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Climate change is altering coastal ecosystems through increasing temperatures, 

intensifying storm activity, and enhancing terrestrial inputs of nutrients and dissolved organic 

matter. These environmental changes are expected to influence the physiology and bloom 

dynamics of harmful algal species such as the dinoflagellate Karenia brevis, which forms nearly 

annual blooms on the West Florida Shelf (WFS). This dissertation investigated how interacting 

stressors influence phytoplankton metabolism, with particular emphasis on the primary 

production and respiration. First, long-term data from 1998 to 2020 were analyzed and the 

correlations between K. brevis, Peace River discharge, and the ENSO index suggested that 

freshwater inflow and large-scale climate oscillations play both direct and indirect roles in 

regulating bloom dynamics on the WFS. To better quantify primary production and respiration, 

methodological improvements were developed using the H218O technique using Membrane Inlet 

Mass Spectrometry (MIMS). This approach enables the simultaneous quantification of gross 

primary production (GPP), net primary production (NPP), and gross respiration (GR; light-



  

dependent respiration) in small-volume incubations, providing a rapid and cost-effective method. 

Using this approach, opportunistic post-hurricane field experiments and laboratory manipulations 

examined the combined effects of elevated temperature and humic acid enrichment on the 

metabolic rates of K. brevis and associated phytoplankton communities. Results showed that 

warming consistently reduced primary production while enhancing both dark and light-

dependent respiration, often shifting the system toward heterotrophic conditions. Complementary 

laboratory experiments using Pulse-Amplitude Modulated (PAM) fluorometry demonstrated that 

photosynthetic performance of K. brevis responds to interactions between temperature and 

nutrient form. While elevated temperatures can affect photosynthetic efficiency, nutrient form 

and availability can modulate these responses. Together, these findings demonstrate that 

warming, nutrient inputs, and storm-driven terrestrial runoff interact to regulate K. brevis 

metabolism and bloom dynamics. Incorporating physiological rates, terrestrial inputs, and 

climate-scale variability into predictive models will be essential for improving forecasts of 

harmful algal blooms and ecosystem metabolic balance in a warming coastal ocean. 
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Chapter 1: Introduction 

 

It is undeniable that climate change has been causing negative impacts on the ocean and, 

consequently, increasing Harmful Algae Blooms (HABs) and hypoxia around the globe (Gobler, 

2020; Glibert and Li 2023; Brenckman et al., 2025). Understanding these impacts becomes more 

complicated when we consider the interactions between the multi-stressors associated with 

climate change (Glibert et al., 2021; 2022). The warming of ocean water is a global 

phenomenon. However, different regions respond differently. Studies have shown that the rate of 

warming in the Gulf of Mexico (GoM; Gulf of America) is higher than the global rate, 0.15˚C 

decade-1 and 0.11˚C decade-1, respectively, resulting in an average increase of 1˚C since 1970 

(Glenn et al., 2015; Wang et al., 2023). The temperature increase can have many impacts on the 

GoM, including an intensification of up to 40% of the hurricane activity and frequency, 

especially between August and September (Saunders and Lea, 2008).  

The greater frequency of storms and hurricanes is altering the supply of nutrients in 

coastal waters. During periods of high runoff and rainfall, allochthonous organic matter, 

primarily in the form of humic acids (HA), fulvic acids, and other dissolved organic acids, can 

dominate the dissolved organic matter (DOM) pool (Thurman, 1985; Moran and Hodson, 1990). 

The increase of DOM, a process known as brownification, can alter the optical conditions of the 

water by reducing light penetration; however, it can also influence primary production, including 

the prospect of bloom development (Blanchet et al., 2022, and references therein; Urrutia-

Cordero et al., 2017). For example, humic acids have been shown to be utilized in the growth of 

some dinoflagellates, such as Prorocentrum minimum, Karenia brevis, and Pyrodinium 

bahamense (Granéli et al., 1999; Heil, 2005; See et al., 2006; Muni-Morgan et al., 2023). 
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Nevertheless, the influence of humic enrichment combined with increasing temperature on 

phytoplankton metabolism, including both primary production and respiration, remains poorly 

understood. 

Recent studies have indicated that climate change has also been causing changes in the 

composition of benthic and planktonic communities (e.g., Glibert, 2020; Griffith and Gobler, 

2020). The warming of the surface waters not only increases the stratification of the water 

column, which favors dinoflagellates, but also influences ocean deoxygenation since oxygen 

solubility decreases as the temperature increases, thus facilitating the development of hypoxic 

conditions (Weiss,1970; Alam, 2023). Under warmer and more stratified conditions, combined 

with increased inputs of inorganic and organic nutrients (e.g., humic acids), the abundance, 

frequency, and spatial distribution of HABs are expected to increase (Glibert et al., 2022). The 

decomposition of HAB biomass is known to contribute to the depletion of oxygen during the 

senescent phase of a bloom, potentially leading to hypoxic conditions. However, little is known 

about the extent to which the respiration of HABs themselves contributes to deoxygenation, or 

how these rates may vary in response to changing environmental factors. Although recent studies 

associating HABs with hypoxia, especially in the GoM during Karenia brevis blooms (e.g., 

Milbrandt et al., 2021), questions remain about how HAB respiration compares to microbial 

respiration during bloom decay, and how both processes may respond to warming conditions. 

The state of Florida is known for the diversity and frequency of HABs, with more than 75 

different HAB species identified in these fresh and marine waters (reviewed in Heil and Muni-

Morgan, 2021). Among those, K. brevis (Hansen and Moestrup, 2000) is the most frequent and 

studied HAB species in the Western Florida Shelf (WFS), as its blooms occur almost annually 

and can last up to 30 months. This species can produce the neurotoxin brevetoxin that is 



  3 

responsible for the death of many marine organisms during blooms. Moreover, the toxin can 

pose a risk to public health as it can cause respiratory irritation in humans (Heil and Muni-

Morgan, 2021). Given the frequency of occurrence and the environmental, economic, and public 

health impacts that K. brevis blooms can cause, this species is of fundamental importance in the 

study of HABs. To date, many studies have investigated the initiation and development of K. 

brevis blooms in the GoM; however, critical questions remain about how global-scale 

phenomena, such as the El Niño–Southern Oscillation (ENSO), influence these blooms, either 

directly or indirectly. Thus, studies investigating long-term data including these variables are 

important to better understand the dynamics of these events.  

Similarly, little is known about how environmental parameters, such as temperature, 

nutrients, and light, influence productivity and respiratory processes on WFS, especially during 

K. brevis blooms. Quantifying these rates under varying conditions is critical to understanding K. 

brevis physiological adaptations during blooms. Understanding the short-term changes of these 

rates under different conditions would provide valuable physiological evidence to understand 

how these blooms can develop and be maintained in extreme conditions, such as temperatures 

above the optimum for this species. Further, the integration of these data into mechanistic models 

will enhance our ability to predict K. brevis bloom dynamics on the WFS. The data obtained in 

this study will therefore contribute to improving the predictive power and ecological accuracy of 

such models. 

 

Karenia brevis blooms in Western Florida 

 

The dinoflagellate K. brevis is well known for its annual and, in some years, prolonged 
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blooms in the WFS (Heil and Muni-Morgan, 2021; Stumpf et al. 2022; Glibert et al., 2025). The 

initiation of these events is well documented in the literature (e.g., Steidinger, 2009; Vargo, 

2009; Weisberg et al., 2019). These blooms usually initiate offshore, and evidence suggests that 

K. brevis co-occurs and benefits from populations of the cyanobacteria Trichodesmium (Walsh 

and Steidinger, 2001), as it provides not only a direct supply of newly fixed nitrogen but also 

releases NH4+ and dissolved organic nitrogen (Bronk and Glibert, 1994). Dissolved organic 

matter is also produced as Trichodesmium dies and decomposes (Walsh and Steidinger, 2001; 

Lenes and Heil, 2010). 

Physical oceanography plays an important role in K. brevis blooms, both in the initiation 

phase related to the upwelling of new nutrients and in the transportation phase of the cells 

nearshore via wind-driven and upwelling-related transport (Steidinger, 1975; Weisberg et al, 

2014; Liu et al., 2016; Weisberg et al., 2016; 2019). Hurricanes can also play an important role 

in K. brevis blooms. For instance, the unusually high hurricane activity in 2004 led to elevated 

runoff and submarine groundwater discharge along the west Florida coast, fueling the persistent 

bloom observed in 2005 (Hu et al., 2006). Similarly, the 2018 K. brevis bloom was linked to 

intense flooding and runoff following Hurricane Irma in 2017 (Fritz, 2018). ENSO oscillations 

are directly related to the frequency and intensity of hurricanes. The El Niño phase brings wet 

and cool weather, and a greater frequency of storms to South Florida, while La Niña brings dry 

and warm weather Periods of mild La Niña and ENSO transitions bring a higher frequency of 

hurricanes that directly impact Florida (Schmidt et al., 2001; Klotzbach, 2011). Thus, 

understanding how these global-scale phenomena, such as ENSO, influence directly and 

indirectly K. brevis blooms in Florida is fundamental to understanding, and even predicting, 

periods with a higher probability of blooms and their magnitude. 
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Once near shore, these blooms can persist for several months as the cells can benefit from 

a variety of sources to maintain their blooms (Heil et al., 2014). River discharge and its 

associated nutrients are important in sustaining K. brevis blooms (e.g., Dixon and Steidinger, 

2004; Li et al., 2021; Glibert et al. 2025). Further, these organisms can utilize a variety of 

inorganic and organic nutrients from multiple sources, such as nutrients released by other 

phytoplankton and zooplankton, benthic nutrient fluxes, atmospheric deposition, and decaying 

organic matter from dead fish (Heil et al., 2014), and they are mixotrophic and benefit from the 

ingestion of prey (Glibert et al., 2009; Ahn et al., 2023, 2025). Despite the well-understood 

initiation of K. brevis blooms, many unanswered questions related to the physiology of the cells 

and how the blooms can be maintained for long periods remain. The long-term record of these 

blooms holds many clues as to relationships with changing environmental factors. 

 

Karenia brevis and temperature 

 

Usually, K. brevis blooms initiate in early fall (August- September) and terminate in early 

spring (February-April) as the cells are dispersed offshore (Heil et al., 2022). However, 

sometimes these blooms can persist during the summer, even with temperatures exceeding their 

optimum range of 22 to 28˚C (Vargo, 2009; Ahn and Glibert, 2021), showing that even 

temperatures above 30˚C are not inhibiting blooms. There is still much to be understood about 

how K. brevis can overcome thermal stress in some years and persist above its documented 

thermal optimum. 

Generally, phytoplankton present a classical response to temperature changes. That is, as 

the temperature increases, so does their growth rate, reaching a maximum at the optimum 
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temperature. Then, as the temperature continues to increase, the growth rate presents an abrupt 

decline (Eppley, 1972). However, not only do the growth rates increase with temperature, but 

likewise respiration. The response of both photosynthesis and respiration to changes in 

temperature is regulated by the enzymes involved in carbon fixation, electron transport, and 

different respiratory mechanisms (Raven and Geider, 1988). Respiration is more temperature-

dependent than photosynthesis, and warming can have a significant impact on the metabolic 

balance of the oceans by increasing the rates of community respiration over the rates of gross 

primary production (Barton et al., 2020, and references therein). Consequently, hypoxia zones, 

such as in the GoM, will likely become more frequent in the future ocean, as warming waters 

increase not only the respiration rates but also influence ocean deoxygenation rates, facilitating 

the development of hypoxic conditions. Despite a recent study associating K. brevis bloom with 

hypoxia in the GoM (e.g., Milbrandt et al., 2021; Turley et al., 2022), many questions remain. To 

what extent does respiration by K. brevis contribute to oxygen depletion in bloom conditions? 

How do rates of respiration by K. brevis compare with heterotrophic respiration under the same 

environmental conditions? How will environmental factors, such as increasing temperature 

and/or the addition of nutrients from regular river flow and/or during tropical storms and 

hurricanes, influence productivity and respiratory rates? 

 

Karenia brevis and light 

 

Phytoplankton respond to light in the classically defined hyperbola, the Photosynthesis- 

Irradiance curve (PI curve, also referred to as a PE curve; Platt and Jassby, 1976). This 

relationship can be determined using different proxies such as O2 evolution, CO2 assimilation, 
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and Electron Transport Rates (ETR). Generally, the curves exhibit a predictable pattern. At the 

lowest light intensity, photosynthesis rates are a linear function of light. As irradiance levels 

increase, the rates become increasingly non-linear and rise to a saturation level, which can 

remain unchanged or can present photoinhibition depending upon both the irradiance and the 

duration of exposure (Sakshaug et al., 1997; Behrenfield et al., 2004; Glibert, 2024).  

A basic, and classical, assumption is that respiration is independent of the light level with 

constant rates, as determined by parallel measurements made in the dark (Jassby and Platt, 

1976). However, these rates are not constant and can, in fact, be light-dependent. These light-

dependent respiration processes, such as cyclic electron flow, Mehler reaction, and 

photorespiration, help to regulate cellular redox by dissipating excess energy, preventing 

photoinhibition caused by excess of light or downstream metabolic limitation (Kana 1990; 

Kramer and Evans, 2011, and references therein). These pathways operate on a rapid timescale 

and have impacts on the net efficiency of photosynthetic processes since the more energy is 

dissipated, the lower the net production rates (Halsey and Jones, 2015). Therefore, it is crucial to 

understand how these processes respond not only to light variance but also to temperature and 

nutrient additions; thus, the establishment of the respiration-light relationships (RI or RE curves), 

similar to PE curves, and how such relationships may change as other environmental factors 

change, is an important step. Only a few studies have investigated respiration rates associated 

with a K. brevis (e.g., Hitchcock et al., 2010), but only so-called dark respiration, highlighting 

the necessity of studies investigating other respiratory processes. The improvement of the 18O 

methodology described in this dissertation (Chapter 3) allows such measurements to be done in a 

rapid and more accessible way. 
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The influence of light on respiration rates is still not well studied. High rates of 

photorespiration have been measured associated with some dinoflagellates (e.g., Hochachka and 

Teal, 1964; Burris, 1977; Prézelin et al., 1977; Heil, 2005; Schaeffer et al., 2007; Schmoker et 

al., 2011; López-Sandoval et al., 2014; Hansen et al., 2016; Bercel and Kranz, 2019), but there 

are no measurements comparing photorespiration (or other respiratory pathways) under varying 

temperature or other environmental changes, especially in K. brevis. These rates have important 

implications for oxygen consumption and for net productivity in blooms, but especially in high 

biomass blooms that have been associated with oxygen depletion and hypoxia. Further, 

experiments testing how primary production and respiration rates vary under the interaction of 

multiple environmental factors (e.g., temperature, nutrients, and light) are essential to better 

understand the physiology of K. brevis. Research focusing on the physiology of these organisms 

is crucial to understanding the initiation, maintenance, and termination of blooms, as well as to 

improving prediction models. 

 

Primary production terminology and methods 

 

Photosynthesis can be determined as the amount of oxygen produced by PSII or the CO2 

fixed in the Calvin Cycle. These rates can be measured as Gross Primary Production (GPP), 

which is the total rate of O2 or CO2, or Net Primary Production (NPP), the rate of CO2 or O2 

produced, accounting for all the autotrophic respiratory costs (Sakshaug et al., 1997). 

Traditionally, respiration is assumed to be constant, and it is usually measured in the dark; 

however, these rates can be light-dependent, as previously mentioned. 
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One of the common methods that estimates NPP and community respiration is from 

changes in dissolved O2 concentration in light and dark incubations, so-called the light-dark 

bottle method. Then, GPP is calculated by adding NPP and respiration. Another commonly used 

method consists of measuring the rate of incorporation of radioactive isotope 14C or, 

alternatively, the stable isotope 13C (Falkowski and Raven, 2013; Glibert et al., 2019). With the 

latter method, bicarbonate labeled with 13C (H13CO3) is added to the sample and changes in the 

13C:12C ratio are measured using a mass spectrometer. Both C-based methods require a relatively 

large volume of water and can be expensive in terms of isotopes (Miller and Wheeler, 2012). 

Another method using isotopes consists of adding water labeled with 18O and then measuring the 

evolution of oxygen with an isotope ratio mass spectrometer (Bender et al., 1987). Even though 

this technique provides relatively precise GPP measurements, it is not widely used as the 

methodology is complicated (Falkowski and Raven, 2013). 

The 18O method has been improved, and a modified Membrane Inlet Mass Spectrometry 

(MIMS) dissolved gas analyzer can be used to measure the enriched samples, which is less 

expensive than a regular mass spectrometer (Kana et al., 2006). The main advantage of this 

improved method is that it is considerably cheaper, the sample manipulation is easier, and only a 

small volume of sample is needed (~3 mL sample) with low isotope enrichment (1% of volume). 

Also, the analysis in the instrument is rapid, as samples can be analyzed in less than 5 minutes 

(Ferrón et al., 2016). As part of this dissertation, methodological improvements were developed 

for the use of MIMS to quantify primary production (GPP and NPP) and gross respiration using 

the H₂¹⁸O method (Chapter 3). These developments now allow for the measurement of these 

rates under a range of environmental conditions, including light, temperature, and nutrient 

availability, thereby advancing our understanding of phytoplankton physiology. 
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Hypothesis and Objectives 

 

The overarching hypothesis of this dissertation is that climate change conditions will alter 

habitat suitability for Karenia brevis in multiple ways. Warmer waters, such as expected during 

summer, may be stressful for K. brevis, and photosynthesis rates may be decreased. However, 

the increase in temperature will increase respiration rates. Increasing runoff during tropical 

storms and hurricanes will also increase primary production and respiration rates, as it increases 

the amount of nutrients and organic matter. The interaction of nutrient availability and changing 

temperatures will alter the thermal niche of both photosynthesis and respiration, perhaps creating 

conditions allowing K. brevis to survive warmer waters. 

The specific hypotheses include: 

I. Interannual variation in K. brevis is at least in part a function of climatic variations, 

including ENSO and storm frequency. 

II. Karenia brevis may be able to survive above its thermal optimum under conditions in 

which a secondary stress, i.e., nutrient limitation, is alleviated. However, different 

nutrient types (inorganic or organic compounds like humic acids) may influence the 

temperature response differently due to different physiology associated with metabolizing 

different nutrient forms. 

III. Under conditions of high temperature, rates of light-dependent respiration will increase 

relative to photosynthesis, and light-dependent photosynthesis will also have high rates of 

photoinhibition and regulated and non-regulated photochemical quenching. 

IV. Respiration rates may increase with temperature more than photosynthesis rates. 
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To address these hypotheses:  

i. The relationship between blooms of K. brevis and environmental conditions on the WFS 

was investigated by performing a time-series analysis with available long-term data from 

1998 to 2020 (Chapter 2). 

ii. Methodological improvements were developed for the use of MIMS to quantify primary 

production (GPP and NPP) and gross respiration using the H₂¹⁸O method (Chapter 3). 

iii. Post-hurricane field observations and laboratory experiments were used to examine how 

elevated temperature and humic acid enrichment influence primary production and 

respiration rates of natural phytoplankton communities containing K. brevis (Chapter 4). 

iv. Primary production and light-dependent respiration rates, as well as Photosynthesis-

Irradiance responses and Respiration-Irradiance responses of natural communities with K. 

brevis were determined from different ambient conditions and when exposed to different 

temperature and nutrient enrichments (Chapter 5). 

v. Photosynthesis- Irradiance responses of cultured K. brevis were investigated under 

different temperatures (24, 27, 30˚C) and different nutrient forms (NO3-, NH4+, HA) and 

amounts in short term exposures (Chapter 6). 

