in prey structure seen during non-bloom conditions (Table 4, Figures 4, 9, and Supplementary Figure 1). In the winter months, the structure of the prey assemblage exhibited the greatest variation, and there was a higher degree of overlap in prey composition between red tide and non-red tide conditions. During red tide conditions, assemblage structure exhibited some degree of overlap between summer and winter as well (Figure 9 and Supplementary Figure 1). These results indicate a pattern of altered prey assemblage structure during red tide bloom events. Normal seasonal patterns in prey structure were seen within 1-year post-bloom, suggesting some level of resilience to repeated K. brevis bloom events of varying severity.

From 2018 through 2019, and separately from 2004 through 2019, differences between red tide and non-red tide groups corresponded primarily with the K. brevis cell count vector in the CCA analyses (Figures 5, 10). Vectors representing temperature and DO corresponded as expected between seasons, with the summer months corresponding primarily to higher temperatures and secondarily to higher salinity, and the winter months corresponding to higher DO (Figure 10). These results suggest a pattern of change in prey assemblage structure directly related to the presence of K. brevis or to brevetoxins, and little evidence of hypoxia during bloom conditions.

Previous work by Gannon et al. (2009) and Flaherty and Landsberg (2011) found similar species-specific responses during the 2005/2006 red tide event, and altered patterns of community structure during red tide conditions with little evidence of hypoxic or anoxic conditions. Differential physiological tolerances to brevetoxin or better detection and avoidance of K. brevis and/or brevetoxin patches were cited as possible reasons for differing species-specific responses to red tide events. Flaherty and Landsberg (2011) also documented a return to normal seasonal patterns of community structure within 1-year post-bloom. Our study uses similar methodology to expand on the work of Gannon et al. (2009), however it differs in several ways. Gannon et al. (2009) utilized a 4-year dataset (2004 through 2007) to assess effects of the 2005/2006 red tide events on fish abundance, species richness and diversity, and community structure during the summer months. Our study reexamined these questions with similar methodology to assess the effects of the recent 2018/2019 red tide bloom event, the first major summer bloom since 2006, on select common dolphin prey species across summer and winter seasons. Then, we assessed whether these results were consistent across multiple bloom events, utilizing a 17-year dataset to characterize 8 distinct regional bloom events, and to assess prey resistance, resilience, and assemblage structure. Gannon et al. (2009) determined bloom conditions based on K. brevis cell counts exceeding the 100,000 l–1 threshold anywhere in the study area, and persisting for 30 days beyond the time at which cell counts dropped below 100,000 cells l–1. In contrast, our study uses bloom conditions based on cell counts sampled at fish sampling stations only in an effort to account for the patchy nature of red tide blooms.

Flaherty and Landsberg (2011) utilized an 11-year dataset (1996 through 2006) to assess fish abundance and community structure across several regions defined by salinity and habitat type; however, K. brevis samples were not directly linked to fish sampling sites and sampling was not consistent across all regions and time periods. The authors found significant shifts in community structure in 2005 and 2006, but not in any other year with documented red tide blooms. In contrast, our study found significant effects of season and bloom period on prey assemblage structure across multiple red tide events, with greater variation in the winter months.

Following these studies, we used cell density as a proxy for brevetoxin exposure in prey fish due to the difficulty in sampling free and intracellular brevetoxins in situ. Actual ichthyotoxic conditions at fish sampling sites likely varied based on bloom patch dynamics and the degree to which brevetoxins persist in the environment during and after a bloom. Prey sampling was restricted to the daylight hours, therefore diel variation in DO that might influence changes in prey assemblage structure during bloom conditions was not fully measured (Flaherty and Landsberg, 2011). Despite these noted limitations, strong relationships between K. brevis density and prey abundance were detected, as well as significant shifts in prey assemblage structure between seasons and bloom periods.

