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Nutrient and carbonate
chemistry patterns associated
with Karenia brevis blooms in
three West Florida Shelf
estuaries 2020-2023
Emily R. Hall 1*, Kimberly K. Yates2, Katherine A. Hubbard3,
Matthew J. Garrett3 and Jessica D. Frankle1

1Mote Marine Laboratory, Sarasota, FL, United States, 2U.S. Geological Survey, St. Petersburg Coastal
and Marine Science Center, St. Petersburg, FL, United States, 3Florida Fish and Wildlife Conservation
Commission – Fish and Wildlife Research Institute, St. Petersburg, FL, United States
Ocean acidification (OA) driven by eutrophication, riverine discharge, and other

threats from local population growth that affect the inorganic carbonate system

is already affecting the eastern Gulf of Mexico. Long-term declines in pH of

~ -0.001 pH units yr-1 have been observed in many southwest Florida estuaries

over the past few decades. Coastal and estuarine waters of southwest Florida

experience high biomass harmful algal blooms (HABs) of the dinoflagellate

Karenia brevis nearly every year; and these blooms have the potential to

impact and be impacted by seasonal to interannual patterns of carbonate

chemistry. Sampling was conducted seasonally along three estuarine transects

(Tampa Bay, Charlotte Harbor, Caloosahatchee River) between May 2020 and

May 2023 to obtain baseline measurements of carbonate chemistry prior to,

during, and following K. brevis blooms. Conductivity, temperature and depth data

and discrete water samples for K. brevis cell abundance, nutrients, and carbonate

chemistry (total alkalinity, dissolved inorganic carbonate (DIC), pCO2, and pHT

were evaluated to identify seasonal patterns and linkages among carbonate

system variables, nutrients, and K. brevis blooms. Karenia brevis blooms were

observed during six samplings, and highest pCO2 and lowest pHT was observed

either during or after blooms in all three estuaries. Highest average pH and lowest

pCO2 were observed in Tampa Bay. In all three estuaries, average DIC and pHT

were higher and pCO2 was lower during dry seasons than wet seasons. There

was strong influence of net community calcification (NCC) and net community

production (NCP) on the carbonate system; and NCC : NCP ratios in Tampa Bay,

Charlotte Harbor, and the Caloosahatchee River were 0.83, 0.93, and 1.02,

respectively. Linear relationships between salinity and dissolved ammonium,

phosphate, and nitrate indicate strong influence of freshwater inflow from river

input and discharge events on nutrient concentrations. This study is a first step

towards connecting observations of high biomass blooms like those caused by K.

brevis and alterations of carbonate chemistry in Southwest Florida. Our study
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demonstrates the need for integrated monitoring to improve understanding

of interactions among the carbonate system, HABs, water quality, and

acidification over local to regional spatial scales and event to decadal

time scales.
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1 Introduction

Estuarine ecosystems face the detrimental effects of observed

and projected increases of seawater carbon dioxide (CO2)

concentrations and temperature due to climate change and

complex coastal processes (Feely et al., 2008; Feely et al., 2010;

Cai et al., 2011; Robbins et al., 2018; Doney et al., 2020; Hall et al.,

2020; Osborne et al., 2022). Most Gulf of Mexico (GOM) waters are

expected to be buffered more than other similar systems (Cai et al.,

2011). However, coastal regions, which include estuaries, can

experience enhanced coastal acidification due to eutrophication,

hypoxia, and river discharge (Cai et al., 2011; Wallace et al., 2014;

Cai et al., 2021) that is more spatially and temporally heterogeneous

compared to open ocean acidification (Yates et al., 2007). The

confluence of offshore water and estuarine plumes in the GOM

coastal ocean can cause strong stratification, resulting in surface

eutrophication and increased pH while promoting strong

subsurface respiration/remineralization, inhibited ventilation, and

near bottom hypoxia and acidification (Wallace et al., 2014; Zhao

et al., 2020). Strong seasonality in sub-tropical regions can also lead

to substantial intra-annual variability in the carbonate system in

these environments (Cai et al., 2021), and there is evidence that

subsurface pH is rapidly declining in stratified systems such as those

in the GOM (Cai et al., 2011; Hall et al., 2020; Osborne et al., 2022).

Nearly annual high biomass harmful algal blooms (HABs) affect

GOM estuaries and may exacerbate acidification conditions

resulting from a combination of these processes. At present, no

studies have been conducted in Florida estuaries to characterize the

effects of HAB events on local acidification.

Insight concerning the effect acidification will have on HABs, or

conversely the effect that HABs will have on local carbonate

chemistry patterns, remain poorly understood (Turner et al.,

2021). Marine dinoflagellates, which have been speculated to

benefit from a greater CO2 environment, are likely to become

more abundant under certain climate scenarios (Reinfelder, 2011;

Brandenburg et al., 2019; Gobler, 2020) and may outcompete other

phytoplankton species (Reinfelder, 2011). The eastern GOM and its

estuaries already experience frequent, near-annual high biomass

HABs of the toxic dinoflagellate Karenia brevis, which produces

brevetoxins that cause the human syndrome neurotoxic shellfish

poisoning if consumed (Heil et al., 2014; Liu et al., 2016). Bloom
02
dynamics are complex (e.g., onset, duration, spatiotemporal

distributions, and intensity) and vary between events (Vargo,

2009; Liu et al., 2016; Tullis-Joyce and Roy, 2021). Impacts from

blooms can include episodic hypoxia/anoxia, extensive fish kills and

wildlife mortalities, shellfish harvesting area closures, and likely

post-bloom acidification, resulting in substantial deleterious

impacts to local ecosystems, human health, and economies.

Future and continued ocean and coastal acidification (OA) are

predicted to lead to the potential extinction or weakening of key

marine species and resources (Dupont et al., 2008) or elevating

occurrences of HABs (Gobler, 2020), thereby amplifying

these threats.