 

The main chapters of the dissertation consist of the following manuscripts: 

 

1. Sobrinho, B. F.; Glibert, P. M; Lyubchich, V.; Heil, C. A.; Li, M. Time series analysis of 

the Karenia brevis blooms on the West Florida Shelf: relationships with El Niño – 

Southern Oscillation (ENSO) and its rate of change (2022). 19th International Conference 

on Harmful Algae Proceedings. doi.org/10.5281/zenodo.7036227 (Chapter 2). 
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2. Sobrinho, B.F.; Vidyarathna, N.; Kana, T. M.; Glibert, P. M. Improved primary 

production and gross respiration measurements using the H218O technique with 

Membrane Inlet Mass Spectrometry and introduction of a small volume–uniform 

irradiance incubation chamber. Submitted to Journal of Phycology (Chapter 3). 

3. Sobrinho, B.F; Muni-Morgan, A.; Heil, C.; Glibert, P. M. Productivity, respiration, and 

dissolved organic matter degradation and effects of temperature in waters of southwest 

Florida following high riverine runoff: Implications for hypoxia and harmful algae. 

Submitted to Frontiers in Marine Science (Chapter 4) 

4. Sobrinho, B.F.; Pinheiro-Silva, L.; Glibert, P. M. Influence of warming and nitrogen 

enrichment on photosynthesis and respiration rates during Karenia brevis blooms. For 

submission to Environmental Research Letters (Chapter 5). 

5. Sobrinho, B.F.; Pinheiro-Silva, L.; Glibert, P. M. Interactive effects of temperature, 

nitrogen form, and humic substances on photosynthetic performance of the toxigenic 

dinoflagellate, Karenia brevis. Submitted to Harmful Algae (Chapter 6). 
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Chapter 2: Time series analysis of the Karenia brevis blooms on the 
West Florida Shelf: relationships with El Niño – Southern Oscillation 
(ENSO) and its rate of change1 
 

Abstract 
 
Blooms of the toxigenic dinoflagellate Karenia brevis occur regularly in the Gulf of Mexico, 

especially along the coast of western Florida, USA. Here, time-series data from 1998 to 2020 

were used to examine relationships between K. brevis abundance and the El Niño – Southern 

Oscillation (ENSO) and its rate of change, as well as temperature, precipitation, river flow, and 

salinity. This time series includes periods of substantial blooms (~ 1.4 × 106 cells L-1) and times 

characterized by background cell concentrations (~1.0 × 103 cells L-1). El Niño brings wet and 

cool weather to South Florida, including a greater frequency of storms, while La Niña brings dry 

and warm weather. However, mild La Niña and periods of ENSO transitions bring a higher 

frequency of hurricanes that directly impact Florida. Excluding the large bloom of 2020–2021 

(not included herein), the highest K. brevis abundances observed were associated with blooms in 

2004–2005 and 2017–2018, both of which occurred when hurricanes followed drought periods. 

High correspondences between cell concentrations, Peace River discharge and ENSO index 

indicated that freshwater flow, and climate oscillations may play important roles–both direct and 

indirect–on K. brevis blooms on the West Florida Shelf. These time-series analyses will help to 

inform new models of bloom formation and termination in western Florida waters and may help 

to guide nutrient reduction targets from river discharge. 

 
 
1 Sobrinho, B. F., Glibert, P. M., Lyubchich, V., Heil, C. A., & Li, M. (2022). Time series analysis of Karenia brevis blooms on 

the West Florida Shelf: Relationships with El Niño–Southern Oscillation (ENSO) and its rate of change. In C. J. Band-
Schmidt & C. F. Rodríguez-Gómez (Eds.), Proceedings of the 19th International Conference on Harmful Algae (pp. 365). 
International Society for the Study of Harmful Algal Blooms. La Paz, Mexico. 
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Introduction 
 

Blooms of the toxigenic dinoflagellate Karenia brevis occur annually in the eastern Gulf 

of Mexico (Steidinger, 2009). Bloom duration can vary from months to years, and blooms can 

extend up to 1000 kilometers along the coastline. Blooms initiate offshore (20–65 km) and the 

transportation of the cells nearshore occurs via the bottom Ekman layer driven by wind-driven 

and upwelling-related transport (Steidinger, 1975; Weisberg et al., 2016). Both physical drivers 

and nutrient supply are important to the initiation, development, and maintenance of K. brevis 

blooms (reviewed in Heil and Muni-Morgan, 2021; Li et al., 2021).  

Oscillations of El Niño and La Niña, the El Niño - Southern Oscillation (ENSO), affect 

southwest Florida in complex ways. El Niño brings wet and cool weather to South Florida, 

including a greater frequency of storms, while La Niña brings dry and warm weather. However, 

both mild La Niña periods and transitions in ENSO periods may bring a higher frequency of 

hurricanes, which increase both freshwater flows and associated nutrient delivery to coasts. This 

study investigated the relationship between environmental conditions (temperature, salinity, river 

discharge and the ENSO) and the K. brevis concentration along the southwestern coast of 

Florida, using available long-term data. 

 

Materials and Methods 

 

Overview of Florida HAB database 

 

Geo-referenced K. brevis surface cell concentration data (cells L-1) with associated 

temperature (˚C), and salinity data for southwest Florida from 1998 to 2020 were obtained by 
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request from the Florida Fish and Wildlife Research Institute (FWRI). This K. brevis cell 

concentration database (the Florida HAB Historical Database) contains data collected by state 

and county agencies, private research institutions and university researchers and represents 

samples collected during research, routine monitoring, and event response sampling of suspected 

or confirmed K. brevis events. This analysis is limited to data post-1998 when routine sampling 

intensified, but the database contains records dating back to 1953. This analysis also does not 

include the large bloom that began in late 2020.  

Monthly ENSO status was derived from the US National Oceanic and Atmospheric 

Administration (NOAA; https://ggweather.com/enso/oni.htm). These data are reported as 

running 3-month averages. Precipitation (mm) data and the discharge of the Peace and 

Caloosahatchee Rivers (cubic feet s-1) data were from the United States Geological Survey (sites 

USGS 2296750 and USGS 2292000, respectively; https://waterdata.usgs.gov/nwis). The Peace 

River is one of the largest rivers in Florida with a natural flow. The Caloosahatchee River is 

significantly larger; however, its flow is actively managed and thus does not necessarily parallel 

precipitation trends. 

 

Statistical analysis  

 

Monthly K. brevis cell concentration averages were calculated for the whole southwest 

Florida to compare all variables during the study period of 22 years. To determine relationships, 

correlations were estimated using Pearson’s correlations between these monthly averaged K. 

brevis (log-transformed) abundances and environmental variables were calculated. As there is a 

possibility of a lag response in K. brevis concentration in relation to environmental conditions 
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(Dixon and Steidinger, 2004), cross-correlation analysis with lags 0–12 months was performed. 

Multi-co-linearity was assessed before estimating a model with a combination of predictors. A 

generalized additive mixed model (GAMM) representing the relationship between Peace River 

discharge and environmental parameters (ENSO index and precipitation) was also developed. In 

both approaches, normality, variance homogeneity, and uncorrelatedness of model residuals 

were assessed using residual time series and Q–Q plots, Shapiro–Wilk normality tests, and plots 

of the autocorrelation function. As the residuals of the models presented non-normal distribution, 

the sieve bootstrap approach was used to obtain sample distributions of the model coefficients 

and assess their statistical significance. All analyses were performed using R language (R Core 

Team, 2021). 

 

Results and Discussion 
 

Blooms of K. brevis typically originate in late summer, following the wet season (e.g., 

Lenes and Heil, 2010). However, annual variations in bloom duration and intensity are large. In 

years of substantial La Niña, when dry conditions develop, blooms are typically short lived, as 

exemplified by the 2000 bloom (Figure 2.1a). The spring accumulations of K. brevis during 2000 

represented the prolonged bloom that was initiated the previous year. In contrast, during El Niño 

years (e.g., 2015), blooms may be sustained at high cell abundances for a longer period 

throughout the fall months, following the more significant flows of the summer wet season 

(Figure 2. 1b). The annual timing of blooms implies that nutrients delivered during the summer 

wet season help to sustain nearshore blooms into the fall months and may help to regulate the 

magnitude of blooms that develop.  
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Figure 2.1 Examples of the variation in annual K. brevis bloom intensity and timing. The year 
2000 was a year of La Niña, 2015 was a year of substantial El Niño, and 2005 was a year of 
transition from El Niño to La Niña. Note difference in scales between years. 

 

Extreme bloom conditions are witnessed only occasionally, as exemplified in 2005, when 

high cell abundances were observed throughout the year (Figure 2.1c), including throughout the 

summer months. That blooms can be sustained throughout the summer months, at least during 

some years, implies that higher summer temperatures are not an obstacle to sustaining blooms. 

While summer temperatures may exceed the temperature optimum for growth (Steidinger, 2009; 

Vargo, 2009), they are not necessarily inhibiting for growth, especially if sufficient nutrients are 

available. In 2005, when the bloom was sustained through the summer months, flow from the 

Caloosahatchee River was three times its long-term average during the months of April and May, 

thus potentially delivering above average nutrient loads early in that year.  
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Positive significant correlations between Peace River discharge, ENSO, and K. brevis 

were observed with zero lag (Table 2.1). Dixon and Steidinger (2004) observed a similar 

relationship between K. brevis concentration and Peace River flows for the 1953-1998 period.  

Moreover, the GAMM indicated a statistically significant relationship between the Peace River 

discharge and ENSO at both lag 0 and 1 month. Although cross-correlation analysis showed a 

lag response of 2 months between ENSO and K. brevis, it was not statistically significant in the 

model. Also, significant negative relationships were observed between precipitation, salinity, 

temperature, and K. brevis (Table 2.1). No significant relationships were observed with flow 

from the Caloosahatchee River, as was observed by Dixon and Steidinger (2004) for 1953-1998. 

While overall flows from the Caloosahatchee River are higher than those of the Peace River, 

flows are more irregular, as they are actively managed to avoid inland flooding, which leads to a 

lack of long-term correlations across years. 

 

Table 2.1 Statistically significant cross-correlation between time series of log-transformed K. 
brevis and the environmental variables with lags ranging from 0 to 12 months. P-values are in 
parentheses. 
Variables Lag Correlation (p-value) 

ENSO 0 0.15 (0.01) 

Pease River discharge 0 0.14 (0.01) 

Precipitation 0 -0.13 (0.02) 

Salinity 0 -0.13 (0.03) 

Temperature 0 -0.15 (0.01) 

 

Blooms in 2000, 2010 and 2020, were associated with intensive La Niña conditions 

(ENSO<1), while bloom years such as 2015 had intensive El Niño conditions (ENSO>1). More 

common, however, are bloom years that are neutral with respect to La Niña or El Niño (i.e. mild 
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ENSO conditions). Intensive La Niña years bring drought and few hurricanes, but milder La 

Niña conditions and ENSO transition periods can yield hurricanes that directly impact the 

Florida coast (Figure 2.2). Excluding the large bloom that is currently ongoing (2020–2021), the 

highest annual abundances of K. brevis observed in this study were during the 2004–2005 and 

2017–2018 blooms, which occurred when hurricane events followed drought periods (Figure 

2.2). When combining these data, the periods of largest blooms occurred during transition 

periods in the ENSO index (Figure 2.2).  

 

 
Figure 2.2 ENSO index and K. brevis abundance (cells L-1) between the years 1998 and 2020. 
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Nutrient loads were not directly addressed herein, however Li et al. (2021) demonstrated 

that the probability of K. brevis increased with increasing river flows across all discharge levels, 

suggesting that the composition of nutrients discharged by different rivers impacts localized 

coastal K. brevis blooms. Medina et al. (2020) observed NO3+2 levels at lock S79 upriver of the 

Caloosahatchee River mouth were related to localized K. brevis concentrations at the river mouth 

from 2012-2018, although it was unclear if this effect was the result of river or estuarine nutrient 

sources. Effects of nutrient loads on HABs associated with hurricanes and ENSO have also been 

documented for Lake Okeechobee, the Indian River Lagoon and Florida Bay (Phlips et al., 2020; 

Glibert et al., 2023). A study using a three-dimensional ocean-biogeochemical model has also 

identified ENSO as the main driver of the variability of plankton biomass in the northern Gulf of 

Mexico during winter and spring (Gomez et al., 2019).  

In sum, as the river drainages impacting the West Florida Shelf are large, changes in 

precipitation can translate to large changes in discharges and associated nutrients. Changes in 

discharge arising from ENSO oscillations as well as active management have the potential to 

affect K. brevis bloom timing, duration, and intensity through changes in nutrient delivery and 

salinity and temperature. These relationships may also help to inform potential nutrient reduction 

strategies to mitigate blooms.  
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Chapter 3: Improved primary production and gross respiration 
measurements using the H218O technique with Membrane Inlet Mass 
Spectrometry and introduction of a small volume–uniform irradiance 
incubation chamber2 

 

Abstract  

 

A significant improvement in the H218O technique for phytoplankton gross primary productivity 

(GPP), net primary productivity (NPP), and gross respiration (GR) is described that reduces cost, 

labor, and time over the traditional isotope ratio mass spectrometer (IRMS) method. Membrane 

Inlet Mass Spectrometry (MIMS) was optimized to measure small (3 mL) samples with low 

isotope enrichment (1% 18O) and at high analytical precision (~1 per mil). A Photosynthetron 

was used to measure up to 10-point light curves of GPP, NPP, and GR using 50 mL of sample 

water with an isotope cost of <$15 per experiment. A new incubation device is described, a 

Coronatron, that allows up to 12 samples with nutrient manipulation under uniform irradiance. 

Example light curves from highly contrasting natural water samples are presented that show 

elevated GPP relative to NPP and substantial light-stimulated GR, and example nutrient 

manipulation curves are presented showing GPP, NPP and GR as a function of changes in 

ambient nitrate concentrations and different temperatures under constant light. 

 
 
 
 
 
 
 
2 Sobrinho, B. F.; Vidyarathna, N; Kana, T. M.; Glibert, P. M. Improved primary production and gross respiration measurements 

using the H2
18O technique with Membrane Inlet Mass Spectrometry and introduction of a small volume–uniform irradiance 

incubation chamber. Submitted to Journal of Phycology 
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Introduction 
 

Phytoplankton are responsible for a significant portion of oxygen (O2) production 

through photosynthetic processes. Accurate determinations of O2 evolution (Gross Primary 

Production, GPP, and Net Primary Production, NPP) and uptake processes (Respiration, R) 

across different aquatic environments, from highly productive areas to low-productivity zones, 

are of great importance and relevance. It is close to 100 years since Gaarder and Gran (1927) 

introduced the popular ‘light bottle-dark bottle’ technique. This technique made it possible to 

directly measure both NPP and R rates in paired light and dark incubations and to use that 

information to derive GPP by adding back R to the NPP result. Insofar as the processes measured 

in dark incubations are reflective of community respiration (CR), they encompass the 

consumption of O2 by all organisms in the water (i.e., bacteria, autotrophs, heterotrophs, 

zooplankton, etc.). Thus, the potential for CR to impact the GPP measurement is high. In 

addition, the light bottle-dark bottle technique assumes that CR is unaffected by light whether by 

material cycling in the light or by physiological processes. 

In the 1950s, photosynthesis researchers discovered light stimulation of O2 consumption 

in isolated chloroplasts and microalgae (Mehler and Brown,1952; reviewed by Glibert 2024). 

This process is not captured in traditional dark bottle (i.e. CR) measurements. In experiments by 

Mehler and Brown (1952), the O2 stable isotope, 18O2, was used to distinguish O2 consumption 

from O2 production reactions in photosynthetic systems. Photosynthetic O2 production is derived 

from two water molecules that have an 16O abundance of 99.8% and therefore photosynthetic 

production is very close to 100% mass 32O2. The measurement of O2 consumption was 

accomplished using isotope dilution, that is, by artificially enriching the sample with labeled O2 

(either as mass 34 or 36), which is unaffected by photosynthesis, and measuring the rate of 
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change of the labeled O2 concentration due to consumption (respiration) reactions. Such 

experiments measured the true rate of gross O2 production and gross O2 consumption occurring 

simultaneously. These early physiology studies established the existence of a photosynthetic O2 

cycle involving O2 evolution at photosystem II and O2 reduction downstream (acceptor side) of 

photosystem I and a light dependency on O2 uptake. The eponymous Mehler reaction (a part of 

the “water-water cycle”), which is observed to varying extents in most photosynthetic organisms, 

has been interpreted as a mechanism to dissipate energy and/or a mechanism to adjust the 

ATP/NADPH ratio according to demand as the Mehler reaction can drive non-cyclic 

photophosphorylation (Makino et al., 2002; Kramer and Evans, 2010). There are additional O2 

consumption reactions that are influenced directly by light, including chlororespiration and 

photorespiration, and indirectly by light including normal mitochondrial and alternative 

respiration.  There is a near absence of information on these light-dependent processes in natural 

phytoplankton systems.  Herein, we term Gross Respiration (GR) as the total O2 uptake, 

including light-dependent and light-independent processes. 

To obtain values of GR, some researchers have added 18O-labeled water and measured 

the evolution of O2 with an Isotope Ratio Mass Spectrometer (IRMS) in natural environments 

(e.g., Bender et al., 1987). With this approach, GPP is derived from the increase in isotope 

enrichment of O2, NPP is determined by the change in total O2 using high precision O2/Ar 

measurements, and GR is determined from GPP–NPP. On the one hand, the method is highly 

sensitive for GPP measurements as the production of new mass 34 from photosynthesis is 

measured against trace levels of background mass 34 oxygen (i.e. ~0.4% of total O2). On the 

other hand, NPP is a less sensitive measurement because the change in O2 concentration, which 

can be very small, is measured against a relatively high concentration of mass 32 O2 in the 
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sample. Even though this technique can provide GPP measurements for oligotrophic waters, it is 

not widely used as the instrumentation required is expensive and the methodology complicated 

(Falkowski and Raven, 2013). 

In 1963, Hoch and Kok (1963) described a new analytical method, Membrane Inlet Mass 

Spectrometry (MIMS), which soon became the preferred method for photosynthetic O2 cycling 

investigations of algae and chloroplasts in the laboratory owing to its rapid response time and 

relatively easy construction. However, while suitable for laboratory cultures, this technique 

lacked the precision to measure the low O2 fluxes in natural phytoplankton samples. For 

ecological measurements of GPP and GR, an incubation technique was required. Kana (1992) 

used isotope dilution methodology in which a water sample was enriched with 18O2 and the 

change in isotope enrichment and net change in O2 was measured by a quadrupole mass 

spectrometer and Winkler titrations, respectively (Figure 3.1). This method was subsequently 

improved using MIMS for determinations of both isotope ratios and O2 concentration changes 

(Suggett et al. 2009).  

While the H218O technique continues to be used in several oceanographic laboratories 

with access to an isotope ratio mass spectrometer (IRMS), a degree of simplification was 

introduced by Ferrón et al (2016) by using MIMS for the measurement of isotope ratios and net 

O2 changes (DO2/Ar). MIMS instruments are typically constructed with less expensive mass 

spectrometers (approx. factor of 3-5 relative to IRMS) and provide rapid and direct analysis of 

raw water samples. Ferrón et al (2016) demonstrated that despite the lower precision of MIMS 

compared to IRMS, the resulting GPP and NPP rates measured on oligotrophic (<1 μmol O2 L−1 

d−1) ocean samples were comparable.   
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Figure 3.1 Schematic of the estimation of Gross Primary Production (GPP), Net Primary 
Production (NPP), and Gross Respiration (GR) from a single incubation vial using the H218O 
technique with Membrane Inlet Mass Spectrometry (MIMS). During photosynthesis, cells use 
both natural water, containing predominantly (99.8%) 16O, and isotope-enriched water with 18O 
added to the incubation. The incorporation of both 16O and 18O results in the production of O2 
with mass 34, which allows GPP to be estimated based on its change over time. Rates of NPP are 
calculated from the net O2 signal (mass 32) over time, reflecting the balance of O2-producing and 
O2-consuming processes. GR is determined as the difference between GPP and NPP, tracing the 
consumption of the labeled 18O to specifically identify light-dependent respiration. Although 
MIMS can quantify individual gas species with linear calibration curves, improved precision is 
achieved by using gas ratio measurements. Biologically inert argon (Ar) is used as a reference 
gas, and the mass ratios 32/40 and 34/40 are used to calculate the primary production and GR 
rates. The phytoplankton symbols are from the Integration and Application Network (IAN), 
University of Maryland Center for Environmental Science. 
	