Communities that routinely experience disturbance events, like the prey assemblage in our study, often show some level of resistance and resilience to ecological change; however, the severity and scale of the disturbance may influence the degree to which communities are affected (Flaherty and Landsberg, 2011). In our study, the prey assemblage exhibited less resistance to red tides that occurred primarily in the summer months (2005, 2006, and 2018), resulting in two of the three lowest annual CPUEs during this study and a common pattern of decreased prey abundance (Figure 7). Each summer bloom event was also associated with higher than average annual CPUEs 1–3 years following a bloom, with recurrent blooms in 2005 and 2006 resulting in an increased time to higher than average annual CPUE following bloom cessation (Figure 8). Prey resistance in years with winter red tides varied, with two annual CPUEs at all-time or near all-time highs (2004 and 2017), two CPUEs that could be considered average (2007 and 2016), and one annual CPUE that was the 3rd lowest of this study (2013). When compared to the average standardized CPUE across all years, annual standardized CPUEs decreased by 14.0–52.1% in years with summer red tides. Greater variability resulted in declines in CPUE by as much as 32.1%, to increases of as much as 31.6%, in years with winter red tides. Following all but one instance (2017), time to recovery to pre-red tide prey abundances occurred within 1 year, regardless of the season in which the red tide event primarily occurred (Figure 8). These results suggest that bloom frequency and season affect dolphin prey resistance and resilience to red tide events in estuarine waters along the west coast of Florida.

Our study sampled seagrass habitat exclusively because it has been identified as important foraging habitat for resident dolphins in Sarasota Bay (Barros and Wells, 1998; Rossman et al., 2015). Prey movement into other habitats or movement outside of the study area would not have been detected by our methods; however both of these mechanisms presume that dolphin prey fish can detect and avoid patches of K. brevis and/or brevetoxin (Gannon et al., 2009). In contrast, mortality is more likely the cause of changes in prey abundance and shifts in assemblage structure during red tide conditions. In 2018, 100% of fish kills reported to the State of Florida’s Fish and Wildlife Research Institute (FWRI) statewide fish kill database1 in the study area occurred during red tide conditions, and high concentrations of brevetoxins were present in the viscera of dolphin prey collected during bloom conditions (personal communication, S. Fire, October 9, 2020). During 2003–2007, Gannon et al. (2009) documented that 95% of fish kills reported to FWRI’s fish kill database occurred during red tide conditions; in addition, during bloom periods there were high concentrations of brevetoxins measured in fish tissues collected in Sarasota Bay (Fire, 2007; Fire et al., 2008) and standardized fish surveys showed little evidence of habitat compression in non-seagrass habitats. Historically, mass mortalities of fish communities have long been associated with red tides as well, with mortality attributed primarily to direct toxicity and secondarily to anoxia, hypoxia, and/or hydrogen-sulfide poisoning (Simon and Dauer, 1972; Steidinger and Ingle, 1972; Steidinger et al., 1973; Smith, 1975).

Sample-based rarefaction and extrapolation estimates of prey assemblage richness and Shannon diversity were significantly different between each year with a summer red tide bloom event (Supplementary Figure 2A), except at very low sample sizes. Diversity was lowest in 2005, followed by a relatively small increase in 2006. Comparatively, diversity was much higher in 2018. Simpson diversity did not change significantly between 2005 and 2006, indicating similar proportions or dominance of prey species. Following the IDH, these results suggest a more moderate, less severe bloom event in 2018, compared to those in 2005 or 2006. While K. brevis influx into Sarasota Bay occurred in the month of August in 2006 and 2018, lag effects from 2005 may have contributed to significantly lower estimates of prey assemblage diversity in 2006 relative to 2018.

In addition to a consistent pattern of severe impacts of summer red tides on dolphin prey, direct effects on dolphins resulted in the National Marine Fisheries Service declaring a marine mammal Unusual Mortality Event along the central and southwest coast of Florida in each year with a summer red tide event (2005, 2006, and 2018) (NOAA, 2006; NOAA Fisheries, 2018). Indirect effects of red tide events on dolphins may include changes in behavior, sociality, resource utilization (i.e., foraging on different prey species or using different habitats), and/or changes in predator-prey interactions. In 2018, there was an increase in sightings of dolphins in areas of low-salinity or freshwater during red tide conditions, however there was no evidence to suggest that resident Sarasota Bay dolphins moved outside of their long-term community range in efforts to avoid brevetoxin exposure or to access additional food or habitat resources to any great degree (unpublished data).