Limited culture studies have shown that K. brevis cellular

brevetoxin concentrations did not significantly change when

grown at projected levels of elevated CO2 partial pressure (pCO2)

(Errera et al., 2014; Hardison et al., 2014; Bercel and Kranz, 2019).

However, growth rates increased under elevated pCO2 (Errera et al.,

2014) likely due to enhanced acquisition of dissolved inorganic

carbon (Bercel and Kranz, 2019), which may lead to a greater

prevalence of K. brevis HABs in the future. Evidence has shown

there are strong dependencies on CO2 by HAB species (Reinfelder,

2011). For example, K. brevis can regulate cellular CO2

concentrating processes in response to changes in CO2

concentrations, which may increase resiliency to elevated pCO2

environments (Bercel and Kranz, 2019). Ocean and coastal

acidification could favor initiation and maintenance of HABs

(Wells et al., 2015); however, further research is needed to

understand the interaction of OA and HAB dynamics,

particularly with respect to their occurrence in the GOM

(Riebesell et al., 2018; Wells et al., 2020).

Estuarine regions within the SW Florida sub-tropical region

experience frequent and intense K. brevisHAB events. Tampa Bay is

Florida’s largest open water estuary and is significantly urbanized,

which has resulted in changes in circulation, residence time, and

water quality degradation (Beck et al., 2019). Tampa Bay has also

been a success story in recovery toward improved water quality

conditions and seagrass extent due to estuary-wide nutrient

management planning (Greening et al., 2014). However, blooms

of K. brevis commonly occur in lower Tampa Bay (Tullis-Joyce and

Roy, 2021), with blooms (≥105 cells L-1) recorded in 18 of the last 30

years (FWC, 2023). Additionally, ephemeral acidification events
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have been documented in Tampa Bay (Yates et al., 2023). Charlotte

Harbor forms one of the largest estuarine lagoons in SW Florida,

partially separated from coastal waters by a series of barrier islands

(Dürr et al., 2011), and it has gone through many of the same land

use changes as other estuaries in the region. Charlotte Harbor has

experienced nearly annual blooms of K. brevis and is thought to be a

nitrogen limited system (Heil et al., 2014; Julian and Osborne, 2018;

Weisberg et al., 2019), yet has experienced an increase in nitrogen

loading since the 1880s (Turner et al., 2006). The Caloosahatchee

River extends southwest from Lake Okeechobee into a subtropical

riverine estuary that is connected to Charlotte Harbor and has

undergone a number of physical alterations for navigation, flood

control and regulatory releases, and has had a decline in water

quality over the past few decades with elevated loads of dissolved

inorganic phosphorus and nitrogen (Liu et al., 2009; Qiu and Wan,

2013; Dixon et al., 2014; Sun et al., 2016). The Caloosahatchee River

catchment contributes a larger freshwater input to the coastal West

Florida shelf compared to the Charlotte Harbor watershed, despite

the disparity in their geographic size (Doering and Chamberlain,

1999; Steinman et al., 2002; Rumbold and Doering, 2020), as flow

from the Caloosahatchee River is managed per the Lake

Okeechobee System Operating Manual (LOSOM, 2023). There

have been no comprehensive studies of the carbonate system or

acidification in Charlotte Harbor or the Caloosahatchee River.

This study combines nutrient, carbonate system, and K. brevis

cell abundance data from the Tampa Bay, Charlotte Harbor and the

Caloosahatchee River regions to characterize patterns and
Frontiers in Marine Science 03
variability across different scales in concert with environmental

drivers and co-stressors, to identify potential linkages among

carbonate chemistry, nutrients, and HAB events.
2 Materials and methods

2.1 Sample collection

Discrete water samples were collected quarterly during seasonal

estuarine surveys along three transects (Tampa Bay, Charlotte

Harbor, and the Caloosahatchee River) from 2020-2023 (Figure 1,

Table 1). Transects were designed to sample each region along an

estuarine to marine gradient. Samples were collected using either a

Niskin rosette package including a conductivity, temperature and

depth (CTD) water profiler (SeaBird, SBE55) or single horizontal

Niskin with separate CTD profiler (SeaBird SBE19+) within

daylight hours. CTD data were processed using SBE Data

Processing software (Seasoft V2, 2018), following the software

recommendations for compensating for sensor thermal mass,

sensor alignment, timing offset (the delay associated with pumped

sensors, i.e., conductivity), and changes in instrument velocity (due

to ship heave). Data were binned (~0.2m increments) to smooth

data variability. Processed and derived data included temperature

(°C), salinity (PSU), and dissolved oxygen (mg L-1). Samples for K.

brevis cell abundance were collected in 20 mL borosilicate glass vials

and immediately preserved with unacidified Lugols and kept in a
FIGURE 1

Estuarine (quarterly) sampling stations in (A) Tampa Bay, (B) Charlotte Harbor, and (C) the Caloosahatchee River. Blue dots represent locations where
the full suite of carbonate chemistry variables and nutrients were measured, black dots represent locations where only cell counts were collected.
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dark, cool place until analyses (Dixon et al., 2014). Samples for

carbonate chemistry were collected in 500mL borosilicate glass

bottles with Tygon tubing attached to Niskin bottles, filled to

overflow with no aeration using methods of Dickson et al. (2007)

prior to collection of other samples. Samples for measurement of

total alkalinity (TA) and dissolved inorganic carbon (DIC) were

immediately poisoned with mercuric chloride, sealed with Apiezon

grease and stored in a cool, dark place until analysis. Samples for

dissolved nutrients were filtered immediately using 0.45 mm
polyethersulfone membrane filters and stored frozen until

analysis. Samples for chlorophyll- a were filtered through a 25

mm GF/F (0.7 µm) within 48 hours of collection and stored frozen

at -20°C until analysis.
2.2 Karenia brevis cell enumeration

Aliquots (2 mL) of preserved samples from the three transects

were examined under 200x – 400x magnification in a 24-well tissue

culture plate after an approximate 10 min. settling time, and K.