Motivated by the success of Ferrón et al (2016) with MIMS, we sought to reduce the cost 

and improve the flexibility of incubation protocols to provide methods for physiological 

experiments on natural water samples. Such experiments would allow a direct test of ideas and 

understanding derived from laboratory experiments on algal cultures. We describe a method that 

uses lower sample volumes and hence lower isotope costs, that can be scaled to greater sample 

numbers. MIMS was optimized to measure small (3 mL) samples with low isotope enrichment 
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(1% 18O) and at high analytical precision (~1 per mil). A new incubation device is also described 

that allows small volume incubations under constant and uniform irradiance for investigating 

effects of nutrients and/or other chemical or temperature manipulations. 

 

Materials and Methods 
 

Membrane Inlet Mass Spectrometry 
 

The H218O technique requires high precision measurement of 32O2 and 34O2. Whereas 

MIMS can quantitate individual gas species and generally exhibits linear calibration curves, 

improved precision is obtained using gas ratio measurements. In the present case, biologically 

inert Argon (Ar; mass 40) was used as a reference gas and mass ratios 32/40 and 34/40 were 

measured. 

 

Instrument performance 
 

Calibration curves for quadrupole mass spectrometers (QMS) are influenced by vacuum 

pressure relationships and instrument parameterization, typically with respect to ion source 

settings and gas injection rates. The performance of the QMS was evaluated using an open leak 

device calibrated at three pressures (CLO-5-3P-Air, Vacuum Technology, Inc, Oak Ridge, TN).  

An open leak simulates the behavior of a membrane inlet in that gas entering the QMS is 

proportional to the varying concentration of dissolved gas behind the membrane. The calibrated 

leak was attached to a hand pump (0-700 kPa; MagnumPro, East Hills Instruments, Westbury, 

NY) with digital pressure gauge (Accu Cal Plus, 3D Instruments, Anaheim, CA) which delivered 

air to the QMS in the range of approx. 1´10-5 to 2´10-4 mbar-L s-1 and resulted in QMS 
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pressures in the range of approx. 1´10-7 mbar to 2´10-6 mbar. The QMS had a gas-tight ion 

source so the pressure inside the ion source was higher than the chamber gauge pressure.  

The calibrated leak allowed the identification of the pressure region and ion source 

parameters that yielded linear and proportional relationships with ion currents and constancy of 

gas ratio data. The onset of curvature in the pressure-ion current relationship was observed at 

approx. 5´10-7 mbar QMS pressure, and the membrane inlet was configured to yield QMS 

pressure <5´10-7. Generally, linear relationships were observed between pressure and ion 

currents, but the degree of proportionality (slope and intercept) was influenced by ion source 

parameters. For single point calibrations used during sample analyses, proportionality is required 

and calibration curves should extrapolate through the origin. The QMS was tuned so that 

intercepts were <±1% of typical sample values. 

 

Incubation devices 
 

Experiments were conducted in two types of incubations devices. The first is a 

“Photosynthetron” (MacIntyre et al., 1996). The vial holder is an aluminum block with 24 

through holes and an internal channel for thermostated water for temperature control. The block 

accommodated two sets of duplicate dark conditions and two sets of 10 light intensities each 

ranging from limited to saturated intensities (up to ~1000 μmol photons m⁻² s⁻¹) (Figure 3.2a). 

The device was made to accommodate 3 mL screw-capped vials (12.5 mm diameter; Labco 

Exetainer). Irradiance levels for individual vials were set using neutral density filters printed 

from gray scale images on transparent film and positioned below each vial. Irradiances were 

calibrated using an H. Walz ULM-500 meter and US-SQS/L spherical sensor positioned inside a 

Exetainer vial filled with water. 
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The second device, herein termed a “Coronatron” (based on its resemblance to a corona 

virus once vials are inserted; Figure 3.2b), is a spherical incubator (integrating sphere) with 12 

placeholders for the same type of 3 mL vials, with each vial receiving the same irradiance from 

an internal light source. The Coronatron allows sample manipulations of nutrients or other 

amendments under identical irradiances. The incubator operated at ambient temperature 

facilitated by an internal fan. The incubator was typically used inside small thermostated 

incubators (Vevor 25L) to maintain temperatures different from room temperature. Uniformity of 

irradiance across all vials was within a few percent. The internal white (4000K) light sources 

were Xicado “Artist Series” LED modules (p/n XIM09953513A3A) with adjustable output. 

Irradiance was measured similarly to the Photosynthetrons. 

 

 
Figure 3.2 (a) Photosynthetron and (b) Coronatron.  
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Experiments on natural samples spanning a gradient of conditions 
 

The evaluation experiments described herein were conducted across a range of aquatic 

environments with various concentrations of chlorophyll-a, temperatures and salinity (Table 

3.1). Environmental water was initially screened through 100-micron nylon mesh and then 

returned within 30 minutes to the laboratory for processing. Two types of experiments are 

illustrated here to demonstrate the application of the technique using Photosynthetrons, to 

measure the effect of irradiance, and in Coronatrons, to measure the effect of nutrient and 

temperature manipulations. 

For measurements of GPP and GR as a function of irradiance, surface waters were 

collected from three contrasting sites: the Choptank River, Maryland, USA, Charlotte Harbor, 

Florida, USA., and Lake Sarasota, Florida (Table 3.1). For comparison, experiments were also 

conducted using a culture of Karenia brevis during exponential growth. For measurements of 

GPP and GR as a function of varying nutrient content at constant irradiance, surface water 

samples were collected from New Pass, Sarasota, Florida, and incubated at different 

temperatures by placing the Coronatrons in thermostated incubators (Table 3.1).  

Once in the laboratory, water samples were enriched using >98% enrichment H2¹⁸O at 1% 

volume/volume and carefully dispensed into 3 mL screw-capped vials with Viton septa 

containing glass beads. The septa were punched from 3 mm Viton duro 60 sheet material. Stock 

Exetainer septa (chlorobutyl rubber) cannot be used due to a pronounced photochemical reaction 

with O2. The vials were filled using a repeater pipette and capped with no headspace to avoid air 

contamination. Triplicate samples were immediately fixed with saturated mercuric chloride 

(HgCl₂, ~0.1% v/v), representing a time zero value. The remaining vials were incubated in the 

custom-made Photosynthetrons or Coronatrons to determine relationships as a function of light 
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or nutrient addition. For the Coronatron experiments, the incubation devices were placed in 

small, portable temperature control incubators to further evaluate temperature effects. The 

incubation time varied according to the biomass of each sampling station, ranging from 4 to 10 

hours. After the incubation, samples were fixed with HgCl₂ and stored at room temperature in 

jars filled with water (to minimize air contamination) until MIMS analysis, which occurred 

within about 7 days. 

 

Table 3.1 Sample collection site for experiments with its specific chlorophyll-a concentrations 
(µg L-1), temperature (˚C) and salinity. 
 

Sample Chl-a 

(µg L-1) 

Temperature 

(˚C) 

Salinity 

 

Experiment 

Charlotte Harbor, FL USA 2.22 25 31 PE curves 

Choptank River, MD, USA 5.04 21 15 PE curves 

Choptank River, MD, USA 9.91 24 15 Sample storage 

Karenia brevis culture 156 25 30 PE curves 

Microcystis sp. bloom – Lake 

Sarasota, FL, USA 

262 25 NA PE curves 

New Pass, Sarasota, FL, USA 2.20 20 NA Nutrient and 

temperature 

manipulation 

 

Water samples were filtered through GF/F filters and stored frozen until further analysis. 

Chlorophyll-a (Chl-a) was analyzed using high performance liquid chromatography (HPLC, 

Agilent HPL) at the Horn Point Analytical Services Laboratory according to Van Heukelum and 

Thomas (2001). 
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Sample storage experiment 
 

To evaluate the efficacy of sample preservation and storage, an experiment was 

conducted using water samples collected from the Choptank River (Table 3.1). Samples were 

prepared following the procedure described previously, and triplicate samples were incubated in 

the Coronatrons for six hours under constant light and at ambient temperature. After incubation, 

the samples were stored submerged in water-filled jars at room temperature for a period of 30 

days. Measurements were performed after 1 day, 7 days, and 30 days of storage to assess 

potential losses of the 32/40 and 34/40 mass signals in preserved samples over time. 

 

Rate determination  
 

The mass-to-charge ratios (m/z) of the relative abundance of dissolved 16O:16O (mass 32), 

18O:16O (mass 34) and Ar (mass 40) in the samples were measured by MIMS and recorded using 

instrumentation software Quickdata (Bay Instruments LLC). 

Rates of GPP were calculated based on the change in the mass 34 isotope concentration 

of dissolved O2 over the incubation time (Equation 1). 

 

𝐺𝑃𝑃 = $
%∆[3440] ×	[𝐴𝑟]0

2 ∗ (	!"𝑂(𝐻#𝑂) + 0.002) ∗ 𝑡
:	 

 

where ∆34/40, represents the change in the isotope to Ar ratio over time, [Ar] is the solubility of 

Argon at the incubation temperature, 18O(H218O) is the isotope ratio of the incubation water, 

which is calculated based on the amount of 18O(H218O) added in the total volume of the 

incubation flask and the percent enrichment (98-99%) of stock 18O water; 0.002 represents the 

(Equation 1)  
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natural abundance of 18O; and t represents the incubation time. This equation provides 18O-GPP 

in µM O2 h-1. Though the IRMS method typically uses d18O for GPP measurements, we chose to 

use Ar as a reference to avoid the changes in the O2 (mass 32) concentration in high activity 

samples which can affect the concentration of the reference gas (mass 32). 

Rates of NPP were determined from the net change in O2/Ar (mass 32/40) ratio (Equation 

2). 

 

𝑁𝑃𝑃 =
∆32/40	 ×	 [𝐴𝑟]

𝑡  

where	∆32/40, represents the change in the O2/Ar over time, [Ar] is the solubility (µM) of Ar at 

the incubation temperature, and t represents the incubation time. This equation provides NPP in 

µM O2 h-1. Then, gross O2 uptake (GR) was determined from the difference between GPP and 

NPP. Finally, GPP, NPP, and GR ratios obtained were normalized to the Chl-a concentration of 

each sample, providing µmol O2 (µg Chl-a)-1 h-1.  

Lastly, the overall sampling precision was assessed by calculating the percent coefficient 

of variation (% CV) of the 34/32 signals among replicate T0 (n = 29) and Tf (T-final, n = 31) 

samples. 

 

Limitations of the method: sample preparation 

 

The accuracy of this method is influenced more by sample preparation and handling 

technique than by analytical measurements by MIMS. From filling the pipette to dispensing the 

samples into vials, it is crucial to minimize exposure to air and ensure there are no air bubbles 

and headspace in the pipette. The sample water cannot be assumed to be in equilibrium with air. 

(Equation 2)  
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Additionally, it is important to homogenize the pipette prior to and during dispensing samples 

into the vials, as certain algae can settle quickly. When filling the vials, the pipette should be 

gently lifted to avoid the formation of air bubbles, and it is essential to leave a meniscus before 

sealing each vial. These precautions significantly enhance the accuracy and precision of the 

results. 

 

Photosynthesis-irradiance and nutrient-response curve fitting 

 

Initially, the ggplot2 package in R was used to generate scatter plots with smoothing lines 

using the locally estimated scatterplot smoothing (LOESS) for the visualization of the rates 

measured (GPP, NPP, and GR) and light (PAR). LOESS is a nonparametric method that uses 

local regression to fit a smooth curve; however, no assumptions are made about the underlying 

structure of the data. 

Several photosynthesis-irradiance (PE or PI) models have been described in the literature 

that could be applied to the dataset. However, this study does not aim to evaluate or compare 

these models, as this analysis is beyond the scope of this paper. For illustrative purposes, the 

Jassby and Platt (1976) model was selected, and its fitting was conducted using the R package 

'phytotools' (Silsbe and Malkin, 2015). Relationships of GR vs E (GR vs irradiance) vary in their 

shape and no one single curve-fit model is appropriate for all relationships (Kana, 1993; Lewitus 

and Kana 1995). In some cases, saturating curve-fits, such as Jassby and Platt (1976) appear 

appropriate (see below).  
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Results 

 

Primary production and gross respiration as a function of light (PE curves) 

 

The example data presented here range from natural seawater with low Chl-a 

concentrations (e.g., 2.22 μg L⁻¹) to samples collected during a thick lake bloom (e.g., 262 μg 

L⁻¹) and batch cultures of dinoflagellates with enriched seawater medium (156 μg L⁻¹). The 

heterogeneity of the samples used here demonstrates the efficiency of this technique in 

quantifying primary production and respiration rates across a wide variety of aquatic ecosystems. 

 
Figure 3.3 Rates of Gross Primary Production (GPP), Net Primary Production (NPP), and Gross 
Respiration (GR) (µmol O2 (µg Chl-a)-1 h-1) as a function of light (PAR, μmol photons m-2 s-1). 
Panels represent measurements from (a) Charlotte Harbor, FL, USA; (b) Choptank River, MD, 
USA; (c) Karenia brevis culture; and (d) Microcystis sp. bloom – Lake Sarasota, FL, USA. 
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 Generally, the PE curves exhibited the classic hyperbolic response to light (Figure 3.3), 

where both GPP and NPP rates increased with light intensity until reaching the saturation 

irradiance (Ek), ranging from 40 to 423 μmol photons m-2 s-1, depending on the sample (Table 

3.2). At the highest light intensities (~1000 μmol photons m-2 s-1), photoinhibition was observed, 

except for Microcystis sp. Light-dependent rates of R (GR) differed according to the community 

composition (Figure 3.3). For example, GR not only increased with light but also accounted for 

up to 47% of GPP in the Karenia brevis cultures. In contrast, during the Microcystis sp. bloom, 

GR remained low across all light intensities, with no substantial light-dependency observed, a 

characteristic more typical of cyanobacteria. 

 

Table 3.2 Parameters derived from the Jassby and Platt (1976) model fitting the relationship 
between oxygen production (GPP and NPP) and uptake rates (GR) (μmol O₂ (μg Chl-a) -1 h-1) 
and irradiance (PAR, μmol photons m-2 s-1). αB is the initial slope of the PE curve (μmol O₂ (μg 
Chl-a) -1 h-1) [μmol photons m-2 s-1]–1), Ek is the light saturation coefficient (μmol photons m⁻² 
s⁻¹), and Pmax is the maximum oxygen production rate (μmol O₂ (μg Chl-a) -1 h-1). 

 

 
 

aB Ek Pmax 
     
Charlotte Harbor, 

FL 
GPP 0.005 40.0 0.18 
NPP 0.000 177.1 0.06 
GR 0.006 19.6 0.12 

Choptank River, 
MD 

GPP 0.002 318.1 0.58 
NPP 0.001 384.3 0.38 
GR 0.002 90.5 0.18 

Karenia brevis 
culture 

GPP 0.002 107.1 0.18 
NPP 0.001 122.7 0.11 
GR 0.001 89.4 0.07 

Microcystis sp. 
bloom 

GPP 0.001 404.1 0.52 
NPP 0.001 423.0 0.48 
GR 0.001 39.4 0.03 
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Primary production and gross respiration as a function of nutrients and temperature 

 

 Samples were enriched with different concentrations of nitrate (NO3-), with the control 

receiving no addition, and experimental enrichments of 1 μM, 5 μM, and 10 μM. Incubations 

were performed at different temperatures, including ambient temperature (20˚C), 24˚C, and 

28˚C, under constant light conditions using the Coronatrons (~120 μmol photons m⁻² s⁻¹) (Figure 

3.4).  

 

 
Figure 3.4 Average rates of Gross Primary Production (GPP), Net Primary Production (NPP), 
and Gross Respiration (GR) (μmol O₂ (μg Chl-a)⁻¹ h⁻¹) with standard deviations (n=3) under 
different temperatures (20 ˚C, 24 ˚C, and 28 ˚C) and nitrate enrichment levels (control, 1 μM, 
5 μM, and 10 μM). 
 

Both primary production (GPP and NPP) and gross respiration (GR) rates exhibited 

variations according to the combination of treatments (Figure 3.4). GPP rates showed a slight 
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increase with NO3- addition, whereas the lowest GPP values were observed at the highest 

temperature tested (28˚C). Similarly, NPP presented higher rates under nutrient-enriched 

conditions, even though NPP became negative at 28˚C. In contrast, GR rates initially increased 

then decreased with NO3- enrichment, and were highest at 28˚C, where GR exceeded both GPP 

and NPP rates. Overall, these results suggest that while nutrient enrichment can stimulate 

primary production, elevated temperatures may diminish this effect due to increased GR rates. 

 

Sample storage experiment 

 

The results of the sample storage experiment for the O2 ratios showed similar patterns 

over time (Figure 3.5). For the 32/40 measurements, mean values remained relatively stable 

between Day 1 and Day 7 (16.86 and 16.84, respectively), with a slight decrease by Day 30 

(16.01), demonstrating a slight loss of O2 relative to Ar after one month of storage. The 34/40 

measurements showed a greater decline between Day 1 and Day 7 (from 0.086 to 0.076), 

reaching even lower values on Day 30 (0.067). The associated standard deviations for both ratios 

increased over time, indicating greater variability and potential degradation of sample integrity 

with longer storage. These results demonstrate that storage for up to 30 days led to a loss of 

stability for both 32/40 and 34/40 signals, with the latter being more affected. The greater loss of 

mass 34 O2 compared to mass 32 O2 is consistent with a small gas permeability of the Viton 

septa whereby the gas gradient with respect to air or overlying water is greatest for the enriched 

mass 34 isotope. This emphasizes the need to analyze preserved samples within a few days to 

minimize alterations in gas composition. 
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Figure 3.5 Mean values with standard deviation (n = 3) of the oxygen isotope ratios 32/40 (blue) 
and 34/40 (green) measured in preserved samples over a 30-day storage period. 

 

Sampling precision 

 

While the coefficient of variation (CV) of T0 sample measurements reflects only the 

variability associated with sampling and handling, the CV of Tf samples also incorporates 

biological activity occurring during the incubation period (2 – 15 h) among replicates. The %CV 

of all T0 samples and 23 of the Tf samples was below 0.10%. Only 6 Tf out of 31 samples 

exhibited slightly higher %CV values, ranging from 0.1–0.9%. Among all replicate 

measurements, only two samples exceeded a %CV of 0.9% (Table 3.3). These results indicate 

that overall sampling precision was high, with minimal variability among replicates even after 

incubation, confirming that this approach provides highly reproducible measurements. 
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Table 3.3 Summary of percent coefficient of variance (% CV) calculated for 34/32 signals of 
replicate (n=2 – 4) samples. Total of 60 data sets were assessed and grouped according to the 
range of % CV. Upper panel shows the summary of all the data and the lower panel shows the 
summery of Tf data. 

  CV (%) 
  <0.05 0.05-0.10 0.10-0.90 >0.90 
18O/16O     
Number of data sets  
(n = 2 – 4) 14 38 6 2 
% of total 23.3 63.3 10.0 3.3 
Mean (± SD) 0.036 ±0.017% 0.092 ±0.024% 0.026 ±0.51% 1.30 ±0.19% 
          
Number of Tf data sets  7 16 6 2 
% Tf data sets 50 42.1 100 100 
Mean (± SD)- Tf data 0.037 ±0.025% 0.098 ±0.025% 0.026 ±0.51% 1.30 ±0.19% 

     
 

Discussion 

 
The original light bottle-dark bottle method utilized Winkler titrations for the 

determination of dissolved O2 concentration. By measuring the change in O2 concentration in 

separate illuminated and darkened bottles over time, the net O2 production (NPP) and net O2 

community consumption (CR) of the plankton could be determined. As a central concept for 

understanding photosynthesis in nature, understanding the uncertainty–if not controversy–

regarding the dark bottle measurement is important.   