Declines in the abundance of stingrays (Dasyatidae spp.) following red tide events appear to coincide with increases in the frequency of shark bites on resident dolphins in Sarasota Bay, and increased disappearances of young-of-the-year dolphin calves (unpublished data). Decreases in the abundance of stingrays, in addition to declines in CPUE of prey fish common between sharks and dolphins, including mullet, toadfish (Opsanus spp.), ladyfish, and catfish (Ariidae spp.) (Snelson et al., 1984; Cortés and Gruber, 1990), may result in increased interaction frequency between bottlenose dolphins and their shark predators as they vie for fewer remaining prey fish. Dietary analyses of predatory sharks within the study area would undoubtedly improve our understanding of possible shifts in predator-prey interactions affecting the resident dolphin community in Sarasota Bay.

Potential alterations to predator-prey interactions between free-ranging bottlenose dolphins in Sarasota Bay and their prey were observed in response to the bloom events in 2005 and 2006. McHugh et al. (2011) documented a suite of behavioral changes in juvenile dolphins during bloom conditions, including significantly altered activity budgets, increased sociality, and expanded ranging behavior. The authors hypothesized that the behavioral changes observed would be consistent with a dietary shift toward more pelagic clupeid species as other prey species declined, thereby suggesting widespread ecosystem change due to red tide. In addition, Powell and Wells (2011) and Christiansen et al. (2016) reported a rapid increase in conditioning to human interactions through food provisioning beginning in 2005–2006 resulting, at least in part, from the effects of red tide on fish populations and community structure in Sarasota Bay (see Gannon et al., 2009). Understanding how different red tide events affect the dynamics and persistence of populations linked by predator–prey interactions, including possible temporary alterations in the strength or rate of interspecific interactions within a community without directly changing abundances, is critical for effective management efforts (Commander and White, 2020).

Our study is a first step in identifying differences in resistance, resilience, and the ecological effects of multiple red tide bloom events of various temporal scales and intensity on a dolphin prey assemblage. Red tide blooms in Sarasota Bay demonstrated a great deal of variability in their impacts on the prey fish community. Possible changing disturbance regimes and the complex interactions involved in these processes require the use of long-term monitoring datasets, such as the 17-year dataset used in this study. Advances in K. brevis detection methods and brevetoxin rapid testing techniques are needed to better characterize fine-scale bloom dynamics in relation to environmental variables and ecological changes in nearshore and estuarine waters, and to better determine the relative importance of the major brevetoxin vectors in the water and within living K. brevis cells. Additional work looking at the effects of red tide disturbances on predator-prey linkages, including possible exploitative interactions across trophic levels during bloom conditions and possible alterations in demographic processes that may indirectly change predator and/or prey abundances, is needed to better understand the influence of red tides on estuarine structural dynamics and function, to better inform management, and to potentially guide mitigation efforts post-bloom.
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Factors F P Degrees of Freedom Sum of Squares R2 F P
Bloom Condition 0.0020 0.9680 1 0.25224 0.08517 6.9197 0.001**
Season 7.2002 0.0149 1 1.24495 0.42037 34.1523 0.001**
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Primary season of bloom: S = summer, W = winter; BS = span of bloom in weeks, includes a 30-day lag period following cessation of bloom conditions; CW = greatest

number of consecutive weeks >100,000 I=; n = number of Karenia brevis samples.





OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-08-711114-g010.jpg
CCA2

0.0 0.5 1.0 1.5

-0.5

-1.0

-1.5

pigfish

mullet

spot

sheepshead

sard ineKb

threadfin

seatrout

toadfish






OPS/images/fmars-08-711114-t005.jpg
Season

Summer

Winter

Common Name

Pigfish

Pinfish

Atlantic threadfin herring
Scaled sardine

Spotted seatrout

Mullet

Spot

Sheepshead

Gulf toadfish

Ladyfish

Pinfish

Scaled sardine

Atlantic threadfin herring
Spotted seatrout

Gulf toadfish

Pigfish

Mullet

Ladyfish

Sheepshead

Spot

Species

Orthopristis chrysoptera
Lagodon rhomboides
Opisthonema oglinum
Harengula jaguana

Cynoscion nebulosus

Mugil spp.