brevis cells were enumerated (with 500 cells L-1 as limit of

detection). Samples with observed abundances greater than 106

cells L−1 were enumerated in a Nageotte hemocytometer. These and

additional K. brevis cellular abundance data from the same areas

and time period were obtained from the Florida Fish and Wildlife

Conservation Commission – Fish and Wildlife Research Institute

(FWC-FWRI) Harmful Algal Bloom (HAB) Monitoring Database

(FWC, 2023).
2.3 Carbonate chemistry analyses

Samples for seawater TA (± 5 mmol kg-1) were analyzed via

Gran titration methods using a modification of the open-cell
Frontiers in Marine Science 04
titration method on a Metrohm OMNIS advanced automated

titrator using 0.05M HCl in 0.6M NaCl for ~40 g seawater

samples (Dickson et al., 2007). Samples were analyzed for DIC(±

5 mmol kg-1) using an Apollo AS-C3 DIC Analyzer (Apollo SciTech,

Newark, DE) equipped with a LICOR LI-7000 gas-analyzer

following the methods of Dickson et al. (2007). Certified reference

materials (CRMs) for TA and DIC analyses obtained from Scripps

Institution of Oceanography (A. Dickson) were used to ensure the

accuracy of both TA and DIC analyses. Carbonate system variables

including pHT (pH on the total scale) were calculated in CO2SYS

(Version 3.0_Err; Pierrot et al., 2021) using measured TA and DIC

values and constants of Millero (2010).
2.4 Nutrient and chlorophyll-a analyses

Discrete filtered seawater samples collected for nutrient analyses

included dissolved ammonia (DNH4-N), dissolved nitrate-nitrite

(DNO2,3-N), and dissolved phosphate (DPO4-P). Analyses for

dissolved nutrients followed colorimetric, segmented flow,

autoanalyzer techniques for a Bran+Luebbe/Seal Autoanalyzer as

described in Dixon et al. (2014). Chlorophyll-a samples were

analyzed fluorometrically after acetone extractions following EPA

440.0 methods (Arar and Collins, 1997).
2.5 Data processing and statistics

All carbonate system and basic water quality variables were

analyzed using Pearson correlation analyses to identify potential

linkages among carbonate system variables, temperature, salinity,

chlorophyll-a, and K. brevis cell abundance. Correlation strength

was defined using the following ranges for correlation coefficients

(r): 0.00-0.19 = very weak; 0.20-0.39 = weak; 0.40-0.59 = moderate;
TABLE 1 Sampling dates and number of discrete samples collected from each estuary for carbonate system, chlorophyll-a, nutrient analyses, and
cell counts.

Tampa Bay Charlotte Harbor Caloosahatchee River Season

Date (# samples*) 8/5/2020 (9,17) 8/4/2020 (12,15) 8/5/2020 (12,16) Wet

12/4/2020 (7,17) 12/2/2020 (11,17) 12/3/2020 (14,17) Dry

2/12/2021 (9,17) 2/11/2021 (13,17) 2/12/2021 (13,17) Dry

4/13/2021 (19,17) 4/13/2021 (13,17) 4/14/2021 (13,17) Dry

8/24/2021 (9,17) 8/23/2021 (13,17) 8/26/2021 (13,17) Wet

12/16/2021 (9,17) 12/16/2021 (13,17) 12/17/2021 (13,17) Dry

2/9/2022 (9,17) 2/8/2022 (11,15) 2/9/2022 (11,13) Dry

4/12/2022 (9,17) 4/12/2022 (13,17) 4/13/2022 (13,15) Dry

8/9/2022 (9,17) 8/9/2022 (13,17) 8/10/2022 (13,17) Wet

11/16/2022 (10,18) 11/16/2022 (12,16) 11/17/2022 (13,17) Dry

2/8/2023 (0,17) 2/7/2023 (0,17) 2/8/2023 (0,17) Dry

Total samples* 99, 188 124, 182 128
fro
*(number of water chemistry samples, number of cell count samples).
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0.60-0.79 = strong; 0.80-1.00 = very strong (Yates et al., 2023).

Linear regression analyses were also performed to further examine

the relationship between salinity and nutrients.

Total alkalinity and DIC were normalized to salinity by

multiplying each variable by the ratio of each estuary’s mean

salinity to measured salinity [e.g., nTA = TA * (Smean/Smeasured)]

and plotted on nTA-nDIC graphs using methods of Suzuki and

Kawahata (2003) and Muehllehner et al. (2016). Graphs of nTA and

nDIC were divided into quadrants based on a center point that

represents the mean value of nTA and nDIC for each estuary. Lines

representing the theoretical impact of photosynthesis (P),

respiration (R), calcification (C), and carbonate dissolution (D)

on nTA and nDIC were calculated using methods of Suzuki and

Kawahata (2003) whereby the PR line is based on the Redfield ratio

for C:N:P in marine systems containing macroalgae and seagrass,

and the CD line is based on the decrease of two moles of TA for

every one mole of DIC during calcification. Linear regressions were

used to examine the relation between nTA and nDIC and potential

influence of net community production (NCP) and net community

calcification (NCC). Data points falling in the lower left quadrant

result from positive rates of NCP and NCC; a linear relationship

with a slope near 0 indicates NCP dominates over NCC; and a slope

of 2.0 indicates NCC dominates over NCP (Muehllehner et al.,

2016). The ratio of Net Ecosystem Calcification to Net Ecosystem

Production (NCC : NCP) was calculated for each estuary from the

slope (m) of a linear regression between nTA and nDIC whereby

NCC : NCP = 1/(2/m-1) (Muehllehner et al., 2016). Ratios of NCC :

NCP indicate the relative proportion of carbonate production to
Frontiers in Marine Science 05
organic carbon production and can be an important indicator of

ecosystem health in areas characterized by calcifying organisms

(Takeshita et al., 2016).