A basic assumption in the PE curve models used in aquatic sciences is that R is 

independent of the light level and with constant rates, as determined by parallel measurements 

made in the dark (Jassby and Platt, 1976). The measurement of GPP using non-isotopic O2 

methods depends on the assumption that R is unaffected by light. With such techniques, values 

of R (or CR) must be assumed to be equal to the dark O2 flux, despite uncertainty over this 
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assumption. However, these rates are not constant and can be light-dependent and processes, 

such as cyclic electron flow, Mehler reaction, and photorespiration help to regulate cellular redox 

by dissipating excess energy preventing photoinhibition caused by excess of light or downstream 

metabolic limitation (Kana 1990; Lewitus and Kana 1995; Pringault et al., 2007; Kramer and 

Evans, 2011; Glibert 2024 and references therein). In this study, we have provided an improved 

approach to measure light-dependent O2 cycling in a single, small volume sample suitable for 

measuring natural phytoplankton.   

Within aquatic sciences, the early observations of photosynthetic O2 cycling described in 

the physiological literature were not considered in the ecological determinations of GPP for a 

number of decades. The development of 18O methods that were capable of measuring low 

biomass samples typical of natural waters only came in the 1980’s and the emphasis in 

oceanography was on measuring ‘true’ GPP to assess ocean productivity and not the influence of 

light on R. Developing an understanding of the physiology of O2 consumption processes in 

natural waters was hampered by the large expense and/or limited availability of instrumentation 

for conducting 18O experiments. 

A motivation for measuring GPP by 18O methods is to provide an unambiguous measure 

of phytoplankton photosynthesis, unencumbered by assumptions of the contribution of light to 

O2 uptake processes. In fact, GPP by 18O methods is a direct measure of PSII activity, similar to 

measurements made by PSII variable fluorescence techniques (Suggett et al. 2009). As the origin 

of reductant via the PSII oxygen evolving complex, PSII activity provides the upper bound of 

photosynthetic reductant available to the cell and hence can legitimately be called gross 

photosynthetic activity.   
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Ambiguity comes in with the interpretation of GPP whereby PP (primary productivity) is 

not precisely defined.  Commonly, GPP is considered to be the productivity of the phytoplankton 

with respect to cellular growth. Implicit in this is a relationship to biomass (or in aquatic 

sciences, its proxy chlorophyll). Values of GPP from 18O experiments, however, represent the 

photosynthetic activity of reductant formation and it is the fate of this reductant that determines 

how close its measure is to GPP for biomass productivity. Whereas the majority of reductant 

normally flows to photosynthetic CO2 reduction, variable fractions can flow to O2, nitrogen (N), 

and other cellular reduction reactions at the expense of CO2 assimilation and C-based 

productivity (Glibert et al., 2016). Though N reduction (and other reactions) is relatively 

constrained due to elemental stoichiometry (Lomas et al., 2021), O2 reduction is highly variable 

and its rate can exceed 50% of O2 evolution (Kana, 1993). Hence, GPP by the 18O method can be 

significantly higher than GPP estimates using non-isotope O2 methods. There is a great need for 

more measurements of gross O2 cycling in phytoplankton systems to understand the variability 

and extent of photosynthetic oxygen reduction in nature. 

Use of the H218O technique in natural phytoplankton research has heretofore largely been 

in the context of measuring GPP in ocean water masses through in situ or simulated in situ 

incubations. Extending this technique using Photosynthetrons and Coronatrons provides 

additional experimental capability to study physiological responses to environmental factors (e.g. 

light, temperature and nutrients). With further application, it will be possible to establish 

comparative systems and species data with regard to R-E (R-I) relationships similar to P-E (P-I) 

curves. The process of light-dependent R remains under-explored and there are no established 

models describing the relationship between R and light as the responses are distinct, and a single 

model would not be sufficient to capture them. For illustrative purposes, we selected the Jassby 
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and Platt (1976) model to fit our production and respiration data, as it was observed that some 

GR curves mimic the GPP and NPP curves. This is an interesting and significant observation in 

that it indicates a fractional diversion of photosynthetic reductant to O2 that is dependent of light. 

This implies that there is a loss of photosynthetic efficiency of C reduction in those experiments. 

Previous studies have demonstrated how the isotope technique using MIMS provides a 

precise, simple, and affordable method for measuring in vitro productivity in various aquatic 

ecosystems (e.g., Kana, 1990; Kana et al., 1994; Ferrón et al., 2016). The main advantage of the 

modified method described here is that is considerably cheaper, the sample manipulation is 

easier, and only a small volume of sample is needed (~3 mL sample) with low isotope 

enrichment (1% of volume), thereby providing greater flexibility for physiological research on 

natural phytoplankton. Also, the analysis in the instrument is rapid, as samples can be analyzed 

in less than 5 minutes (Kana et al., 1994; Ferrón et al., 2016). The improvements in the H₂¹⁸O 

technique, as well as the introduction of the new Coronatron incubation device described herein 

to complement the now-common use of Photosynthetron incubators, will enable more accurate 

quantification and understanding of phytoplankton productivity across various environmental 

gradients. These enhancements make the method more accessible by reducing costs, labor, and 

time compared to traditional methods used for measuring primary production. With those able to 

take MIMS to sea, the rapid processing of such samples makes modifications of experimental 

protocols not only possible, but finely tuned, as conditions change. The diversity of samples and 

conditions assessed in this study highlights the efficiency of this technique across a wide range 

of aquatic ecosystems, from highly productive environments to low-productivity, near 

oligotrophic areas. 
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There are improvements needed to handle low biomass samples with reliability. 

Reproducibility (or noise in the P-E curves) is largely attributed to the level of care in sample 

collection, preparation and handling. Concentration of O2 in natural waters are typically in 

disequilibrium relative to solubility. Hence, the O2 concentration of a collected water sample will 

change if exposed to air especially if the sample temperature changes. Thus, any sample being 

prepared for enrichment and dispensing to sample tubes must be well mixed and vials must be 

capped immediately. A dispensing apparatus that avoids plastics (which are gas permeable) and 

bubbles that can gently fill a vial may be advantageous. 

 

Conclusion 

 

This study advances the application of the H218O technique with MIMS techniques by 

demonstrating its efficacy in simultaneously quantifying GPP, NPP, and GR in natural 

phytoplankton communities using small-volume incubations (3 mL). With advanced incubation 

devices, including Coronatrons and Photosynthetrons, this method enhances the ability to 

investigate the physiological responses of phytoplankton to multiple environmental factors, such 

as light, temperature, and nutrients. Compared with traditional approaches, the technique 

described here offers a simpler, more cost-effective, and rapid alternative, thus enabling broader 

application. While methodological improvements are still needed for reliable measurements in 

low-biomass samples, the reproducibility and efficiency demonstrated across varied aquatic 

environments highlight the robustness of the approach. Collectively, these methodological 

improvements will contribute to a more accurate and comprehensive understanding of 

phytoplankton productivity and respiration, both dark and light, across different environments 
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providing new opportunities for comparative studies and model development in aquatic 

photosynthesis research. 
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Chapter 4: Temperature effects on productivity, respiration, and 
dissolved organic matter degradation in subtropical Florida waters 
following hurricane-driven riverine runoff and brownification3 
 

Abstract 
 
Increasing ocean water temperatures and storm-driven terrestrial inputs are gradually affecting 

subtropical coastal ecosystems. This study examined how elevated temperature and humic acid 

enrichment, both under post-hurricane (Debby, Milton and Helene) in situ conditions and 

controlled laboratory manipulations, influence metabolic rates of Karenia brevis and associated 

phytoplankton communities on the West Florida Shelf (WFS). We hypothesized that warming, 

combined with hurricane-driven humic inputs, would decrease primary production rates while 

stimulating respiration and dissolved organic matter (DOM) degradation, shifting metabolic 

balance toward net heterotrophy. Gross primary production (GPP), net primary production 

(NPP), gross respiration (GR; light-dependent processes), and dark respiration were quantified 

using Membrane Inlet Mass Spectrometry, and changes in the fluorescent DOM (FDOM) 

composition was performed using spectrofluorometric analysis. Across stations, increasing 

temperature consistently reduced GPP, shifted NPP toward negative values, and enhanced both 

dark and light-dependent respiration. In many experiments, GR exceeded NPP and occasionally 

GPP, highlighting the substantial and often under-quantified contribution of light-dependent  

respiration to total oxygen consumption. Both Hurricanes Helene and Milton delivered 

terrestrially derived, humic-rich FDOM. Increasing temperature was associated with enhanced 

 

3 Sobrinho, B.F; Muni-Morgan, A.; Heil, C.; Glibert, P.M. Temperature effects on productivity, respiration, and dissolved 

organic matter degradation in subtropical Florida waters following hurricane-driven riverine runoff and brownification. Submitted 

to Frontiers in Microbiology 
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biological production of labile, protein-like FDOM and concurrent shifts toward lower 

humification.  Together, these responses increased oxygen demand while reducing oxygen 

solubility, conditions conducive to hypoxia. These findings demonstrate how warming and 

hurricane-driven brownification interact to amplify respiratory metabolism, highlighting the 

vulnerability of subtropical coastal systems to hypoxia development under future climate 

scenarios. 

 

Introduction 
 

Ocean and coastal systems are increasingly being affected by climate change and the 

multiple environmental stressors related to it. Warming and nutrient pollution are among the 

most important drivers reshaping aquatic environments. Estuaries and coastal zones respond 

rapidly to these pressures, and by integrating terrestrial and marine influence, act as sentinels of 

environmental changes (Cloern et al., 2016). At the same time, extreme weather events, 

including storms, heatwaves, and droughts, are also becoming more frequent and intense (Glibert 

& Li 2023). Understanding the complexities of these overlapping interactions remain a major 

challenge (Bijma et al., 2013; Glibert et al., 2022; Eddy et al., 2025; Guild et al., 2025). 

Relationships between temperature increase, nutrient enrichment, hypoxia and harmful algal 

blooms (HABs) have received considerable attention (e.g., Anderson et al., 2008; Hallegraeff, 

2010; Martínez et al., 2017; Gobler et al., 2017; Glibert, 2019; Griffith & Gobler, 2020; Glibert 

et al., 2021). However, less understood are the effects of changing terrestrial dissolved organic 

matter (DOM) loads to coastal water due to changes in extreme weather events, riverine 

discharge, sea level rise and other factors, and how those loads are altering primary production 
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and respiration. This is especially true in subtropical waters where organic loads and 

brownification have been poorly studied. 

The increasing frequency and intensity of storms, hurricanes, and high riverine runoff 

associated with climate change are altering the delivery of nutrients and organic matter to coastal 

waters. During periods of intense runoff, allochthonous organic matter, primarily in the form of 

terrestrially derived, colored humic and fulvic acids, can dominate the dissolved organic matter 

(DOM) pool (Thurman 1985; Moran & Hodson 1994). Storm-driven turbulence further 

mobilizes sediments and detritus from nearshore vegetation, enhancing the export of organic 

matter and nutrients to coastal zones (e.g., Miles et al., 2013; Bianucci et al., 2018; Chen et al., 

2019). In urbanized watersheds engineered drainage networks, increased impervious surface area 

and wastewater effluent contribute additional loads of DOM including labile dissolved organic 

nitrogen (DON) that can stimulate HABs (Bronk et al., 2010; Kaushal & Belt, 2012). Although 

humic substances have traditionally been considered largely refractory (Opsahl and Benner, 

1997; Benner, 2002; Coates et al., 2002), growing evidence shows that this pool, or a large 

fraction of this pool, can be biologically reactive, with implications for water quality, 

biogeochemical cycles, and the structure and functioning of planktonic communities 

(Stepanauskas et al., 2002; Wiegner et al., 2006; Boyer et al., 2006; See et al., 2006; Mendoza & 

Zika, 2014; Hounshell et al., 2022; Yin et al., 2025; Zhang et al., 2025). 

A substantial fraction of DOM, up to 80% in freshwater, consists of dissolved humic 

substances, naturally colored, high-molecular-weight organic acids (Thurman, 1985). The 

enrichment of coastal waters with these materials, a process known as brownification, alters 

underwater light fields and can influence primary production and bloom dynamics (Urrutia-

Cordero et al., 2017; Blanchet et al., 2022). In addition to their optical effects, humic substances 
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can play an important role as metal chelators (e.g., Musani et al., 1980) and can also serve as a 

nutrient source; much of the nitrogen (N) they contain is in the form of loosely bound 

ammonium (NH4+) that can be released through photooxidation or ion-exchange processes as 

riverine waters mix with higher-salinity coastal waters (Bushaw et al., 1996; Bushaw-Newton & 

Moran, 1999; Cochlan & Bronk, 2001; See et al., 2006). Brownification can reduce light 

penetration while simultaneously enhancing heat absorption, creating warmer and darker 

conditions that may selectively favor taxa adapted to such environments (Williamson et al., 

2015; Pilla et al., 2018). Several dinoflagellates, including Prorocentrum minimum, Karenia 

brevis, and Pyrodinium bahamense, have been shown to use humic-derived substrates (Granéli et 

al., 1999; Heil et al., 2005; See et al., 2006; Muni-Morgan et al., 2023; Zhang et al., 2025). 

However, the influence of humic enrichment combined with increasing temperature on 

phytoplankton metabolism, including both primary production and respiration, remains poorly 

understood especially in subtropical waters. 

Warming and organic matter enrichment can enhance oxygen consumption in coastal 

waters (Breitburg et al., 2018). At the same time, oxygen solubility decreases with increasing 

temperature and with the input of fresh waters (Schmidtko et al., 2017). Warmer conditions also 

promote higher water column stability and stratification, isolating water masses rich in organic 

matter and restricting vertical mixing (e.g., Lønborg et al., 2020; Goñi et al., 2021). Together, 

these processes stimulate respiration processes, which rise with temperatures (Wikner et al., 

2023), and contribute to the expansion and intensification of hypoxia regionally and globally 

(Weiss,1970; Diaz & Rosenberg, 2008; Grégoire et al., 2021; Alam, 2023). Respiration has also 

been shown to increase with DOM loading (Pace et al. 2021). However, there are still many 

questions regarding how these rates of respiration contribute to hypoxia and how these rates may 
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be influenced by different environmental factors. Importantly, with increased knowledge of the 

processes contributing to respiration, it is now clear that traditional methods of measuring 

respiration via changes in oxygen (i.e., “light bottle-dark bottle” techniques, Gaarder & Gran, 

1927) are insufficient to fully characterize those rates, as they only measure dark respiration. 

Phytoplankton also respire in the light, through processes such as cyclic electron flow, the 

Mehler reaction, and photorespiration, which regulate cellular redox by dissipating excess 

energy, preventing photoinhibition caused by excess of light or downstream metabolic limitation 

(Kana 1990; Lewitus & Kana 1995, Kramer & Evans, 2011, Glibert 2024 and references 

therein). However, the contribution of light-dependent respiration to the total community 

respiration remains under quantified, especially under conditions of elevated DOM. Therefore, to 

fully constrain how DOM impacts respiration, it is necessary to measure these rates, not just 

those measured in the dark. 

The Gulf of Mexico (GoM; Gulf of America) provides an ideal setting to investigate the 

impacts of multiple environmental stressors related to climate change, including the increasing 

organic loads associated with hurricanes. The northern GoM is characterized by one of the 

largest regions of human-induced hypoxia in the world, and the largest along the U.S. coastline 

(Rabalais & Turner, 2019; Pontius & McIntosh, 2024). Surface water temperatures in the GoM 

have increased at nearly twice the rate observed in the global ocean surface (Wang et al., 2023). 

Due to its location near the warm waters of the North Atlantic, including the Caribbean Sea, 

Florida experiences more hurricanes than any other U.S. state (Malmstadt et al., 2009, 2010; 

Gilliam, 2021). Notably, in 2023, Florida experienced Hurricane Idalia (August 30, 2023) and in 

2024 Florida was impacted by three major hurricanes: Debby (August 3, 2024), Helene 

(September 26, 2024), and Milton (October 9, 2024).  
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Hurricanes Idalia (Category 4) and Debby (Category 1) generated extreme rainfall across 

Florida’s west coast (National Weather Service, 2024), resulting in intense river flow and 

flooding, considerably enhancing freshwater discharge to coastal waters and the export of 

terrestrially derived sediments and organic matter to the coastal ocean. In contrast, Helene 

(Category 4) was primarily a storm-surge–dominated event, producing less rainfall but generated 

record-high surge levels along Florida’s west coast due to strong onshore winds. This led to 

major coastal flooding and sand deposition (Florida State University Climate Center, 2024). 

Hurricane Milton (Category 5) combined extreme storm surge with heavy rainfall, resulting in a 

mixed forcing regime in which both surge-driven coastal erosion and rainfall-enhanced river 

discharge contributed to sediment resuspension and organic matter export to the coastal ocean 

(National Hurricane Center, 2024). Such extreme events can–and did–intensely alter the typical 

distribution of DOM on the West Florida Shelf (WFS) (e.g., Conmy et al., 2009; Mendoza & 

Zika, 2014). 

  A unique feature of the eastern GoM that can also contribute to local anoxia/hypoxia is 

the annual blooms of the toxic dinoflagellate K. brevis. These blooms can be sustained by 

hurricanes and tropical storms by delivering large pulses of nutrients and organic matter, 

sometimes comparable to the entire annual nutrient load to the region (Hu et al., 2006; Fritz, 

2018; Chen & Li, 2025). Studies have reported the presence of hypoxia during intense K. brevis 

blooms (Smith, 1975; Heyl et al., 1978; Milbrandt et al., 2021; Turley et al., 2022). Recently it 

has been hypothesized that hypoxia occurring in parallel to a K. brevis red tide event is more 

likely to occur with warmer ocean temperatures and increased fluxes of organic nutrients, 

especially after hurricanes (Milbrandt et al. 2021; Figure 4.1). Moreover, respiration rates by 

dinoflagellates are inherently high. However, it remains unclear how the respiration rates of K. 
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brevis and its associated phytoplankton community compare to those of microbial communities 

during organic matter decomposition.  

 

 

Figure 4.1 Conceptual figure illustrating the combined effects of warming and intensifying 
hurricanes on coastal biogeochemistry and oxygen dynamics in a subtropical system such as the 
Gulf of Mexico Rising temperatures increase the frequency and intensity of tropical storms and 
hurricanes, enhancing rainfall, river discharge, and terrestrial runoff. These processes deliver 
elevated loads of dissolved organic matter (DOM) to coastal waters, including terrestrial humic-
like, microbial humic-like, and protein-like components. Simultaneously, warming of surface 
water increases water-column stratification, reducing vertical mixing and oxygen ventilation of 
deeper waters, while higher temperatures decrease oxygen solubility. Under warmer conditions 
and increased DOM availability, respiratory processes are favored, while primary production is 
reduced, shifting the system toward net heterotrophy. The combined effects of enhanced 
respiration, reduced oxygen, and lower oxygen solubility promote oxygen depletion and increase 
the likelihood of hypoxic conditions. Icons were adapted from the Integration and Application 
Network (IAN), University of Maryland Center for Environmental Science (UMCES) and Adobe 
Illustrator. The brownish water effect was added using AI-assisted editing. 

 

This study examined how increased temperature and humic acid enrichment, both under 

in situ post-hurricane conditions and through controlled laboratory manipulations, affect the 

metabolic rates of K. brevis and the associated phytoplankton community on the WFS. We 
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hypothesized that increasing temperature, combined with hurricane-driven inputs of humic acids, 

will reduce primary production while stimulating respiration processes and DOM degradation. 

Together, these processes will shift metabolic balance toward greater net heterotrophy, thereby 

increasing the likelihood of hypoxia development in WFS waters. To assess these effects, gross 

primary production (GPP), net primary production (NPP), gross respiration (i.e., the sum of 

light-dependent metabolic processes, GR), and dark respiration rates of dissolved oxygen were 

measured. Changes in the chemical character of fluorescent DOM (FDOM) as a function as 

temperature were also measured. These findings provide new insight into how climate-related 

stressors may interact to influence the balance between autotrophic and heterotrophic processes 

in coastal phytoplankton communities with important links to, and implications for, the 

development of hypoxia conditions.  