Leiostomus xanthurus
Archosargus probatocephalus
Opsanus beta

Elops saurus

Lagodon rhomboides
Harengula jaguana
Opisthonema oglinum
Cynoscion nebulosus
Opsanus beta

Orthopristis chrysoptera
Mugil spp.

Elops saurus

Archosargus probatocephalus
Leiostomus xanthurus

Average CPUE

Non-Bloom
Conditions

2.0303
3.9344
1.2415
1.8469
0.7233
0.5721
0.4644
0.4061
0.4480
0.2087
2.2294
0.5144
0.2639
0.6405
0.4370
0.3130
0.1429
0.1986
0.1863
0.0634

Bloom
Conditions

0.16821
2.17558
1.77393
2.33583
0.20027
0.08270
0.19020
0.22572
0.34702
0.06667
1.8170
0.8993
0.6211
0.6689
0.1992
0.1763
0.2058
0.1472
0.1375
0.0551

% Contribution

0.097276
0.094354
0.050325
0.043521
0.027028
0.025657
0.014490
0.011409
0.010419
0.008976
0.0764
0.0657
0.0558
0.0338
0.0297
0.0287
0.0225
0.0176
0.0112
0.0071

Cumulative
Contribution

0.2537
0.4997
0.6310
0.7445
0.8150
0.8819
0.9197
0.9494
0.9766
1.0000
0.2190
0.4076
0.5678
0.6649
0.7500
0.8325
0.8970
0.9475
0.9796
1.0000
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Homogeneity of group dispersion

PERMANOVA

Factors F P Degrees of Freedom Sum of Squares R? F P
Bloom Condition 0.2496 0.5544 1 0.30022 0.14701 3.0618 0.031*
Season 8.9191 0.0119 1 0.58083 0.28441 5.9235 0.001**
Bloom Condition x Season 1 0.18064 0.08845 1.8422 0.121
Residual 10 0.98056 0.48014

Total 13 2.04226 1.00000

*PERMANOVA, p < 0.05; **PERMANOVA, p < 0.001.
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Concurrent surveys Supplemental K. brevis sampling

Year No. of No. of No. of No. of environmental No. K. brevis Fixed stations Opportunistic Fixed Opportunistic Total number of
seine sets fish caught prey caught measurements samples (10/month) (monthly) stations (2/day) (when available) supplemental samples

2003 X X X X X X X 248 X 248

2004 23 17,031 13,118 X 0 X X 206 92 298

2005 39 11,189 9,638 39 14 (July-September) X X 790 165 855

2006 52 42,203 33,820 52 49 95 (July-December) X 455 801 1,351

2007 54 25,343 18,648 54 52 176 X 492 818 1,486

2008 69 59,122 47,393 69 68 185 X 483 873 1,541

2009 70 29,862 22,510 70 69 192 X 502 758 1,452

2010 70 38,315 32,167 70 67 180 X 490 504 1,174

2011 70 28,792 22,515 70 69 196 X 487 510 1,193

2012 76 37,178 24,874 76 75 182 X a2 467 1,021

2013 70 21,117 15,289 70 70 180 X 441 550 1,171

2014 70 25,035 17,189 70 65 89 X 397 5156 1,001
2015 70 38,054 28,009 70 70 182 (F) X 469 857 1,508

2016 7w 34,853 27,484 68 70 93 (January-April, X 446 290 829

October-December)

2017 70 73,637 56,675 70 69 68 (January-May) X 433 457 958

2018 99 37,548 19,455 99 99 127 (July-December) 174 (September-December) 462 459 1,222

2019 70 47,494 38,488 70 70 93 (January-March) 73 (January-February) 447 314 927

Sampling design (fixed or opportunistic), the number of stations, and general sampling frequency of the supplemental surveys are noted.
X =sampling did not occur; sampling periods of partial datasets are noted in parentheses.
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