Datasets were tested for normality and normality distributions

of the data were not found. Datasets were analyzed for significant

differences using nonparametric tests (Kruskal-Wallis) between

estuaries and seasonally using the software package SigmaPlot

14.0 (SigmaPlot, 2023). Pairwise multiple comparisons (Dunn’s

Method) were used to determine significance between factors.
3 Results

3.1 Karenia brevis

Discrete sampling highlighted the variability of K. brevis in each

of the estuaries throughout the study period in terms of distribution

and magnitude. Sampling captured both a long-lasting bloom

(December 2020 through November 2021) when populations

persisted throughout summer, a fairly rare occurrence, as well as

a comparatively short-lived event that ended in late spring (October

2022-May 2023; Figure 2). However, for five sampling periods that

fell in between bloom events, K. brevis was uniformly absent from

all estuaries. Along the varied transects, cell concentrations ranged

from 500-160,000 cells L-1 for Tampa Bay; 500-1,534,000 cells L-1

for Charlotte Harbor; and 500-3,270,000 cells L-1 for the

Caloosahatchee River. For Tampa Bay, 16 of 24 (66%) samples

equaled or exceeded 5,000 cells L-1 compared to 38 of 47 (81%) for
FIGURE 2

Cell counts of Karenia brevis in Tampa Bay (TB), Charlotte Harbor (CH), and the Caloosahatchee River (CR) during the period January 2020 to
August 2023. Small gray symbols represent all K. brevis cell counts collected in the Florida Southwest Region during the same time period. Dotted
lines represent sample dates.
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Charlotte Harbor and 33 of 47 (70%) for the Caloosahatchee River,

highlighting the prevalence of this HAB across SW Florida

estuaries, even across multiple seasons.
3.2 Carbonate chemistry and
river discharge

Seawater TA was significantly different between estuaries

(p<0.001; Supplementary Table 1) with greatest concentrations in

the Caloosahatchee River (2485.06 ± 10.06 µmol kg-1) compared to

Tampa Bay (2344.35 ± 9.35 µmol kg-1) and Charlotte Harbor

(2231.29 ± 14.41 µmol kg-1) (Supplementary Figure 1;

Supplementary Table 2). Tampa Bay and Charlotte Harbor

followed similar seasonal trends with greatest TA values observed

in April of 2021 and 2022 (Figure 3). The Caloosahatchee River had

the most elevated TA in August 2021 when Charlotte Harbor and

Tampa Bay had the lowest TA. Dissolved inorganic carbon was also

most elevated in the Caloosahatchee River (2270.83 ± 14.04 µmol kg-

1) compared to Tampa Bay (2107.05 ± 8.52 µM kg-1) and Charlotte
Frontiers in Marine Science 06
Harbor (2037.21 ± 10.40 µmol kg-1) (Supplementary Figure 1;

Supplementary Table 2). Seasonal patterns of TA in the

Caloosahatchee River were different than in the other two estuaries

where TA was most elevated in September 2021 and November 2022,

which coincided with elevated river discharge due to rainfall in the

region (Figure 3). Dissolved inorganic carbon followed a similar

pattern as that of TA in all three estuaries (Figure 3). pCO2 was

significantly greater in Charlotte Harbor than Tampa Bay (p<0.001)

and pCO2 was significantly greater in the Caloosahatchee River than

in Tampa Bay (p<0.001; Supplementary Figure 1; Supplementary

Table 2). In Tampa Bay, the greatest pCO2 and lowest pHT were

observed after a K. brevis bloom (Figure 3) that followed a major

diatom bloom (Beck et al., 2022a). In Charlotte Harbor, greatest

pCO2 and lowest pHT was toward the end of a K. brevis bloom in

September 2021 and early on during a bloom in December 2022

(Figure 3). In the Caloosahatchee River, pCO2 concentrations were

also greatest and pHT was lowest after a K. brevis bloom (Figure 3).

Calculated pHT was significantly greater in Tampa Bay than in

Charlotte Harbor or in the Caloosahatchee River (p<0.001;

Supplementary Figure 1; Supplementary Table 2). The lowest pHT
FIGURE 3

Seasonal patterns of mean pHT, pCO2, dissolved inorganic carbon (DIC) and total alkalinity (TA) concentrations at all stations throughout the
sampling period in Tampa Bay [TB; n=99], Charlotte Harbor [CH; n=124], and the Caloosahatchee River [CR; n=128]. Solid vertical lines represent
Piney Point legacy mining release (in Tampa Bay, March 2021) and dashed vertical lines represent Hurricane Ian (September 2022). Gray boxes
represent K. brevis bloom conditions in TB, pink boxes represent K. brevis bloom conditions in CH and blue boxes represent K. brevis bloom
conditions in CR. Thick black lines along the x-axis represent the wet season in the west coast of Florida (June 1-October 31).
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for all three estuaries occurred in Charlotte Harbor in November

2022, post Hurricane Ian; and the highest pHT was observed in the

Caloosahatchee River in February 2022 (Figure 3). In all three

estuaries, average DIC and pHT were higher during the dry season

than the wet season while average pCO2 was lower during the dry

season than in the wet season (Figure 3). In Tampa Bay, dry season

average DIC was 2134.22 ± 8.74 and wet season average DIC was

2018.14 ± 6.11, dry season average pHT was 8.01 ± 0.009 and wet

season was 7.99 ± 0.013, and dry season average pCO2 was 478.27 ±

10.32 and wet season was 491.65 ± 17.53. In Charlotte Harbor, dry

season average DIC was 2066.37 ± 11.24 and wet season was 1971 ±

18.38, dry season average pHT was 7.94 ± 0.01 and wet season was

7.88 ± 0.02, and dry season average pCO2 was 565.10 ± 17.24 and wet

season was 685.79 ± 47.92. In the Caloosahatchee River, dry season

average DIC was 2275.60 ± 14.60 and wet season was 2258.55 ±

33.61, dry season average pHT was 7.97 ± 0.01 and wet season was

7.92 ± 0.01, and dry season average pCO2 was 599.34 ± 19.32 and wet

season was 706.62 ± 48.09. Average TA was higher during dry

seasons in Tampa Bay (dry: 2367.69 ± 9.12; wet: 2282.11 ± 19.92)

and Charlotte Harbor (dry: 2257.82 ± 16.18; wet: 2171.23 ± 27.41),

but higher during wet seasons in the Caloosahatchee River (dry:

2479.58 ± 11.69; wet: 2498.03 ± 19.62) Figure 3).