 

Materials and Methods 

 

Overview and sampling 

 

All water samples used in experiments were collected from rivers discharging onto the 

WFS, or from coastal WFS waters in August and September 2023 (5 days before and 7 days after 

Hurricane Idalia) and between August and November 2024 after hurricanes Debby (August 8, 5 

days post storm), Helene (October 1, 6 days post storm), and Milton (November 20 – 23, 6 weeks 

post storm; Figure 4.2). Sampling efforts in August 2023 and also following hurricanes Debby and 

Helene were conducted on a single day, whereas sampling after hurricane Milton extended across 

three days.  
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Pre and post Hurricane Idalia sampling involved collections of ambient nutrient 

conditions, and measurements of the light dependency of GR in Charlotte Harbor. The pre-

hurricane measurements also serve as a comparative non-impacted summer condition, against 

which the rate measurements following Hurricane Debbie can be compared. 

Different types of experiments or measurements were undertaken for all post hurricane 

sampling in 2024, depending on date of sampling (Table 1). The first involved comparisons of 

varying concentrations of humic-rich waters derived from different sites sampled in the days to 

weeks following hurricanes Debby to assess the effects on primary production and respiration in 

water with varying levels of natural organic loads. The second involved artificial manipulation of 

humic loads and their effects on primary production and respiration. For the second type of 

experiment, water samples from nearshore (New Pass and Siesta Key) were collected and 

subsequently inoculated with addition of humic material previously extracted from water 

collected from the humic-rich Shark River Slough in southwest Florida (details below). 

Respiration rates were measured across ambient and manipulated temperatures (+ 3–5˚C) in the 

dark to reflect community respiration and in the light to reflect light-dependent respiration (i.e., 

GR). The third set of measurements, in a subset of samples, involved characterizing the FDOM 

transformation in the temperature-manipulated incubations (Table 4.1).  
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Table 4. 1 Summary of sampling efforts following Hurricanes Idalia, Debby, Helene, and Milton, 
including the stations where water was collected and the experiments conducted for each event. 
Site locations are shown in Figure 2. 

Hurricane Station sites Experiments 

Idalia 

(Category 4; 

landfall at Big 

Bend, Florida) 

Charlotte Harbor (CH) 

• Pre hurricane rates of light 

dependent Gross Respiration 

Debby 

(Category 1; 

landfall at 

Steinhatchee, 

Florida) 

Tampa Bay (TB), Siesta Key (SK), 

Caloosahatchee River (CR) and 

Charlotte Harbor (CH) 

• Primary Production and Gross 

Respiration Rates vs. temperature 

• Dark and light Respiration Rates 

Helene 

(Category 4; 

landfall near 

Perry, Florida) 

New Pass (NP) and Siesta Key 

(SK) 

• Primary Production and Gross 

Respiration Rates vs. temperature 

• FDOM transformation vs. 

temperature  

• Dark and Light Respiration Rates 

Milton 

(Category 5; 

landfall near 

Siesta Key, 

Florida) 

New Pass (NP) and Siesta Key 

(SK) 

• Primary Production and Gross 

Respiration Rates + humic acid 

enrichment vs. temperature  

• FDOM transformation + humic acid 

enrichment vs. temperature  

• Dark and Light Respiration Rates 

• Dark Respiration vs. temperature 
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Figure 4.2 (a) Map of sampling sites on the West Florida Shelf: Charlotte Harbor (CH), 
Caloosahatchee River (mouth; CR), New Pass (NP), Siesta Key (SK) and Tampa Bay (TB). 
Tracks of Hurricane Debbie (b), Helene (c) and Milton (d) along the West Florida coast. 
Hurricane intensity (expressed in knots, kt) data were obtained from the RAMMB Tropical 
Cyclone Realtime database hosted by the Cooperative Institute for Research in the Atmosphere 
(CIRA), Colorado State University. 
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Ambient parameters, nutrients, and chlorophyll-a analyses 
 

In the field, water was collected with a Niskin bottle lowered to ~5 cm below the water 

surface then transferred to a clean (10% HCl, followed by three deionized water rinses) 10 L 

Nalgene carboy.  Measurements of temperature and salinity were taken of each sample on site 

using a ProQuatro or a YSI ProSolo.  Samples were returned to the laboratory within 2 hours of 

sampling and immediately filtered through precombusted GF/F filters (450oC, 2 hr). Given that 

sampling was performed opportunistically and largely in response to the occurrence of 

hurricanes, the collection of environmental data was not always uniform across experiments, and 

some parameters were unavailable for certain sampling days. 

 For samples pre and post Idalia and post Helene, determinations of NO3+2 (hereafter 

termed NO3), PO4, NH4 and Chlorophyll-a (Chl-a) are available. Filtrates and filters were stored 

frozen. All nutrient analyses were carried out at the Mote Marine Laboratory using a continuous 

segmented flow analyzer (Auto-analyzer 3 SEAL) according to Dixon et al. (2014). 

Concentrations of Chl-a were analyzed using high-performance liquid chromatography (HPLC, 

Agilent HPL) at the Horn Point Analytical Services Laboratory according to Van Heukelum and 

Thomas (2001). In addition, for these same samples, concentrations of dissolved organic carbon 

(DOC) and colored dissolved organic matter (CDOM) were also measured, using an excitation 

wavelength of 280 nm. Cell abundance and classification were performed on raw water samples 

preserved with Lugol’s solution (5%) in a Sedgewick-Rafter chamber (1 mL) using a Zeiss Axio 

Vert.A1 inverted microscope.  
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Humic acid extraction  

 

All humic material used in enrichment studies was originally collected and isolated from 

the Shark River Slough, Florida, several years prior to this study, and stored frozen until 

analysis. The water samples for humic extractions were collected in precleaned carboys (10% 

HCl followed by three deionized water rinses). Water was returned to the lab and filtered through 

precombusted GF/F filters within 6 hours of collection and stored at 4˚C in darkness until further 

extraction. Humic acids were extracted according to a modification of the method of Leenheer 

(1981) using XAD-8 resin (Sigma Chemical) and Duolite A-7 anion exchange resin, as 

previously described in Heil (2005). The XAD-8 resin was cleaned (sequential 100% washes of 

diethyl ether, acetonitrile, methanol, and ether), slurried with distilled water, and packed into 

glass columns. The columns were subsequently cleaned and prepared as per Heil (2005). Just 

before extraction, the filtered water sample was acidified to pH 2.0 with 6.0 N HCl. Then, 

approximately 40 liters of the sample was passed through the XAD-8 column, which was 

subsequently rinsed with 100 mL of distilled water, followed by elution with 0.1 N NaOH. The 

resulting eluant was acidified with 6.0N HCl (Liao et al. 1982, Bowles et al. 1989), then 

centrifuged (3000 g, 20 min). The resulting pellet, representing the humic material, was washed 

with distilled water, recentrifuged, and dissolved in 0.1 N NaOH, passed through a cation 

exchange column, reacidified, and recentrifuged again. The dried humic fraction was dissolved 

in 50 mL of milli-Q water to make a humic stock solution with a concentration of 1 mg L-1 then 

filtered (0.2 µm Nuclepore filter) and stored in darkness at 4˚C. 
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Primary production and respiration rates measurements 

 

All water collected was initially screened at the time of sample collection through a 100-

micron nylon mesh to separate the smaller fractions of phytoplankton from zooplankton. After 

return to the laboratory, portions of the screened water samples (30 – 60 mL) were enriched with 

~1% of H218O (Marshall Isotopes Ltd.) and dispensed without headspace into 12-15, 3 mL 

screw-capped vials sealed with Viton septa. To assess light-dependent gross respiration (GR) in 

the pre-Idalia experiments, vials were incubated in Photosynthetrons (MacIntyre et al., 1996) 

with light ranging from 0 to 800 µmole photons m-2 sec-2. For all samples conducted in 2024, 

constant light (~130 μmol photons m⁻² s⁻¹) was provided to all vials in custom made incubation 

devices, hereafter called “Coronatrons” (Bay Instruments LLC; Sobrinho et al. in review). Then, 

the Coronatrons were placed in three different constant temperature incubators for up to 8 hours 

(Figure 4.3).  

Depending on sample or experiment, vials represented single, replicate or triplicate 

treatments. Rates of GR coincident with rates of gross primary production (GPP), net primary 

production (NPP) were calculated for all treatments. The constant temperature treatments 

included near-ambient temperature, ambient temperature +3˚C, and ambient temperature +6–

8˚C. Before incubation of all experiments, triplicate vials were immediately fixed with mercuric 

chloride (HgCl2, ~1% v/v), representing a time zero value. At the end of the incubation period, 

samples were removed from the Coronatrons, fixed with HgCl2 (~1% v/v), placed completely 

underwater in jars at room temperature until analysis (within days) to minimize air 

contamination. Subsequent analysis was performed by Membrane Inlet Mass Spectrometry 

(MIMS) (Bay Instruments LLC, Easton, Maryland) (Sobrinho et al. in review). Rates of GPP, 
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NPP, and GR were calculated as described below and normalized by the Chl-a concentration of 

each sample.  

 

 
Figure 4.3 Schematic overview of the incubation setup used to quantify primary production 
(GPP, NPP) and Gross respiration (GR), as well as changes in dissolved organic matter (FDOM) 
composition. Water samples were dispensed into 3-mL gas-tight vials and incubated for up to 8 
hours in custom-built incubators (“Coronatrons”), each maintained at constant light and at three 
temperature treatments (ambient, ambient + 3°C, and ambient + 6 – 8˚C). At the end of the 
incubation, vials enriched with ~1% H218O were fixed and analyzed by Membrane Inlet Mass 
Spectrometry (MIMS) to quantify metabolic rates. For select sites/dates, approximately 1 mL 
from each vial was transferred into an acid washed (10% HCl) and baked (232˚C, 2 h) 
scintillation vial and placed in the refrigerator (4˚C) in the dark for fluorescence excitation-
emission matrix-parallel factor (EEM-PARAFAC) analysis of FDOM. ChatGPT was used to 
generate the Coronatrons icon. 

 

An additional experiment was conducted post-Hurricane Milton, involving enrichment of 

samples with 6 mg L-1 of the previously extracted humic acids prior to enrichment with ~1% of 

H218O. The amount of humic acid enrichment was based on prior measurements of colored DOM 

(CDOM) from samples from Charlotte Harbor (May and August 2023; E. Hall, unpublished 

data), which ranged from 1.3 to 12.9 mg l-1.  



  70 

To measure dark respiration (i.e., Community Respiration, CR) as a function of water 

temperature, water samples with no isotope added were carefully dispensed in 7mL vials and 

placed in a custom-made temperature control block with cool water circulating at one end and 

warm water at another, yielding a gradient of five values ranging from -5˚C to +5˚C relative to 

ambient temperature. After incubation (6–8 hours), vials were stored in water filled jars as 

described above and subsequently analyzed by MIMS as described below (Sobrinho et al. in 

review). 

In parallel with the measurements of GPP, NPP and GR in the Coronatron incubations for 

samples collected following Hurricanes Debby and Helene, a replicate set of vials with no 

isotope enrichments was incubated in the Coronatrons for subsequent analysis of FDOM. After 

incubation, vials were frozen for subsequent spectrofluorimetric analysis at the University of 

South Florida (Horiba Aqualog, Horiba Instruments Inc.) as described in detail below. 

 

Calculations and statistical analyses 

 

To determine the rates of GPP, NPP, and GR, the mass-to-charge ratios (m/z) of the 

relative abundance of dissolved 16O:16O (mass 32), 18O:18O (mass 34), and Ar (mass 40) in the 

samples were measured by MIMS (Sobrinho et al. in review). Data analysis was by the software 

Quickdata (Bay Instruments LLC) according to Kana (1990), Kana et al. (1994), and Ferrón et 

al. (2016). Rates of GPP were calculated based on the change in the isotope ratio of dissolved O2 

over the incubation time (mass 34/40) (Equation 1). 
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𝐺𝑃𝑃 = $
%∆[3440] ×	[𝐴𝑟]0

2 ∗ (	!"𝑂(𝐻#𝑂) + 0.002) ∗ 𝑡
:	 

where ∆34/40, represents the change in the isotope to Ar ratio over time, [Ar] is the solubility of 

Argon at the incubation temperature, 18O(H218O) is the isotope ratio of the incubation water, 

which is calculated based on the amount of 18O(H218O) added in the total volume of the 

incubation flask and the percent enrichment (98-99%) of stock 18O water; 0.002 represents the 

natural abundance of 18O; and t represents the incubation time. This equation provides 18O-GPP 

in µmol O2 h-1.  

Rates of NPP were determined from the net change in O2/Ar (mass 32/40) (Equation 2). 

 

𝑁𝑃𝑃 =
∆32/40	 ×	 [𝐴𝑟]

𝑡  

where	∆32/40 represents the change in the O2/Ar over time, [Ar] is the solubility of Ar at a 

certain temperature, and t represents the incubation time. This equation provides 18O-NPP in 

µmol O2 h-1. Dark respiration rates were estimated from the NPP rates. Then, gross O2 uptake 

(GR) was determined from the difference between GPP and NPP. Finally, GPP, NPP, and GR 

ratios obtained were normalized by the Chl-a concentration of each sample, providing µmol O2 

(µg Chl-a) -1 h-1. 

To test the relationship between dark respiration and temperatures, linear models were 

used. The normality of data was checked with the Shapiro-Wilks test, and the homogeneity of 

variance was assessed. All statistical analyses were performed using the R language (R Core 

Team, 2021). 

 

(Equation 1)  

(Equation 2)  
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Dissolved organic matter analysis  

 

For samples collected at the NP and SK sites after Hurricanes Helene and Milton, the 

effects of temperature on the composition of fluorescent DOM (FDOM) were determined using 

(fluorescence excitation-emission matrix-parallel factor analysis (EEM-PARAFAC; Xu et al. 

2021). This is a nondestructive technique that detects fluorophores at low concentrations in a 

three-dimensional landscape. This landscape, or EEM, is then mathematically deconvoluted via 

PARAFAC to identify fluorescent compounds such as humic acids and protein-like compounds 

(Muni-Morgan et al., 2024). Various indices, including the biological index (BIX) and 

humification index (HIX) were calculated using the EEM absorbance and fluorescence spectra to 

resolve the degradation state, origin, and reactivity of DOM using the staRdom package in 

‘Rstudio’ (version 4.2.2). The BIX is calculated using the ratio of fluorescence intensity of 

emissions 380/430 nm, obtained at an excitation wavelength of 310 nm (Huguet et al., 2009). 

Values greater than 1 are indicative of recent autochthonous production. The HIX is calculated 

by dividing the sum of emission intensities in the 435–480 nm region by the sum of total 

fluorescence intensities between the 300–345 nm and 435–480 nm regions, where the value of 1 

is the highest degree of humification (Ohno, 2002). High values of HIX are associated with 

DOM that is higher in molecular weight, more aromatic, and of terrestrial origin. 

Scans of EEM were performed on all samples (n=60) using a Horiba Aqualog (Horiba 

Instruments Inc). Prior to analysis, all samples were brought to a final volume of 3 mL using 

Milli-Q water and stabilized to room temperature prior to fluorescence analysis. Samples were 

analyzed in an acid-soaked (10% HCl; 24 h) 1 cm quartz cuvette, which was rinsed 20 times with 

Milli-Q water before being scanned. Before sample analysis, validation checks for water Raman 
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peak signal-to-noise and emission calibration were performed, as well as standardization of 

fluorescence intensity in quinine sulfate units (QSU) using a 1 ppm standard of quinine sulfate 

solution scanned at an excitation wavelength of 347.5 nm. Excitation wavelengths were 

measured from 239 to 800 nm (3 nm increments), and emission wavelengths were measured 

from 248 to 827 nm (5 nm increments).  

Fluorescence EEM spectral correction was performed through subtraction of a sample 

blank of Milli-Q water to remove Raman scatter. The EEMs were corrected for inner filter effect 

(IFE), 1st and 2nd order Rayleigh scattering and normalized to the Raman peak of the Milli-Q 

water (Aqualog Software v 3.6) to enable a direct comparison of relative fluorescence between 

all sample EEMs. A single PARAFAC model was created in PLS Toolbox v 9.2 (Eigenvector 

Research Inc., Manson, WA, USA) in MATLAB (R2023a) to determine the underlying 

fluorophores in all samples using methods outlined in Stedmon and Bro (2008). The resultant 

model explained 99.1% of the data, which was validated using split half analysis (86.1), the core 

consistency diagnostic (61), and visual examination of residuals. The PARAFAC model was 

exported to the online spectral database OpenFluor to match underlying components to the 

existing literature using a Tucker congruence of 0.95 on the uploaded emission and excitation 

spectra (Murphy et al., 2014). The FDOM peaks were further compared visually to the 

commonly described Coble peaks (Coble 1996). 

The PARAFAC model components were identified as terrestrial humic-like (C1), 

microbial humic-like (C2), and protein-like (C3). The C1 component has two excitation maxima 

at <250 and 370 nm, and one emission maximum at 480 nm. It is defined by Coble (1996) as 

humic-like peak C which is ubiquitous and has been observed in both terrestrial and marine 

DOM with minor differences in peak positions (Coble, 1996; Stedmon & Markager, 2005). This 
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component is indicative of allochthonous, or terrestrially derived humics. The C2 component 

matches the spectral characteristics of Coble peak M and is considered microbially produced or 

autochthonous humics of recent biological origin (Coble 1996). It has two excitation maxima at 

<250 and 300 nm, and one emission maximum at 400 nm. Lastly, the C3 component is defined 

as Coble peak T, resembling the spectra of tryptophan (Coble 2006). It has an 

excitation/emission maximum at 270/310 nm. Protein-like DOM is considered highly labile and 

can originate via biological production or cell lysis. Tryptophan is also used a marker for 

anthropogenic DOM originating from wastewater (Harris et al., 2024).  

 

Results  

 

Pre and Post Hurricane Idalia 

 

 Ambient conditions post Hurricane Idalia substantially altered the environmental 

conditions of Charlotte Harbor (CH). While temperatures were nearly the same (29.6˚C pre and 

28.8oC post), salinity declined from 23.7 to 16.0. Nitrogen loading substantially increased with 

NH4 increasing from 1.63 to 3.41 µM and NO3 increasing from <0.07 to 2.56 µM 

(Supplementary Table 4.1). Concentrations of DOC increased from 686 to 1080 µM and CDOM 

increased from 39.5 to 88.5 m-1 (Supplementary Table 4.1). Rates of light dependent GR 

averaged 0.13 µM O2 (µg chl a-1 hr-1) (Supplementary Figure 4.1). 
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Post-Hurricane Debby 

 

Ambient conditions and phytoplankton community 

 

The ambient temperature was similar at all stations (28˚C) in August 2024. 

Concentrations of Chl-a were 1.84 μg L-1 at Tampa Bay (TB), 3.59 μg L-1 at Siesta Key (SK), 

2.32 μg L-1 at Caloosahatchee River (CR), and 4.31 μg L-1 at Charlotte Harbor (CH). 

Phytoplankton community composition varied considerably among stations (Supplementary 

Table 4.2). Station TB showed the highest cell densities in comparison with other sites, with cell 

concentrations dominated by diatoms (~1.28 cells ´ 107 L-1), with smaller contributions from 

“other” taxa (~2.4 ´ 105 cells ´ L-1). At SK, total biomass was considerably lower, cyanobacteria 

(~9.6 × 105 cells L⁻¹) were the main group, followed by diatoms (~6.6 ´ 105 cells L-1), 

suggesting freshwater inputs. Station CR exhibited the lowest overall abundances, with < 2 ´ 105 

cells L-1, with diatoms dominating abundance. At CH, cell densities increased again relative to 

CR, with cyanobacteria (~6.6 ´ 105 cells L-1) and diatoms (~2.2 ´ 105 cells L-1) forming most of 

the community. Karenia brevis was not detected at any station. 

 

 Primary production and respiration rates  

 

Following Hurricane Debby in August 2024, excessive rainfall caused widespread 

wastewater spills and organic matter inputs, generating a pronounced gradient of water colors 

across the sampling stations (Figure 4.4). Elevated concentrations of CDOM were evident in the 

more inner-shelf sites, particularly the Caloosahatchee River and Charlotte Harbor (Figure 4.4).  
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Figure 4.4 (A) Satellite image showing sediment plumes and stormwater runoff along southwest 
Florida following Hurricane Ian. Image acquired by the U.S. Geological Survey (Landsat 7) on 
October 2, 2022 (public domain; available at https://www.usgs.gov/media/images/landsat-7-
captures-hurricane-ian-aftermath-sanibel-island). (B)Visual gradient of water color across 
stations sampled from north to south: Tampa Bay (TB), New Pass (NP), Siesta Key (SK), 
Caloosahatchee River mouth (CR), Charlotte Harbor (CH), and the upper Caloosahatchee River 
(S79). The darkest waters (CH, CR, and especially S79) represent the most inland stations, where 
terrestrial influence and organic matter inputs are strongest. 

 

A 

B 
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Across all stations, rates of GPP consistently declined with increasing experimental 

temperatures. At 28˚C, GPP ranged from 0.31–1.16 µmol O2 (µg Chl-a)-1 h-1, but decreased to 

0.21 – 0.79 at 33˚C. This represents reductions of up to 32% in GPP rates from 28˚C to 33˚C 

(Figure 4.5).  

 
Figure 4.5 Gross primary production (GPP; panel A), net primary production (NPP; panel B), 
and gross respiration (GR; panel C) (µmol O₂ (µg Chl-a)-1 h-1)  measured under three 
temperature treatments (28˚C, 31˚C and 33˚C) across four stations: Tampa Bay (TB), Siesta Key 
(SK), Caloosahatchee River mouth (CR) and Charlotte Harbor (CH).  
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Declines were generally stronger in the more ‘colored’ stations (CR and CH), where 

baseline GPP was already lower, and the effects of warming were more pronounced. Rates of 

NPP showed a similar negative response to temperature. At 28˚C, NPP ranged from -0.006 to 

0.663 µmol O2 (µg Chl-a)-1 h-1, but decreased to values between -0.536 and -0.073 µmol O2 (µg 

Chl-a)-1 h-1at 33˚C. At 33˚C, all stations exhibited negative NPP, indicating that respiration 

exceeded photosynthesis at elevated temperatures. Rates of GR increased noticeably with 

warming, from 0.23 – 0.53 µmol O2 (µg Chl-a)-1 h-1 at 28˚C to 0.45 – 0.90 µmol O2 (µg Chl-a)-1 

h-1 at 33˚C, representing increases of up to 109% in GR rates. The largest temperature-driven 

stimulation of GR occurred in the colored-water stations (CR and CH) (Figure 4.5).  

 

Dark vs. light respiration rates 

 
At ambient temperature (28˚C), light-dependent rates of GR and dark respiration exhibited 

distinct patterns across stations (Figure 4.6). In TB, light respiration was over an order of 

magnitude higher than dark respiration, 0. 492 and 0.040 µmol O2 (µg Chl-a)-1 h-1, respectively. 

A similar pattern occurred in SK, where light respiration (0.533) exceeded dark respiration 

(0.344) by 55%, indicating strong light-driven respiration in these clearer coastal waters. In 

contrast, the more colored waters, CR and CH, exhibited the opposite pattern: dark respiration 

rates were equal to or slightly higher than rates of light respiration.  
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Figure 4.6 Dark respiration and light-dependent respiration (GR) measured at ambient 
temperature (28˚C) across four stations: Tampa Bay (TB), Siesta Key (SK), Caloosahatchee 
River mouth (CR), and Charlotte Harbor (CH). 

 

Post Hurricane Helene 

 
Ambient conditions and phytoplankton community 

 

In October 2024, temperatures were similar among stations (28˚C), and Chl-a 

concentrations were 10.09 and 8.55 at NP and SK, respectively. Phytoplankton community 

composition differed among stations (Supplementary Table 2). No K. brevis was detected at 

either NP or SK. At NP, total cell abundance was primarily dominated by diatoms (4.60 × 105 

cells ´ L-1), with smaller contributions from dinoflagellates (4 × 104 cells ´ L-1) and other taxa 

(~3 × 104 cells ´ L-1). Cyanobacteria were not detected at this station. In contrast, SK exhibited 

higher total cell densities, largely dominated by cyanobacteria (~1.13 × 107 cells ´ L-1). 

Microscopic examination revealed that many of these cells consisted of small coccoid forms 

embedded in mucilaginous aggregates, which did not appear physiologically healthy. These cells 

were identified as Microcystis sp. colonies, most likely transported via runoff from Phillippi 
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Creek which discharges near the Siesta Key station during rainfall events. Microcystis can persist 

in salt waters for approximately 3 – 4 days before cellular disintegration. Although the cells 

observed at SK were likely non-viable, their morphology remained identifiable. Diatoms (~5.40 

× 105 cells ´ L-1), dinoflagellates (~8 × 104 cells ´ L-1), and other taxa (~1.10 × 105 cells ´ L-1) 

contributed comparatively less to total abundance. The dominance of cyanobacteria at SK 

suggests stronger freshwater or nutrient-enriched influences relative to NP. 

 

Primary production and respiration rates 

 

At both NP and SK, temperature had similar effects on GPP, NPP, and GR (Figure 4.7). 

Rates of GPP were similar among temperatures, varying from 0.05 to 0.07 µmol O2 (µg Chl-a)-1 

h-1 at NP, while SK presented higher GPP rates (0.10 – 0.11 µmol O2 (µg Chl-a)-1 h-1) (Figure 

4.7A). Rates of NPP presented a negative relationship with temperature, shifting from slightly 

positive values at 28˚C (0.03 µmol O2 (µg Chl-a)-1 h-1 at NP and 0.01 µmol O2 (µg Chl-a)-1 h-1 

and SK), to increasingly negative values at higher temperatures, -0.007 µmol O2 (µg Chl-a)-1 h-

1at NP and -0.03 µmol O2 (µg Chl-a)-1 h-1 at SK (Figure 4.7B). In contrast, rates of GR increased 

consistently with temperature, with the highest GR rates observed at 32˚C, reaching 0.17 µmol 

O2 (µg Chl-a)-1 h-1 at SK (Figure 4.7C). 
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Figure 4.7 Gross primary production (GPP, A), net primary production (NPP, B), and gross 
respiration (GR; C) (µmol O₂ (µg Chl-a)-1 h-1) measured under three temperature treatments 
(28˚C, 30˚C, and 32˚C) across two stations: New Pass (NP) and Siesta Key (SK). Ambient 
temperature was 28˚C.  
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FDOM transformations 

 

For sites NP and SK, warming resulted in shifts in relative fluorescence of all FDOM 

components (Figure 4.8). Mean initial BIX values at T0 were lower at site SK (0.79) vs NP 

(0.91) (Table 4.2), suggesting a smaller contribution of recently produced, microbially derived 

FDOM at SK relative to NP. Values of FDOM reflected more humified organic matter at site SK 

with mean initial HIX values of 0.81 at T0 vs. 0.61 at the NP site. Consistent reductions in 

component C1 (Terrestrial humic-like) were observed at all temperatures at both sites SK and 

NP. Increases in C2 (Microbial humic-like) were only observed in NP samples vs SK. Increases 

in C3 (Protein-like) were consistent with increasing temperature for NP and especially SK, along 

with increases in BIX. Conversely, the FDOM pool became less humified with increasing 

temperature as indicated by decreasing HIX values with increasing temperature at both sites. 

 
Table 4. 2 Mean biological index (BIX) and humification index (HIX) values ± standard error of 
the mean at sites Siesta Key (SK) and New Pass (NP) across temperature treatments following 
Hurricane Helene.  

Treatment Site BIX HIX n 

T0 SK 0.79 ± 0.01 0.81 ± 0.01 3 

28˚C SK 0.80 ± 0.02 0.79 ± 0.01 3 

30˚C SK 0.78 ± 0.01 0.76 ± 0.03 3 

32˚C SK 0.86 ± 0.01 0.73 ± 0.04 3 

     

T0 NP 0.91 ± 0.03 0.63 ± 0.03 3 

28˚C NP 0.92 ± 0.02 0.61 ± 0.03 3 

30˚C NP 0.94 ± 0.01 0.60 ± 0.04 3 

32˚C NP 1.00 ± 0.05 0.61 ± 0.05 3 
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Figure 4.8 Percent change in each FDOM component (C1= terrestrial humic-like (panel A), C2 = 
microbial humic-like (panel B), C3 = protein-like (panel C)) generated by the PARAFAC model. 
Calculations are based on changes in relative fluorescence at T0 for each site (New Pass = NP; 
Siesta Key = SK) and temperature (28˚C, 30˚C, and 32˚C). Ambient temperature was 28˚C.  
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Dark vs. light respiration rates 

 

In the post Helene samples, rates of dark and light respiration showed similar patterns 

between stations (Figure 4.9). Dark respiration exceeded light respiration at both sites, especially 

at SK, where respiration rates were consistently high.  

 

 
Figure 4.9 Mean (n = 3) dark community respiration and light-dependent respiration rates with 
standard deviation measured at ambient temperature (28˚C) across two stations: New Pass (NP) 
and Siesta Key (SK). 

 

Post Hurricane Milton 

 

 Ambient conditions and dominant phytoplankton community 

 

 Environmental conditions during the three sampling days post Hurricane Milton showed 

relatively similar water temperatures (19 – 23˚C) and moderate salinity at both NP and SK (31 – 

33). Nutrient concentrations at NP and SK were low overall, with NH4+ (3.7 – 3.9 µM) being the 
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dominant inorganic nitrogen form, while NO3- + NO2- and PO4-3 remained below 1 µM at both 

sites (Supplementary Table 4.1). 

Phytoplankton community composition was similar with varied abundance among days 

and stations (Supplementary Table 4.2). Day 1 showed the highest biomass at SK, dominated by 

diatoms (~ 4 ´ 106 cells L⁻¹), with Skeletonema costatum representing 80% of the community 

composition, while NP had lower abundances (8 ´ 105 cells L-1) but a proportionally higher 

contribution of K. brevis (~ 4 ´ 105 cells L-1). At site NP on day 2 there was a strong decline in 

total cells, with diatoms remaining dominant, but by Day 3, abundances increased (~3.6 ´106 

cells L⁻¹), returning to levels similar to Day 1 and still dominated by diatoms, with K. brevis 

contributing moderately across all days (6 ´ 104 cells L⁻¹ and 4 ´ 105 cells L⁻¹). 

 

Primary production and respiration rates  

 
On day 1 of experiments after Hurricane Milton, primary production and respiration 

responses showed similar patterns across stations and treatments (Figure 4.10). Rates of NP, GPP 

remained positive at 24˚C (0.14) and 27˚C (0.09), but declined to 0.01 µmol O2 (µg Chl-a)-1 h-1 

at 30˚C. Rates of NPP decreased from 0.05 µmol O2 (µg Chl-a)-1 h-1 at 24˚C to -0.45 at 30˚C. 

Rates of GR increased modestly with temperature, rising from 0.09 (24˚C) to 0.46 µmol O2 (µg 

Chl-a)-1 h-1 at 30˚C.  
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Figure 4.10 Gross primary production (GPP) (A), net primary production (NPP) (B), and gross 
respiration (GR) (C) at New Pass (NP) and Siesta Key (SK) with and without humic acid (HA) 
enrichment across three temperature treatments (24˚C, 27˚C, 30˚C) following Hurricane Milton. 

 
The experiments with added humic acids to the NP samples showed some influence on 

the rates when compared to no addition: GPP ranged narrowly from 0.04 to –0.12, NPP remained 
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low but positive (0.03–0.09), and GR increased slightly with temperature (0.05 to 0.16) (Figure 

4.10). Station SK exhibited stronger temperature sensitivity in comparison with NP (Figure 

4.10). Rates of GPP were slightly positive at lower temperatures (0.05–0.08) but became 

negative at 30˚C (-0.17). Rates of NPP declined from -0.31 at 24˚C to -1.61 µmol O2 (µg Chl-a)-

1 h-1 at 30˚C. Rates of GR increased sharply with temperature, from 0.36 (24˚C) to 1.44 µmol O2 

(µg Chl-a)-1 h-1 at 30˚C. Similar to the pattern observed at NP, the addition of humic acids at SK 

resulted in a slight increase in both GPP and NPP, accompanied by a small reduction in GR 

when compared to the control. GPP rate was 0.26 µmol O2 (µg Chl-a)-1 h-1 at 24˚C and declined 

to -0.11 at 30˚C. Rates of NPP increased from 0.02 to -1.29 µmol O2 (µg Chl-a)-1 h-1 at 30˚C, 

while GR increased substantially, reaching 1.17 µmol O2 (µg Chl-a)-1 h-1 at 30˚C. 

 
FDOM transformations 

 
The relative contributions of the FDOM components for sites NP and SK were sensitive 

to temperature changes across all treatments, but a more stable DOM pool was observed with 

treatments amended with humic acids vs unamended (Figure 4.11). Values of BIX at NP (0.98) 

were higher than those at SK (0.89) at T0 (Table 4.3), consistent with the previous experiment 

post Helene. However, BIX was higher at both NP and SK post Milton vs. post Helene. In 

general, C1 (Terrestrial humic-like) and C2 (Microbial humic-like) were more stable than C3 

(Protein-like) in which a greater percent change in relative contribution was observed (Figure 

4.11). The percentage of C1 declined with increasing temperature at NP and SK but increased 

with the additions of HA. Additions of HA increased the humification of the FDOM pool as 

indicated by greater HIX values at T0 in the HA amended vs. unamended treatments (Table 4.3). 

Contributions of C2 remained relatively stable at 24˚C across all treatments but generally 
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decreased with increasing temperature. Reductions in HIX with increasing temperature were 

observed in the unamended treatments except for NP at 30 ˚C. Conversely, HIX values increased 

with the HA amended treatments but did not show a consistent trend with increasing 

temperature.  

 
Figure 4.11 Percent change in each FDOM component (C1= terrestrial humic-like, C2 = 
microbial humic-like, C3 = protein-like) generated by the PARAFAC model. Calculations are 
based on changes in relative fluorescence at T0 for each site (New Pass = NP; Siesta Key = SK) 
and temperature (24˚C, 27˚C, 30˚C). Treatments that received additions of humic acid are 
denoted “+ HA”. 
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Table 4. 3 Mean biological index (BIX) and humification index (HIX) values at sites New Pass 
(NP) and Siesta Key (SK) with and without humic acid (HA) enrichment across temperature 
treatments following Hurricane Milton. For samples greater than n=1, the standard error of the 
mean is expressed. 

Treatment Site BIX HIX n 
T0 SK 0.89 ± 0.02 0.77 ± 0.00 3 
24˚C SK 0.90 0.76 1 
27˚C SK 0.88 0.73 1 
30˚C SK 0.85 0.76 1 
T0 NP 0.94 ± 0.01 0.70 ± 0.02 3 
24˚C NP 0.98 0.67 1 
27˚C NP 1.00 0.64 1 
30˚C NP 0.88 0.74 1 
T0 SK + HA 0.83 ±0.03 0.80 ± 0.02 3 
24˚C SK + HA 0.80 0.77 1 
27˚C SK + HA 0.87 0.82 1 
30˚C SK + HA 0.87 0.83 1 
T0 NP + HA 0.92 ± 0 0.72 ± 0.02 3 
24˚C NP + HA 0.86 0.74 1 
27˚C NP + HA 0.94 0.69 1 
30˚C NP + HA 0.93 0.73 1 

 

Dark respiration vs. temperature 

 

The response of dark respiration to increasing temperature at station NP exhibited a 

strong and highly significant linear relationship at both Day 2 and Day 3 (p-values = <0.001) 

(Supplementary Figure 4.2). Respiration rates increased from approximately 0.20 and 0.01 µmol 

O₂ (µg Chl-a)-1 h-1 at 24˚C to nearly 0.55 µmol and 0.59 O2 (µg Chl-a)-1 h-1 at 32˚C during Day 2 

and Day 3, respectively, representing more than a tenfold increase over the experimental 

temperature range. 
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Dark vs. light respiration rates 

 
Dark and light respiration rates showed similar patterns between incubation days and 

light conditions (Figure 4.12), the mean respiration rates were higher under dark conditions than 

under light conditions, with both treatments showing relatively large variability among 

replicates.  

 

 
Figure 4.12 Mean dark community respiration and light-dependent respiration rates with 
standard deviation measured at ambient temperature (23 – 24 ˚C) in New Pass at Day 2 and Day 
3. 

 

Discussion 

 

This study was conducted to assess the impacts of DOM on rates of productivity and 

respiration and involved opportunistic sampling following a series of hurricanes that impacted 
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the southwest Florida coastal region in 2024. The results of this study highlighted the substantial 

contribution of light-dependent processes to total respiration, a process that is often under-

quantified and the importance of brownification and respiration in otherwise typically 

oligotrophic waters. Importantly, the patterns observed here have direct implications for hypoxia 

development on the WFS. Warmer waters, combined with elevated DOM inputs following 

hurricanes, enhanced respiration rates, both dark and light-dependent respiration, and accelerated 

DOM degradation. These processes collectively increase oxygen demand while simultaneously 

reducing oxygen solubility, conditions that favor hypoxic conditions.  

In the oligotrophic subtropical waters of the WFS, it has previously been shown that daily 

GPP is often closely balanced by dark respiration, resulting in very low or near-zero NPP under 

non-bloom conditions (Hitchcock et al., 2000). Those experiments, conducted in Florida in 1996, 

involved depth-integrated daily primary production rated measured using the H218O method, 

while dark community respiration was measured through dark bottle-light bottle comparative 

incubations. In that study, dark CR consumed most of the GPP. Similar to some of the patterns 

observed in results reported herein, total daily light respiration rates exceeded dark respiration, 

highlighting the importance of light-dependent respiratory processes in regulating the metabolic 

balance of the system (Hitchcock et al., 2000). Overall, these results indicated that during this 

period the WFS functioned as a slightly heterotrophic system. Here, the effects of DOM 

discharges from hurricanes, and resulting brownification underscore that the WFS can, indeed, 

be a net heterotrophic system. 
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Primary production and respiration rates  

 

The results of the several different kinds of experiments performed following the 

hurricane events of 2024 presented a consistent pattern: GPP declined substantially with 

warming, with even stronger reductions observed with temperature increases in the colored, 

DOM‐rich waters after Hurricane Debby. The NPP rates also decreased with temperature, 

becoming predominantly negative above 30˚C. In the WFS, temperatures above 30˚C are 

commonly observed during summer in surface waters (Liu et al., 2006; Li et al., 2022; Nickerson 

et al., 2023; Sorinas et al., 2023). In contrast, GR increased sharply with warming, often 

exceeding both GPP and NPP. Rates of GR also increased with DOM loading when the pre-

Idalia rates are compared to those measured post-Helene. It is well known that respiration is 

more temperature-dependent than photosynthesis, so that warming disproportionately accelerates 

respiratory losses relative to carbon fixation (Barton et al., 2020, and references therein). In this 

study, this was evident not only in the strong temperature dependence of dark respiration 

experiments, but also in the light-dependent respiration (i.e., GR) rates that were measured. 

Further, GR was comparable to, or even exceeded, dark respiration under ambient conditions in 

several cases, most notably at Tampa Bay (TB) after Hurricane Debby. These findings highlight 

that light-driven respiratory processes (e.g., Mehler reaction, cyclic electron flow, 

photorespiration) represent a substantial portion of oxygen consumption. Consequently, relying 

solely on traditional light–dark bottle methods may possibly underestimate respiration rates and 

overestimate NPP, particularly under conditions of warming and elevated DOM. 

Consistent patterns have also been observed in other estuaries of Florida. Arriola et al. 