Pearson correlation analysis was used to examine trends

between carbonate system, salinity, temperature, chlorophyll-a,

and K. brevis cell abundance data (Tables 2–4). In Tampa Bay,

salinity had a significant moderate correlation with TA and a weak

correlation with chlorophyll-a, but no significant correlation with

other variables. Temperature had significant weak to very strong

correlations with pHT, TA, DIC, and DO, and a moderate

correlation with K. brevis abundance (suggesting strong seasonal

influence of temperature). Karenia brevis abundance was

significantly and strongly correlated with DIC, but not

significantly correlated with other carbonate system variables or

DO. Chlorophyll-a showed significant moderate correlations with

DIC and K. brevis cell abundance and weak correlation with TA;

pHT and DO were moderately correlated; and DO and TA were

weakly correlated (Table 2). In Charlotte Harbor, salinity had a

significant, very strong correlation with TA and DIC, a strong

correlation with chlorophyll-a (suggesting strong seasonal influence

from river discharge), but a weak correlation with pHT.

Temperature had significant, weak correlations with chlorophyll-
Frontiers in Marine Science 07
a, salinity, TA, DIC, and pHT and moderate correlation with DO.

Chlorophyll-a had significant, strong correlations with TA, DIC,

and salinity, moderate correlation with K. brevis abundance, and

weak or no significant correlations with other variables. There was a

strong correlation between pHT and DO, and a moderate

correlation between chlorophyll-a and K. brevis cell abundance,

but no significant correlations between K. brevis cell abundance and

pHT, DIC, TA, or DO (Table 3). In the Caloosahatchee River, there

were significant, moderate to strong correlations between TA, DIC

and salinity, and a significant but weak correlation between salinity

and pHT. Temperature had a significant moderate to strong

correlation with pH and DO. Chlorophyll-a was very strongly

correlated with K. brevis cell abundance but not significantly

correlated with all other variables. There were weak but

significant correlations between DO and pHT, DIC, and TA; and

there were weak but significant correlations between K. brevis cell

abundance and pHT and TA, and a moderate correlation between

DIC and K. brevis cell abundance (Table 4).
3.3 nTA:nDIC

Diagrams of nTA:nDIC for each estuary over the entire

sampling period are presented in Figure 4. These diagrams show

the effect of CaCO3 production and dissolution, and dissolved and

organic matter produced or metabolized, on TA and DIC

(Muehllehner et al., 2016). The lower left quadrant of each

diagram represents net community calcification and net

community production. The upper right quadrant represents net

community respiration and net community carbonate dissolution

and represents TA and DIC values that are in excess of mean values.

In all three estuaries, there were very strong linear relationships

between nTA and nDIC (r2 ranging from 0.95 to 0.99), indicating a

strong influence NCC and NCP on the carbonate system (Figure 4).

Occurrences of net photosynthesis and calcification as dominant

processes, and net respiration and dissolution as dominant

processes, were observed during both dry and wet seasons. NCP

and calcification were dominant processes when K. brevis was

present in all three estuaries; however, some occurrences of net

respiration and dissolution were observed when K. brevis was

present in Charlotte Harbor and the Caloosahatchee River.
TABLE 2 Pearson correlation results for Tampa Bay (correlation coefficient (r) and p-value).

Chl-a p KB p Temp p Sal p DO p TA p DIC p

KB 0.57 0.01

Temp 0.14 0.15 0.56 0.01

Salinity -0.22 0.02 0.22 0.31 0.09 0.19

DO 0.07 0.50 -0.27 0.23 -0.82 0.00 0.06 0.38

TA -0.22 0.03 -0.18 0.56 -0.35 0.00 0.51 0.00 0.35 0.00

DIC -0.46 0.00 -0.61 0.04 -0.62 0.00 -0.14 0.18 0.24 0.02 0.70 0.00

pHT 0.08 0.42 -0.09 0.78 -0.26 0.01 0.17 0.11 0.54 0.00 0.39 0.00 -0.03 0.79
frontiers
p = p-value; shaded values indicate significant correlation (p<0.05); KB, K. brevis cell abundance; Chl-a, chlorophyll-a; Temp, temperature; Sal, salinity; DO, dissolved oxygen; TA, total alkalinity;
DIC, dissolved inorganic carbon.
in.org

https://doi.org/10.3389/fmars.2024.1331285
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Hall et al. 10.3389/fmars.2024.1331285
Tampa Bay had a higher occurrence of production and calcification

(n=56) than respiration and dissolution (n=40) throughout the

sampling period. Most sample points in Charlotte Harbor and the

Caloosahatchee River indicated net production and calcification

(CH calcification and production n=74, CH dissolution and

respiration n=50; CR calcification and production n=98, CR

dissolution and respiration n=29, Figure 4, Table 5). Net

community calcification:net community production ratios (NCC :

NCP) provide information on the ratio of inorganic carbon

production (calcification) or dissolution relative to organic carbon
Frontiers in Marine Science 08
production or remineralization. Tampa Bay had the lowest NCC :

NCP ratio (0.826), followed by Charlotte Harbor (0.932) and the

Caloosahatchee River (1.022).
3.4 Nutrients

Conservative mixing of DNH4-N in Tampa Bay was observed

throughout the study period, with the exception of elevated

concentration as the result of an episodic release of phosphate

mining effluent into middle Tampa Bay from the Piney Point

facility located along the estuary’s eastern coastline in March and

April of 2021. Seasonal periods of source or sink of DNH4-N in

Charlotte Harbor occurred, and K. brevis was present whether there

was a source or sink of DNH4-N. In periods when K. brevis was

present, the source of DNH4-N typically occurred during winter

months (November and December sampling events) while a sink of

DNH4-N typically occurred during the spring months (February and

April; Figure 5). At the northernmost sites in Charlotte Harbor (E23,

E24 and E26; Figure 1) elevated bottom concentrations of DNH4-N

were observed in November 2022, which was approximately 2

months after the passage of Hurricane Ian (Heidarzadeh et al.,

2023). DNH4-N was also most elevated when K. brevis was present

in the Caloosahatchee River (Figure 6).When outliers from the legacy

mining event and Hurricane Ian were removed, there was a strong
TABLE 5 Net Community Calcification: Net Community Production
ratios (NCC : NCP) for each estuary.

Tampa
Bay

Charlotte
Harbor

Caloosahatchee
River

NCC
: NCP* 0.83 0.93 1.02

PC/
RD/Outliers 56/40/3 74/50/0 99/29/0

Total
samples 99 124 128
*NCC : NCP calculated using nTA and nDIC linear regression slopes shown in Figure 4. PC/
RD/Outliers = number of data points indicating dominance of photosynthesis and
calcification (PC), respiration and dissolution (RD), and outliers from Figure 4.
TABLE 3 Pearson correlation results for Charlotte Harbor (correlation coefficient (r) and p-value).

Chl-a p KB p Temp p Sal p DO p TA p DIC p

KB 0.51 0.00

Temp 0.34 0.00 -0.01 0.95

Salinity -0.67 0.00 0.11 0.48 -0.26 0.00

DO 0.24 0.00 0.21 0.15 -0.43 0.00 -0.09 0.24

TA -0.66 0.00 0.14 0.48 -0.23 0.01 0.93 0.00 0.04 0.70

DIC -0.75 0.00 0.13 0.52 -0.36 0.00 0.85 0.00 -0.05 0.55 0.94 0.00

pHT 0.03 0.73 0.18 0.37 -0.30 0.00 0.37 0.00 0.69 0.00 0.47 0.00 0.24 0.01
frontiers
p = p-value; shaded values indicate significant correlation (p<0.05). KB, K. brevis cell abundance; Chl-a, chlorophyll-a; Temp, temperature; Sal, salinity; DO, dissolved oxygen; TA, total alkalinity;
DIC, dissolved inorganic carbon.
TABLE 4 Pearson correlation results for the Caloosahatchee River (correlation coefficient (r) and p-value).

Chl-a p KB p Temp p Sal p DO p TA p DIC p

KB 0.96 0.00

Temp 0.12 0.16 -0.01 0.96

Salinity -0.11 0.18 0.22 0.15 0.17 0.03

DO 0.00 0.99 0.25 0.10 -0.69 0.00 -0.02 0.75

TA 0.16 0.07 -0.38 0.02 0.12 0.19 -0.44 0.00 -0.25 0.00

DIC 0.11 0.21 -0.48 0.00 -0.04 0.66 -0.72 0.00 -0.17 0.05 0.90 0.00

pHT 0.06 0.47 0.34 0.04 -0.45 0.00 0.19 0.03 0.39 0.00 -0.33 0.00 -0.46 0.00
p = p-value; shaded values indicate significant correlation (p<0.05). KB, K. brevis cell abundance; Chl-a, chlorophyll-a; Temp, temperature; Sal, salinity; DO, dissolved oxygen; TA, total alkalinity;
DIC, dissolved inorganic carbon.
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linear relationship between DNH4-N and salinity for Tampa Bay, a

weak relationship for Charlotte Harbor, and a strong relationship for

the Caloosahatchee River. Overall, Charlotte Harbor and the

Caloosahatchee River had greater concentrations of DNH4-N

compared to Tampa Bay but were not significantly different from

each other (Supplementary Tables 3, 4).

Tampa Bay had the lowest concentrations of DNO2,3-N of all

three estuaries (p<0.001; Supplementary Table 4). Concentrations

were similar in Charlotte Harbor as in Tampa Bay, except for

November 2022, shortly after Hurricane Ian when concentrations

were greater than 5 µM and K. brevis was present near the mouth of

the estuary. Mixing was generally conservative in the Caloosahatchee

River for DNO2,3-N unless samples were at or below detection

(Figure 6). There was a very weak to weak relationship between

DNO2,3-N and salinity for Tampa Bay, Charlotte Harbor and the

Caloosahatchee River. However, the data from Hurricane Ian in

Charlotte Harbor and elevated river flows in the Caloosahatchee

River show the episodic relationship between DNO2,3-N and salinity

were very strong. Overall, the Caloosahatchee River had the greatest

concentration of DNO2,3-N compared to Charlotte Harbor and
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Tampa Bay, but Charlotte Harbor and Tampa Bay were not

significantly different from each other (Supplementary Tables 3, 4).

Concentrations of DPO4-P were most elevated after the

mining release event in Tampa Bay, likewise there was also

elevated DPO4-P in Charlotte Harbor after Hurricane Ian

(Figure 6). Tampa Bay and Charlotte Harbor both showed

conservative mixing while the Caloosahatchee River was both a

source and a sink for DPO4-P. When outliers from the mining

event were removed, there was a strong negative relationship

between DPO4-P and salinity. There was a strong relationship in

Charlotte Harbor and the Caloosahatchee River independent of

Hurricane Ian or elevated river flows. Overall, Charlotte Harbor

had the greatest concentration of DPO4-N compared to the

Caloosahatchee River and Tampa Bay, but the Caloosahatchee

River and Tampa Bay were not significantly different from each

other (Supplementary Tables 3, 4).