(2025) quantified ecosystem metabolism using dissolved oxygen measurements from in situ 
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probes in Tampa Bay and Biscayne Bay. They estimated vertically integrated GPP, NPP and 

ecosystem respiration (ER) using the oxygen mass-balance approach originally described by 

Odum (1956), where ER is derived from nighttime oxygen budgets assuming zero GPP, and GPP 

is calculated from daytime oxygen budgets assuming constant ER. Their results showed that 

daily GPP and ER were of similar magnitude, with NPP typically much smaller, indicating that 

these estuaries operate near metabolic balance with only minor shifts toward autotrophy or 

heterotrophy. In Tampa Bay, positive NPP was most often associated with periods of higher light 

availability, increased nutrient supply, and areas benefiting from seagrass recovery and water-

quality improvements, while negative NPP occurred more frequently under conditions of 

elevated terrestrial organic-matter inputs or reduced light. Together, these findings demonstrate 

that subtropical coastal systems are highly sensitive to relatively small changes in temperature, 

salinity, light, and organic-matter loading, which can shift ecosystem metabolism toward 

autotrophy or heterotrophy. 

Contrasting results were observed by Hitchcock et al. (2010), who investigated 

community metabolism during K. brevis blooms on the WFS. In that study, rates of daily gross 

primary production were estimated using the H218O method, while dark community respiration 

was determined from dark bottle incubations. The net community production was derived from 

the difference between gross production and respiration, and light-dependent respiration was 

calculated as the difference between gross production and net community production. A 

comparison of dark community respiration rates from 12- and 24-hour incubations showed that 

respiration during the photoperiod was approximately two-fold higher than at night. 

Accordingly, light respiration rates exceeded the maximum rates of dark respiration. Their 

results showed that, during periods of elevated biomass, respiration nearly balanced 
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phytoplankton production, although daytime oxygen production could still exceed respiratory 

demand. In the study herein, only one sample was collected during a K. brevis bloom (~400,000 

cells L-1at NP), and at this station, as well as across non-bloom stations, GR exceeded both GPP 

and NPP, particularly at 30˚C.  

The trends observed in these experiments collectively demonstrate that an increase of 

only a few degrees in temperature can shift the system toward a more heterotrophic state, 

especially when combined with storm-driven inputs of organic matter. Considering that 

phytoplankton respiration frequently exceeded production in our experiments, these results 

indicate that warming and hurricane-enhanced DOM inputs may increase the development of 

hypoxia conditions on the WFS. Furthermore, studies have associated hypoxic conditions with 

K. brevis blooms in the WFS (Smith, 1975; Heyl et al., 1978; Milbrandt et al., 2021; Turley et 

al., 2022). Typically, K. brevis blooms initiate in early fall (August – September) and terminate 

in early spring (February – April) (Heil & Muni-Morgan., 2021). However, these blooms can 

occasionally overwinter and persist into the summer months, even when temperatures exceed 

their optimal growth range of 22 – 28˚C (e.g., Vargo, 2009; Ahn et al., 2023; Glibert et al., 

2025), indicating that temperatures above 30˚C do not necessarily suppress their blooms. 

Karenia brevis can thermally acclimate, and its photosynthetic and nutritional responses depend 

not only on prior temperature exposure but also on the nitrogen form available (Ahn & Glibert, 

2021; Ahn et al., 2023). 

Hurricanes can further influence K. brevis bloom dynamics on the WFS: for example, 

runoff and submarine groundwater discharge were enhanced during the unusually active 2004 

hurricane season along the WFS and were hypothesized to support the extensive K. brevis bloom 

during 2005 (Hu et al., 2006). Similarly, the 2018 bloom was associated with substantial 
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flooding and runoff following Hurricane Irma in 2017 (Fritz, 2018). Modeling work by Chen and 

Li (2025) showed that the strong winds and heavy rainfall associated with Hurricane Ian 

intensified runoff and stratification on the WFS, first triggering a brief diatom bloom that 

subsequently transitioned into a prolonged K. brevis bloom. Together, these examples highlight 

how hurricane-driven pulses of freshwater, nutrients, and organic matter can set the stage for 

large and persistent blooms in this region. These intense events are expected to become more 

common, as extreme weather is increasing in intensity and frequency under climate change 

(Glibert & Li, 2023), and Florida experiences major events roughly every two years (Malmstadt 

et al., 2010). Such storms can profoundly reshape nutrient delivery and hydrological conditions, 

often creating environments favorable for K. brevis blooms.  

Warming and DOM enrichment both enhance oxygen consumption in coastal waters, and 

respiration is known to increase with elevated DOM loading (Pace et al., 2021). Consistent with 

this evidence, the experiments reported here following the 2024 hurricane events showed that 

GPP and NPP declined substantially with warming, and it was even more pronounced in the 

colored, DOM-rich waters after Hurricane Debby. In contrast, GR increases sharply with 

temperature, frequently exceeding both GPP and NPP. These findings highlight the complex 

interactions among oceanographic and meteorological processes that influence both hypoxia 

formation and K. brevis bloom dynamics on the WFS. 

 

FDOM 

 
Both hurricanes Helene and Milton delivered terrestrial humic FDOM that was degraded 

throughout both incubation experiments. The increases in temperature were associated with 

enhanced biological production of labile, protein-like FDOM and decreases in HIX. Together 
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these results suggest that increasing ocean water temperatures, particularly when coupled with 

storm-driven terrestrial inputs, can lead to a proportional shift from humified, or terrestrially 

dominated FDOM to an increasingly labile FDOM pool which can stimulate microbial 

respiration, thus increasing oxygen demand and contributing to the development of hypoxia. 

Work by Mendoza and Zika (2014) found spatiotemporal variability of humic- and 

protein-like FDOM along transects beginning at the mouths of the Shark, Caloosahatchee, and 

Peace Rivers offshore onto the southwest Florida continental shelf. Results showed that increases 

in humic like fluorophores delivered via riverine flow, anthropogenic sources such as runoff, and 

wind driven sediment resuspension correspond with increases in protein-like DOM indicating 

increased biological production. In highly urbanized, HAB‑prone systems such as Tampa Bay, 

the timing of these inputs is critical. For example, monthly and seasonal (wet vs. dry) monitoring 

of urban residential runoff and rainfall entering Tampa Bay revealed shifts in FDOM quality and 

reactivity.  During the wet season, increases in labile FDOM (proteinaceous and microbially 

derived) were observed concomitant with increased fluxes of DOC and DON which can 

correspond with the timing of HABs in Tampa Bay waters (Muni‑Morgan et al., 2024). The 

hurricane‑driven humic pulses and subsequent production of protein‑like FDOM observed in this 

study fit within a broader picture in which extreme rainfall and storm events define “windows” 

of enhanced DOM delivery that stimulates respiration and autochthonous production and amplify 

the effects of warming on oxygen demand.  

As microbial and phytoplankton communities become more metabolically active under 

warming, greater releases of proteinaceous DOM likely reflect increased exudation, cell 

turnover, and cellular lysis, which can further reinforce bloom dynamics by fueling heterotrophic 

activity and nutrient recycling. At site NP values of BIX were consistently higher than at SK post 
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Hurricanes Helene and Milton. This indicates greater microbial activity at NP which could be a 

result of contributions of labile DOM from the surrounding watershed. For example, NP sits at 

the mouth of Sarasota Bay which received over 64 million liters of sewage post hurricane Debby 

(Farrow, 2024) which preceded Hurricanes Helene and Milton. Conversely, FDOM was more 

complex and humified at site SK and dominated by terrestrially derived material at T0 which 

could be due to rainfall generated runoff or riverine inputs. Such a role of precipitation and river 

discharge in structuring humic-like and protein-like FDOM on the southwest Florida shelf is 

consistent with the patterns described by Mendoza and Zika (2014). However, increases in 

relative proportion of protein-like C3 for SK samples more than doubled those in NP. These 

results suggest that humic compounds at SK stimulated microbial growth by providing nutrients 

and/or carbon leading to the production of protein-like DOM as a byproduct of metabolism and 

growth.  

Post Hurricane Milton, substantial increases in C3 with increasing temperature were 

observed in the unamended treatments at NP and SK. For example, a percent change exceeding 

40% at both NP and SK at 27˚C was observed, highlighting a potential “sweet spot” for DOM 

processing. This response was markedly lower in the humic acid amended treatments, suggesting 

that increased humic complexity may constrain autochthonous production of labile DOM, 

regardless of temperature. However, BIX values decreased at 30˚C in the unamended NP and SK 

treatments, suggesting a reduction in autochthonous DOM production potentially due to thermal 

stress or complete exhaustion of labile DOM compounds. 

When comparing FDOM dynamics with respiration rates, a link between percent change 

in DOM and respiration rates was observed. Under stress conditions, an increase in protein-like 

FDOM is expected, which was evident in our results, especially at higher temperatures. Post-
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Hurricane Helene, dark community respiration and GR rates were higher at SK compared to NP, 

consistent with the observed increase in the protein-like component (C3) at SK, particularly 

under elevated temperature conditions. Similarly, post-Hurricane Milton, respiration rates were 

also higher at SK than NP and increased with temperature. However, in contrast to Helene, the 

C3 component peaked at 27˚C at both stations (SK and NP), suggesting that the production of 

protein-like DOM exhibited distinct temperature optima depending on the post-hurricane context 

or its rapid decomposition at 30˚C. 

 

Conclusion 

 

All experiments exhibited temperature-driven declines in GPP, a shift toward negative 

NPP, and increased GR at higher temperatures, demonstrating that warming consistently 

suppresses photosynthesis while enhancing respiratory metabolism. In most experiments, rates of 

GR were higher than NPP, and sometimes higher than GPP emphasizing how respiration, 

including light-dependent respiratory processes, are stimulated with temperature increase. In 

subtropical coastal ecosystems, where elevated seawater temperatures often coincide with 

increased terrestrial organic matter inputs (e.g., humic substances), promoting brownification, 

these metabolic shifts may be further amplified, as shown in the comparison of GR rates post-

Helene relative to pre-Idalia rates measured at the same station.  Since these systems integrate 

both terrestrial and marine influence, they are uniquely vulnerable to the interaction of these 

multiple stressors. Therefore, studies that quantify how these rates change under different 

temperatures, and how the addition of HA may alter these rates, are essential for understanding 

the complexity of these processes and how climate change is and will continue to influence them. 
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Furthermore, measuring and incorporating these rates can help improve mechanistic models to 

better understand how the ocean will change in the future. 
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Supplementary Table 4.1 Ambient environmental conditions measured during sampling periods before and after Hurricane Idalia, 
after Hurricane Helene, and after Hurricane Milton. Environmental parameters include water temperature (˚C), salinity, ammonium 
(NH4+, µM), nitrate (NO3-, µM), dissolved organic carbon (DOC, µM), chromophoric dissolved organic matter (CDOM, absorption at 
280 nm), and chlorophyll-a (Chl-a, µg L-1). 
 
Sample 

time/condition 

Station Temperature 

(˚C) 

Salinity NH4+ 

µM 

NO3- 

µM 

DOC 

µM 

CDOM 

@280 nm 

Chl-a 

µg L-1 

Aug 23, 2023 

Pre Idalia 

Charlotte 

Harbor 

29.6 23.7 1.63 <0.07 686 39.5 10.08 

Sept 9. 2023 

Post Idalia 

Charlotte 

Harbor 

28.8 16.0 3.41 2.56 1080 88.5 17.85 

Oct. 2, 2024 

Post Helene 

Charlotte 

Harbor 

29.6 5.7 4.83 14.9 1420 229.4 0.40 

Nov 20, 2024 

Post Milton 

New Pass 22.7 33.0 3.75 0.19   4.75 

Nov 20, 2024 

Post Milton 

Siesta Key 22.9 31.0 3.86 0.20   2.86 
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Supplementary Table 4.2 Phytoplankton community composition and abundance (cells L-1) for 

samples collected post Hurricanes Debbie, Helene and Milton. “Total other” includes 

cryptomonads, raphidophytes, and other flagellates. 

 

Sampling time Phytoplankton 

Groups 

Tampa 

Bay (TB) 

New Pass 

(NP) 

Siesta 

Key (SK) 

Caloosa-

hatchee 

River (CR) 

Charlotte 

Harbor 

(CH) 

Post 
Hurricane 
Debbie 

Karenia brevis 

0 

 

0 0 0 
 Dinoflagellates 8 × 104  4 × 104 3 × 104 0 
 Diatoms 1.3 × 107  6.6 × 105 6 × 104 2.2 × 105 
 Cyanobacteria 0  9.6 × 105 0 6.6 × 105 
 Total other 2.4 × 105  6.6 × 105 1.8 × 105 2.4 × 105 
Post 
Hurricane 
Helene 

Karenia brevis  0 0   

 Dinoflagellates  4 × 104 8 × 104   

 Diatoms  4.6 × 105 5.4 × 105   

 Cyanobacteria  0 1.1 × 107   

 Total other  3 × 104 1.1 × 105   

Post 
Hurricane 
Milton (day 1) 

Karenia brevis 

 

4 ´ 105 6 ´ 104 

  

 Dinoflagellates  2 ´ 104 0   

 Diatoms  8 ´ 105 4 ´ 106   

 Cyanobacteria  0 7 ´ 105   

 Total other  4 ´ 104 4 ´ 104   
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Supplementary Figure 1 Gross Respiration (µmol O₂ (µg Chl-a)-1 h-1) as a function of light 
(PAR, PAR, μmol photons m-2 s-1) measured in surface waters following Hurricane Idalia.  
 

 
Supplementary Figure 2 Dark respiration (µmol O₂ (µg Chl-a)-1 h-1) across a temperature 
gradient (23 to 33˚C) in New Pass at Day 2 and Day 3. 
 
  



  114 

Chapter 5: Influence of warming and nitrogen enrichment on 
photosynthesis and respiration rates during Karenia brevis blooms 
 

 

Abstract 
 

Warming and nutrient inputs may alter the metabolic balance of phytoplankton community and 

influence oxygen dynamics in coastal ecosystems. This study investigated how temperature and 

nitrogen form affect metabolic rates and photophysiological responses in natural phytoplankton 

assemblages containing Karenia brevis collected on the West Florida Shelf (WFS). Short-term 

incubations were conducted manipulating temperature and nitrogen source (NO3- and NH4+). 

Primary production and respiration were quantified using the H218O membrane-inlet mass 

spectrometry (MIMS) technique, while photophysiological responses were assessed using pulse-

amplitude-modulation (PAM) fluorometry. Additions of NO3- significantly increased primary 

production, whereas NH4+-enrichment did not significantly influence those rates. In contrast, 

warming significantly increased respiration rates. Photophysiological measurements showed 

declines in electron transport rates (ETRmax) and light utilization capacity (Ek) at higher 

temperatures, indicating thermal stress on the photosynthetic apparatus. However, under NH4+-

enrichment, photosynthetic parameters were higher. Together, these results demonstrate that 

nutrient form and temperature regulate phytoplankton metabolism. In coastal systems such as the 

WFS, where episodic nutrient inputs and warming waters frequently co-occur, these interactions 

may influence bloom persistence, metabolic balance, and the potential development of hypoxia.  
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Introduction 
 

Warming and nutrient enrichment are among the major drivers of change in coastal 

aquatic ecosystems. The impacts of ongoing climate change on ocean systems are increasingly 

evident, including the global expansion of harmful algal blooms (HABs) and the intensification 

of coastal hypoxia (Ershadifar et al., 2020; Gobler, 2020; Glibert and Li, 2023; Brenckman et al., 

2025). Elevated temperatures enhance water column stratification and, when coupled with 

increased inputs of inorganic and organic nutrients, can alter phytoplankton community 

composition and stimulate the development and persistence of HABs (Glibert et al., 2022). 

Occurrences of HABs have frequently been associated with oxygen depletion in coastal waters. 

Oxygen consumption during bloom senescence and biomass decomposition is well documented 

(e.g., Brush et al., 2020; Anderson et al., 2021; Oh et al., 2023). However, the direct contribution 

of bloom-associated respiration to deoxygenation has not been fully quantified.  

Hypoxic conditions have been reported during intense Karenia brevis blooms (Smith, 

1975; Heyl et al., 1978; Milbrandt et al., 2021; Turley et al., 2022). Toxigenic K. brevis is the 

most recurrent bloom-forming species on the West Florida Shelf (WFS), where blooms occur 

nearly annually and can persist for extended periods (Heil and Muni-Morgan, 2021). Despite 

extensive research on bloom ecology and dynamic, comparatively little attention has been given 

to how environmental drivers regulate the balance between photosynthetic production and 

respiratory oxygen consumption during K. brevis blooms. In particular, the combined influence 

of temperature, nutrient availability, and light on metabolic processes is not well established. 

Both photosynthesis and respiration are sensitive to temperature because enzymatic 

reactions controlling carbon fixation, electron transport, and respiratory pathways are thermally 

regulated (Raven and Geider, 1988). While growth and photosynthetic rates may increase with 
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warming up to a thermal optimum, respiration typically exhibits a stronger temperature 

dependence. As a result, elevated temperature can shift community metabolic balance by 

increasing respiration disproportionately relative to gross primary production (Barton et al., 2020 

and references therein). This metabolic shift has important consequences for oxygen balance in 

marine system, particularly in regions such as the West Florida Shelf (WFS) where seasonal 

hypoxia is already present.  

Light availability further regulates phytoplankton metabolism. Photosynthetic responses 

to irradiance are classically described by the photosynthesis–irradiance (PI or PE) relationship 

(Platt and Jassby, 1976), characterized by a linear increase at low light, saturation at intermediate 

irradiance, and potential photoinhibition at high light exposure (Sakshaug et al., 1997; 

Behrenfeld et al., 2004; Glibert, 2024). In contrast, respiration has historically been treated as 

light-independent and estimated from parallel dark incubations (Jassby and Platt, 1976). 

However, this assumption does not account for light-dependent respiratory processes that operate 

concurrently with photosynthesis. Multiple pathways, including cyclic electron flow, the Mehler 

reaction, and photorespiration, consume oxygen in the light (Kana, 1990; Kramer and Evans, 

2011). These mechanisms play critical roles in maintaining cellular redox balance and preventing 

photoinhibition under excess irradiance or metabolic constraint. Because these pathways divert 

energy away from carbon fixation, increased light-dependent respiration can reduce net 

production efficiency (Halsey and Jones, 2015). Despite their physiological significance, such 

processes remain poorly measured. Measurements of respiration in K. brevis have been limited 

largely to dark respiration (Hitchcock et al., 2010), and comparisons of how light-respiration 

rates respond to interacting stressors such as temperature shifts and nutrient enrichment are 

needed, particularly for K. brevis. Given that dense blooms have been associated with oxygen 
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depletion, understating how photosynthesis and respiratory pathways respond to environmental 

change is essential for understanding bloom maintenance, decline, and ecosystem oxygen 

dynamics. 

The overarching hypothesis of this study is that climate-related changes will alter the 

metabolic balance of K. brevis in multiple ways. Elevated temperature may cause physiological 

stress and reduce photosynthetic performance above the species’ thermal optimum, while 

simultaneously enhancing respiration. Increased runoff may further modify metabolic responses 

by supplying inorganic and organic nutrients. Interactions between nutrient availability and 

temperature may therefore alter the effective thermal niche of both photosynthesis and 

respiration, potentially facilitating persistence under warmer conditions when nutrient limitation 

is alleviated. In addition, different nutrient forms may differentially influence thermal responses 

due to distinct metabolic pathways required for assimilation. 

To evaluate these hypotheses, natural assemblages collected during a K. brevis bloom on 

the WFS were exposed to short-term manipulations of temperature and nitrogen form. Primary 

production and respiration were quantified using two complementary approaches: oxygen-based 

measurements employing the H218O–MIMS technique and photophysiological assessments using 

Pulse-Amplitude-Modulation (PAM) fluorometry. By integrating metabolic flux measurements 

with photochemical indicators, this study provides a mechanistic assessment of how warming 

and nutrient form influence the metabolic balance of K. brevis blooms and their potential 

contribution to hypoxia. 
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Methods 
 

Sampling and environmental parameters  
 

Samples were collected from coastal WFS waters, specifically in New Pass (Longboat 

Key) and in waters just off Fort Myers, in November 2024 and February 2025 respectively. After 

returning to the laboratory, samples were immediately filtered through GF/F and filtrates and 

filters were stored frozen. Chlorophyll-a was analyzed using high-performance liquid 

chromatography (HPLC, Agilent HPL) at the Horn Point Analytical Services Laboratory 

according to Van Heukelum and Thomas (2001). Abundance of K. brevis were performed in a 

Sedgewick-Rafter chamber (1 mL) after fixation with Lugol’s solution (5%) using a Zeiss Axio 

Vert.A1 inverted microscope. 