Ratios of DIN : DIP were consistently N-limited for all three

estuaries with the exception of two TB stations in February 2022,

one CH station in December 2021, and one CR station in April

2022. DIN : DIP ratios were highest in the Caloosahatchee River
B

C D

A

FIGURE 4

(A) Theoretical change in nTA and nDIC resulting from photosynthesis (P), respiration (R), calcification (C), and dissolution (D). Linear relationships
between nTA and nDIC in Tampa Bay (B), Charlotte Harbor (C), and the Caloosahatchee River (D). Points in upper right quadrant indicate carbonate
dissolution and respiration were dominant processes. Points in lower left quadrant indicate photosynthesis and calcification were dominant
processes. Dashed lines indicate mean nTA and nDIC in each estuary. Gray line indicates linear regression for all data. Solid black circles = dry
season; open black circles = wet season; red circles = Karenia brevis present during the dry season (no border) or wet season (black border).
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and were likely driven by the elevated NO2,3-N (p<0.001;

Supplementary Figure 2; Supplementary Tables 3, 4).
4 Discussion

The presence of K. brevis is well-documented on theWest Florida

Shelf and in estuaries within the region (Liu et al., 2016). Acidification
Frontiers in Marine Science 10
events have also been documented in this region (Robbins and Lisle,

2018; Robbins et al., 2018; Yates et al., 2023), yet little is understood

about the interaction of acidification, or carbonate patterns in

general, with high biomass blooms like those formed by K. brevis

(Turner et al., 2021). Laboratory studies show that growth rates of K.

brevis could increase under elevated pCO2 (Errera et al., 2014), which

may lead to a greater prevalence and intensity of K. brevis bloom

events in the future (Errera et al., 2014; Wells et al., 2015; Bercel and
FIGURE 5

Seasonal patterns of mean dissolved ammonia (DNH4-N), nitrate-nitrite (DNO2,3-N), and phosphate, (DPO4-P) concentrations at all stations
throughout the sampling period (TB – Tampa Bay, CH – Charlotte Harbor and CR – the Caloosahatchee River). Error bars are standard error. The
solid line represents the mining release event (in Tampa Bay, September 2021) and the dashed line represents Hurricane Ian (September 2022). Gray
boxes represent K. brevis bloom conditions in TB, pink boxes represent K. brevis bloom conditions in CH and blue boxes represent K. brevis bloom
conditions in CR. Thick black lines along the x-axis represent the wet season in the west coast of Florida (June 1-October 31).
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Kranz, 2019). This information is limited, however, in response to

what might be occurring within the natural ecosystems. The

interactions and dynamics between chemical and biological factors

during K. brevis blooms can be quite complex.

During this study, two K. brevis blooms occurred from late 2020

to late 2021 (approximately 12 months) and in late 2022 to mid-

2023 (approximately 8 months). During the first bloom event, K.

brevis was observed in discrete samples in the Caloosahatchee River

and Charlotte Harbor, followed by Tampa Bay. During the second

bloom event, K. brevis was observed in discrete samples

concurrently across all transects. It is important to note that
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samples for this study were collected quarterly and did not

capture the full dynamics of K. brevis from initiation to

termination across each transect (e.g., in Tampa Bay which

persisted from May through October 2021, Figure 2); thus, the

biological system and bloom initiation were influenced by

conditions not captured during these monitoring efforts. These

concurrent sampling efforts provided information for in situ

conditions present only at the time of sampling and did not

quantify biological response to evolving environmental conditions

or estuarine circulation. During the first bloom event in Tampa Bay,

DNO2,3-N, DNH4-N, and DPO4-P were elevated; however,
FIGURE 6

Dissolved ammonia (DNH4-N), nitrate-nitrite (DNO2,3-N), and phosphate (DPO4-P) mixing curves for all three estuaries. Red symbols indicate
presence of K. brevis cells (Kb). TB, Tampa Bay, CH, Charlotte Harbor, CR, Caloosahatchee River. Circled outlier data are samples taken shortly after
(A) mining release event (in Tampa Bay, March 2021) and (B) Hurricane Ian (September 2022). The r2 data is calculated with outliers removed.
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increases in phytoplankton biomass were initially driven by

diatoms, cyanobacteria, and finally K. brevis two months later,

which was introduced to the bay from a northward moving

coastal bloom (Beck et al., 2022a; Morrison et al., 2023). Other

studies show that diatoms can also dominate in the region (Badylak

et al., 2007; Heil et al., 2007) and show greater uptake rates for

available nutrients when compared to K. brevis (Hall et al., 2023).

There were both seasonal and spatial differences in carbonate

chemistry and nutrients across the estuaries. Tampa Bay had the

most elevated average pHT overall compared to the other two

estuaries. Tampa Bay is a success story with respect to pH

changes over the past few decades. However, recent seagrass

losses attributed to harmful algal blooms and tropical storm

impacts have occurred in Tampa Bay (Tomasko et al., 2020; Beck

et al., 2022b; Lopez et al., 2023); and decreasing pH has been

observed over the past decade (Karlen et al., 2023). Submarine

groundwater discharge has been documented in Florida estuaries

(Swarzenski et al., 2007; Charette et al., 2013) and may also

contribute to localized acidification events. Seagrasses are

predicted to benefit from elevated pCO2 and are capable of

increasing pH and carbonate mineral saturation states through

photosynthesis, which in turn, may buffer against acidification

(Sunday et al., 2017; Cyronak et al., 2018; Pacella et al., 2018).

Additionally, the dissolution of carbonate sediments may also

provide a mechanism for buffering seawater pH. Long-term water

quality monitoring in Tampa Bay indicates that seawater pH has

increased since the 1980s as the seagrass beds have recovered

(Greening et al., 2014). Even so, the remineralization of organic

material following a K. brevis HAB event may influence carbonate

chemistry patterns that are normally well-buffered (Raven et al.,

2020). Lowest pHT and highest pCO2 in Tampa Bay occurred in

December 2022, following a series of bloom events which may be

representative of an acidification event resulting from the

breakdown of organic matter from dead fish or dying algae

(Raven et al., 2020). This acidification event in Tampa Bay also

occurred during the winter season when low productivity is

expected for both seagrasses and algae biomass (Robbins and Bell,

2000). Recent modeling studies suggest that riverine nitrate

additions via the Caloosahatchee could influence K. brevis blooms

(Medina et al., 2020; Medina et al., 2022), assuming they were co-

located, but more work is needed to understand these complex

dynamics in the environment. During this study, for example,

Tampa Bay only had elevated concentrations of DNH4-N and

DPO4-N shortly after the mining release event, in April 2021

(Figure 5), and Beck et al . (2022a) showed elevated

concentrations of total nitrogen persisting between this study’s

quarterly sampling. Interestingly, pHT showed normal bay

conditions (Morrison et al., 2023) during the April 2021 sampling

event in Tampa Bay and did not appear to be influenced by

the release.

Charlotte Harbor had the lowest TA and pHT of all three

estuaries. Interestingly, it is one of the largest estuaries for seagrass

in southwest Florida, where seagrass coverage has been relatively

stable (Corbett, 2006). It is influenced by two large tidal rivers (the

Myakka River and the Peace River), both of which provide high

concentrations of dissolved organic matter (Doering and
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Chamberlain, 1999; Steinman et al., 2002) and are estimated to

have increases in nitrogen loading (Turner et al., 2006). This area is

also a hotspot for K. brevis blooms (Steidinger, 2009; Liu et al.,

2022). This estuarine system is relatively high in dissolved organic

matter (McPherson and Miller, 1987; Milbrandt et al., 2010) and

breakdown of this organic matter can result in reduced pH

compared to other systems with lower concentrations of DOM.

Charlotte Harbor had the most frequent occurrences of K. brevis

during the study period. In Charlotte Harbor, there wasn’t a distinct

acidification event following the K. brevis bloom, as was observed in

Tampa Bay. pCO2 was elevated and pHT was lower toward the end

of the bloom in 2021 and at the beginning of the bloom in 2022. The

second bloom event with increased pCO2 (and reduced pH) was

shortly after Hurricane Ian. It is possible that elevated rainfall and

freshwater input to the system (Figure 7) influenced carbonate

chemistry with rainfall that is typically lower in pH and enhanced

respiration from elevated nutrients (Hicks et al., 2022). Dissolved

nutrient concentrations were most elevated following Hurricane Ian

(Figure 5), which coincided with the start of a K. brevis bloom. This

study did not examine the cause of the K. brevis blooms.

The Caloosahatchee River had consistently greater

concentrations of TA and DIC and had the most elevated

DNO2,3-N compared to Tampa Bay and Charlotte Harbor.

During this study period, the Caloosahatchee River was N-limited

and had the highest DIN : DIP ratios when K. brevis was present.

The Caloosahatchee River is a subtropical estuarine environment

that extends approximately 48 miles from the S79 Franklin Locke

and Dam (26.72173487, -81.69313699) until it empties into the Gulf

of Mexico. The S79 dam separates the freshwater river and

upstream lake from the estuary and acts like a salinity barrier.

During this sampling period, salinity reached levels below 10 PSU

twice in December 2020 and August 2021. Karenia brevis was only

present at salinities greater than 15 PSU. River fed estuarine systems

in carbonate environments such as South Florida, like the

Caloosahatchee River, are often higher in TA and are likely to

counteract effects of acidification more readily than non-river-fed

systems (Duarte et al., 2013). The elevated TA in the

Caloosahatchee River may also provide enough buffer against

acidification; however, pCO2 was also greatest in the

Caloosahatchee River compared to the other two estuaries. Other

estuarine river systems have relatively high pCO2 typically resulting

from high rates of respiration and nutrient loading in the upper

river system (Cai et al., 1999; Guo et al., 2009; Prasad et al., 2013;

Jeffrey et al., 2018). Interestingly, instead of a bloom-led

acidification event as seen in Tampa Bay, pCO2 was most reduced

following a K. brevis bloom. Concentrations of DNO2,3-N, DPO4-P

and DIC were low during this time, and others have shown that

river nutrient delivery and eutrophication can lead to strong

changes in carbonate chemistry (Borgesa and Gypensb, 2010).

Karenia brevis was present in a majority of samples collected in

Tampa Bay when our data indicate NCC and NCP were dominant

processes (Figure 4, Table 5). Tampa Bay has primarily siliciclastic

sands in the northern areas of the bay with higher concentrations of

carbonate sediment toward the mouth of the estuary (Yates et al.,

2023), suggesting that there is the possibility for more dissolution in

the southern subregion of Tampa Bay than in the northern region.
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Interestingly, K. brevis cells were present in Charlotte Harbor

during periods of net community calcification and production,

and during periods of net respiration and carbonate dissolution.

The rest of the data also show a relatively even distribution between

calcification/dissolution and production/respiration. Similar to

Tampa Bay, samples where K. brevis was present in the

Caloosahatchee River, net community calcification and net

community production dominated; however, the data are evenly

split between calcification/production and dissolution/respiration.

Eutrophication and acidification might amplify patterns of

harmful algae, such as K. brevis. The quarterly discrete sampling

approach used in this study provided evidence of linkages among

seasonal variability in the carbonate system, K. brevis blooms, and

other environmental influences. However, long-term datasets

including higher resolution time-series observations need to be

evaluated to fully understand the drivers and evolution of

acidification and HAB events. Studies show that photosynthetic

responses to acidification might be small (Mackey et al., 2015),

however the growth and death of a harmful algal bloom can

intensify or even cause localized acidification events. This study was

the first to examine potential linkages between presence of K. brevis

blooms and acidification in three large western Florida estuaries:

Tampa Bay, Charlotte Harbor, and the Caloosahatchee River. This

is a first step towards connecting monitoring networks and

observations of K. brevis blooms and carbonate chemistry changes
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in southwest Florida. Our study demonstrates the variability and

complexities associated with understanding interactions among

HABs, carbonate chemistry, and acidification, thus illustrating the

need for improved spatial and temporal monitoring of the carbonate

system along with HAB species to better understand linkages and

interactions associated with OA, high biomass HAB events, and

environmental conditions. This study also provides critical baseline

data to support future comparisons.
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