 

Experimental plan 
 

Two types of experiments measuring primary production rates were undertaken in this 

study but using different approaches (Table 5.1). First type of experiments measured rates of 

primary production and light-dependent respiration (i.e., GR), in the natural waters across 

ambient and manipulated temperatures (+ 3–5˚C) and nutrient enrichment applying the H218O 

method using Membrane Inlet Mass Spectrometry (MIMS). In the second type of experiment, 

rates of photosynthesis were determined using Pulse-Amplitude-Modulation (PAM) across a 

gradient of temperature (ambient and manipulated temperatures up to + 6˚C) and nutrient 

enrichment. 
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Table 5.1 Summary of sampling efforts including the stations where water was collected and the 
experiments conducted for each sampling date. 

Sampling date Sampling site Experiments 

November 2024 New Pass • Primary Production and Gross 

Respiration Rates + NO3
- 

enrichment vs. temperature  

• Primary Production and Gross 

Respiration Rates as a function 

of light (PE curves) + NO3
- vs. 

temperature 

• Rates of photosynthesis (PE 

curves) under a gradient of 

temperature 

February 2025 Fort Myers  • Primary Production and Gross 

Respiration Rates + NH4
+ 

enrichment vs. temperature  

• Primary Production and Gross 

Respiration Rates as a function 

of light (PE curves) + NH4
+ and 

NO3
- enrichment vs. 

temperature 

• Rates of photosynthesis (PE 

curves) under a gradient of 

temperature and NH4
+ 

enrichment  

 

Primary production and respiration rates measurements 
 

Water samples were first screened through a 100-micron nylon mesh and enriched with 

approximately 1% of H218O. To test the influence of nutrients and temperature on primary 

production and respiration rates, aliquots (30 – 60 mL) were enriched with 0, 1, 5, 10 µM of 
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NO3- or NH4+. Samples were then carefully dispensed into 3 mL screw-capped vials with Viton 

septa containing glass beads. The vials were incubated in custom-made “Coronatrons” (Bay 

Instruments LLC; Sobrinho et al. in review) under constant light and at constant temperatures 

(ambient temperature, +3 and +5˚C). For experiments testing the combined effects of light, 

temperature, and nutrients, aliquots (30 – 60 mL) were enriched with 0 or 10 µM of NO3- or 

NH4+ and incubated using a “Photosynthetron” (MacIntyre et al., 1996). These incubations were 

conducted across ten light intensities, ranging from limited to saturated intensities (up to ~1000 

μmol photons m⁻² s⁻¹) at constant temperature (ambient temperature and +3˚C). 

Prior to incubation of all experiments, triplicate samples from each experiment were 

immediately fixed with mercuric chloride (HgCl2, ~1% v/v), representing a time zero value. At 

the end of the incubation period, samples were removed from the incubators, fixed with HgCl2 

(~1% v/v), placed completely underwater in jars at room temperature until analysis (within 

days). Samples were analyzed by Membrane Inlet Mass Spectrometry (MIMS), and data were 

recorded using the software Quickdata (Bay Instruments LLC, Easton, Maryland). The GPP, 

NPP, and GR rates were calculated as described below according to Kana (1990), Kana et al. 

(1994, 2006), and Ferrón et al. (2016) and normalized by the chlorophyll-a (Chl-a) concentration 

of each sample.  

Rates of GPP were calculated based on the change in the isotope ratio of dissolved O2 

over the incubation time (mass 34/40) (Equation 1). 

 

𝐺𝑃𝑃 = $
%∆[3440] ×	[𝐴𝑟]0

2 ∗ (	!"𝑂(𝐻#𝑂) + 0.002) ∗ 𝑡
:	 

(Equation 1)  
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where ∆34/40, represents the change in the isotope to Ar ratio over time, [Ar] is the solubility of 

Argon at the incubation temperature, 18O(H218O) is the isotope ratio of the incubation water, 

which is calculated based on the amount of 18O(H218O) added in the total volume of the 

incubation flask and the percent enrichment (98-99%) of stock 18O water; 0.002 represents the 

natural abundance of 18O; and t represents the incubation time. This equation provides 18O-GPP 

in µmol O2 h-1.  

Rates of NPP were determined from the net change in O2/Ar (mass 32/40) (Equation 2). 

 

𝑁𝑃𝑃 =
∆32/40	 ×	 [𝐴𝑟]

𝑡  

where	∆32/40 represents the change in the O2/Ar over time, [Ar] is the solubility of Ar at a 

certain temperature, and t represents the incubation time. This equation provides 18O-NPP in 

µmol O2 h-1. Then, gross O2 uptake was determined from the difference between GPP and NPP. 

Finally, GPP, NPP, and GR ratios obtained were normalized by the chlorophyll-a (Chl-a) 

concentration of each sample, providing µmol O2 (µg Chl-a) -1 h-1. 

 

Fluorescence Measurements 
 

Water samples were carefully dispensed in 50 mL tubes and placed in a custom-made 

temperature control block with cool water circulating at one end and warm water at another, 

yielding a gradient of five values ranging from -5˚C to +5˚C relative to ambient temperature. 

Photosynthetic parameters were measured using with Phyto-PAM-II fluorometer (Heinz Walz 

GmbH), and the data were exported from the PhytoWin-3 Software (Heinz Walz GmbH, 

Effeltrich, Germany). The measurements were made at the beginning of the experiment (T0), 

(Equation 2)  
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after approximately 22 hours (T1), and 44 hours (T2) following dark acclimation of the samples 

for 20 min to open the PSII reaction centers. Then, maximum quantum yield of PSII (Fv/Fm) 

was calculated (Equation 3). 

𝐹$/𝐹% =	
𝐹% − 𝐹&
𝐹%

 

where Fm is the maximal fluorescence yield and Fo the minimal fluorescence yield after dark 

adaptation. 

Rapid light curves were fitted to the models of Platt and Jassby (1976) to calculate the 

initial slope of the ETR versus irradiance relationship (a), the light saturation coefficient (Ek; 

μmol photons m⁻² s⁻¹), and the maximum electron transport rate (ETRmax; µmol electrons m-2 s-

1). All parameters were calculated and exported from the PhytoWin-3 Software (Heinz Walz 

GmbH, Effeltrich, Germany). 

 

Statistical analysis  

 

To evaluate the effects of nutrient concentrations (control, 1µM, 5µM, and 10µM; four 

levels), temperature (ambient temperature, +3 and +5˚C; three levels), and their interaction on 

primary production and respiration rates (GPP, NPP, and GR), three-way analyses of variance 

(ANOVA) with permutation tests were conducted using the lmPerm package in R (Wheeler, 

2016). When significant differences among treatments were detected, post-hoc pairwise 

comparisons were performed using Šidák-adjusted p-values to identify specific group 

differences. All results were evaluated at a significance level of 0.05, and statistical analyses 

were conducted in R version 4.4.2 (R Core Team, 2024). 

(Equation 3)  
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Results 

 

November 2024  
 

 Environmental conditions 
 

In November 2024, surface water temperature was 25˚C at New Pass. Concentrations of 

K. brevis varied from 70,000 to 90,000 cells L-1. Nutrient concentrations were 0.77 µM NO3-, 

13.35 µM NH4+, and 0.63 µM PO43-. 

 

Effects of NO3- addition and temperature on primary production and respiration 
 

Primary production and respiration rates (GPP, NPP, and GR) were significantly affected 

by both NO3-enrichment and temperature (p-values < 0.001 for all parameters), but there was no 

significant interaction between NO3- concentration and temperature (Table 5.2). Rates of GPP 

increased with NO3- enrichment, with the highest rates observed at 10 μM NO3-, while the 

control exhibited lower values (Figure 5.1A). Temperature also influenced GPP, with similar 

rates observed at 25˚C and 28˚C, whereas significantly lower values were measured at 33˚C 

(Figure 5.1D). Similarly, NPP rates increased with even the smallest addition of NO3-, with all 

enriched treatments showing higher rates compared to the control (Figure 5.1B). The lowest 

addition of NO3- was sufficient to stimulate NPP, and no significant differences were observed 

among the enriched concentrations. Temperature had a strong effect on NPP, with the highest 

values observed at 25˚C and a pronounced decline at 33˚C (Figure 5.1E). Rates of GR was 

highest in the control treatment and decreased with NO3-enrichment (Figure 5.1C). In contrast, 

GR increased with temperature, with the highest rates observed at 33˚C (Figure 5.1F). 
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Table 5. 2 Three-way permutation ANOVA results, testing the effect of NO3- concentration 
(control, 1µM, 5µM, and 10µM; four levels), temperature (ambient temperature, +3 and +5˚C; 
three levels), and their interaction on primary production and respiration rates (GPP, NPP, and 
GR). df: degrees of freedom, SS: sum of squares. Bold values represent p< 0.05. 

 df SS F p-value 

GPP     

Treatment 3 0.02 8.30 0.00 

Temperature 2 0.15 68.96 0.00 

Treatment:Temperature 6 0.00 0.32 0.91 

NPP     

Treatment 3 0.47 32.49 0.00 

Temperature 2 3.46 354.38 0.00 

Treatment:Temperature 6 0.05 1.86 0.12 

GR     

Treatment 3 0.33 26.35 0.00 

Temperature 2 2.18 259.68 0.00 

Treatment:Temperature 6 0.04 1.72 0.16 
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Figure 5.1 Mean gross primary production (GPP) (A, D), net primary production (NPP) (B, E), 
and gross respiration (GR) (C, F) of natural Karenia brevis exposed to short-term NO3- 
enrichment across three temperatures (25˚C, 28˚C, and 33˚C). Bars represent estimated marginal 
means (EMMs), corresponding to model-adjusted mean rates of GPP, NPP, and GR across 
replicates for each experimental treatment, ± 95% confidence intervals, derived from a three-way 
permutational analysis of variance (ANOVA). Different letters above the bars indicate 
statistically significant differences between the nutrient treatments within each specific 
concentration, temperature, and time point, based on Tukey-adjusted pairwise comparisons. 
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Photosynthesis-irradiance, nutrient and temperature response curve 
 

Primary production and respiration rates varied across light intensity, temperature, and 

nutrient treatments (Figure 5.2). In the control treatment at 22˚C, GR was generally higher than 

NPP across most irradiance levels (Figure 5.2A). When NO3- was added, GR decreased relative 

to the control, while GPP increased with irradiance and reached higher values compared to the 

control treatment (Figure 5.2B). At the higher temperature (27˚C), GR exceeded both NPP and 

and GPP across much of the light gradient (Figure 5.2C, D).  

 

 
Figure 5.2 Photosynthesis-Irradiance curves of gross primary production (GPP), net primary 
production (NPP), and gross respiration (GR) measured under control conditions (A, C) and with 
NO3-enrichment (B, D) at two temperatures (23˚C and 27˚C).  
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Effects of temperature on photosynthetic parameter 
 

Maximum quantum yield (Fv/Fm) varied discretely across temperatures and time 

sampling (Figure 5.3A). The initial slope of (α) slightly increased with temperature and it was 

higher at 47h in comparison with 22.5h (Figure 5.3B). The light saturation parameter (Ek) 

decreased with increasing temperature across treatments (Figure 5. 3C). Highest Ek values were 

observed at 20 – 22˚C, particularly for 22.5h. Maximum electron transport rates (ETRmax) was 

higher at intermediate temperatures (22–25˚C) (Fig. 5.3D), especially at 22.5h. At temperature 

higher than 28˚C, ETRmax declined across treatments (Figure 5.3D). 

 

 
Figure 5.3 Photophysiological responses of natural water with Karenia brevis across a 
temperature gradient (20–33˚C) measured at three times (T0, T22.5h, and T47h) in November 
2024 at New Pass. Panels show (A) maximum quantum yield of PSII (Fv/Fm), (B) initial slope 
of the photosynthesis–irradiance curve (α), (C) light saturation parameter (Ek), and (D) 
maximum electron transport rate (ETRmax). Bars represent mean ± SD.  
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February 2025 

 

 Environmental conditions 

 

In February 2025, surface water temperature was 21˚C at Fort Myers. K. brevis was 

present at concentrations around 100,000 cells L-1. Nutrient concentrations were 1.29 µM NO3-, 

3.55 µM NH4+, and 1.21 µM PO43-. 

 

Effects of NH4+ addition and temperature on primary production and respiration 

 

Primary production and respiration rates (GPP, NPP, and GR) were not significantly 

affected by NH4+ enrichment, temperature, or their interaction (Table 5.3). For GPP, neither 

NH4+concentration (p-value = 0.12) nor temperature (p-value = 0.30) showed significant effects, 

and no interaction between these factors was detected (p-value = 0.73). Rates of GPP remained 

relatively similar across all NH4+ treatments, with no statistically significant differences among 

concentrations or temperatures (Figure 5.4A,D). Although some variability was observed, GPP 

showed a slight initial increase following NH4+ addition.  

Similarly, NPP did not vary significantly across NH4+ treatments (p-value = 0.64), 

temperature levels (p-value = 0.94), or their interaction (p-value = 0.70). Rates of NPP exhibited 

substantial variability among replicates but did not show consistent trends across nutrient 

concentrations or temperature treatments (Figure 5.4B,E). Rates of GR also remained statistically 

similar across NH4+ concentrations (p-value = 0.73) and temperature treatments (p-value = 0.88), 

with no significant interaction between factors (p-value = 0.52). The values observed for GR 
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were statistically similar among NH₄⁺ treatments and across temperatures (Figure 5.4C,F), 

although rates tended to be lower under NH₄⁺ enrichment. 

 

Table 5.3 Three-way permutation ANOVA results, testing the effect of NH4+ concentration 
(control, 1µM, 5µM, and 10µM; four levels), temperature (ambient temperature, +3 and +5˚C; 
three levels), and their interaction on primary production and respiration rates (GPP, NPP, and 
GR). df: degrees of freedom, SS: sum of squares. Bold values represent p< 0.05. 

 df SS F p-value 

GPP     

Treatment 3 0.01 1.97 0.12 

Temperature 2 0.00 1.29 0.30 

Treatment:Temperature 6 0.01 0.60 0.73 

NPP     

Treatment 3 0.10 0.57 0.64 

Temperature 2 0.00 0.05 0.94 

Treatment:Temperature 6 0.23 0.64 0.70 

GR     

Treatment 3 0.05 0.43 0.73 

Temperature 2 0.00 0.11 0.88 

Treatment:Temperature 6 0.21 0.90 0.52 
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Figure 5.4 Gross primary production (GPP), net primary production (NPP), and gross respiration 
(GR) of natural Karenia brevis exposed to short-term nitrate enrichment across three 
temperatures (21˚C, 24˚C, and 28˚C). Bars represent estimated marginal means (EMMs), 
corresponding to model-adjusted mean rates of GPP, NPP, and GR across replicates for each 
experimental treatment, ± 95% confidence intervals, derived from a three-way permutational 
analysis of variance (ANOVA). Different letters above the bars indicate statistically significant 
differences between the nutrient treatments within each specific concentration, temperature, and 
time point, based on Tukey-adjusted pairwise comparisons. 
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Photosynthesis-irradiance, nutrient and temperature response curve 
 

Primary production and respiration rates varied across irradiance levels and nutrient 

treatments (Figure 5.5). In the control treatment, GR increased with irradiance and remained 

higher than both GPP and NPP across most light levels. GPP increased moderately with light, 

while NPP remained negative throughout the irradiance range (Figure 5.5A). In the NH4+ 

treatment, both GPP and GR increased with irradiance. GR remained higher than GPP at most 

light levels, and NPP decreased at higher irradiances (Figure 5.5B). In the NO3- treatment, GPP 

and GR also increased with light. NPP was generally negative but slightly higher at intermediate 

irradiances (Figure 5.5C). Both NH4+ and NO3- additions reduced respiration rates relative to the 

control treatment. 

 

Figure 5. 5 Photosynthesis-Irradiance curves of gross primary production (GPP), net primary 
production (NPP), and gross respiration (GR) measured under control conditions (A) and with 
NH4+ (B) and NO3- (C) enrichment at ambient temperature (21˚C) during sampling in February, 
2025. Points represent measured values and lines indicate fitted LOESS curves. 
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Effects of temperature and NH4+ on photosynthetic parameter 
 

The Fv/Fm values increased from 28˚C to 33.5˚C under the control treatment at 24 h. At 

48 h, values were generally lower than at 24 h across temperatures. Under NH4+, Fv/Fm values 

were generally higher at 24 h compared to the control at most temperatures (Figure 5.6A).  

 

 
Figure 5.6 Photophysiological responses of natural water with Karenia brevis exposed to 
increasing temperature (28–35˚C) under control and NH₄⁺-enrichment conditions. Panels show 
(A) maximum quantum yield of PSII (Fv/Fm), (B) initial slope of the photosynthesis–irradiance 
curve (α), (C) light saturation parameter (Ek), and (D) maximum electron transport rate 
(ETRmax). Bars represent measurements after 24 h and 48 h incubations.  

 

The initial slope (α) showed moderate variability with temperature. In the control 

treatment, α increased from 28˚C to 30.5˚C at 24 h and declined at 35˚C. Under NH4+, α 
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remained relatively stable across 28–33.5˚C at 24 h, with a decline observed at 35˚C. At 48 h, α 

values were generally reduced at higher temperatures in both treatments (Figure 5.6B). Values of 

Ek decreased progressively with increasing temperature in the control treatment, particularly at 

48 h. Under NH4+enrichment, Ek values were higher than in the control, especially at 33.5˚C and 

35˚C at 48h (Figure 5.6C). The ETRmax declined with increasing temperature in both 

treatments. In the control, ETRmax was highest at 28–29˚C and decreased substantially at 35˚C. 

Under NH4+, ETRmax was generally higher than in the control across temperatures, especially at 

48 h (Figure 5.6D).  

 

 
Figure 5.7 Idealized photosynthesis–irradiance (PE) curves derived from fitted 
photophysiological parameters across temperatures (28–35˚C) under control (grey) and NH4+ 
(blue) conditions at 48 h. 
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Consistent with these patterns, PE curves showed a clear decline in photosynthetic 

performance with increasing temperature. However, NH4+ enrichment partially mitigated these 

negative effects, allowing cells to maintain higher ETR rates and overall photosynthetic 

performance under thermal stress conditions (Figure 5.7). 

 

Discussion 
 

This study evaluated how temperature and nutrient enrichment influence metabolic rates 

and photophysiological responses in natural phytoplankton communities containing K. brevis 

using different approaches. Results indicated that NO3--enrichment significantly enhanced 

primary production and decreased GR, while warming increased respiration relative to 

production. In contrast, NH4+-enrichment did not significantly alter metabolic rates under the 

experimental conditions tested, despite minor and variable responses, including a slight initial 

increase in GPP and a tendency toward lower GR rates. Photophysiological parameters indicated 

that temperature exerted an important influence on photosynthetic performance, with declines in 

several metrics observed at the highest temperatures. Together, these results suggest that nutrient 

form and temperature play an important role in regulating plankton metabolism through distinct 

physiological pathways. 

 

Nutrient effects on primary production and respiration 
 

Additions of NO3- significantly increased both GPP and NPP in the natural plankton 

assemblages containing K. brevis. The P-E curves provided additional insight into how nutrients 

regulate metabolic balance. In the control treatment, respiration rates were generally higher than 

NPP across most irradiance levels, suggesting that respiration represented a substantial metabolic 
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loss under nutrient-limited conditions. When NO3- was added, GR decreased relative to the 

control while NPP increased, indicating that nutrient enrichment enhanced photosynthetic 

performance and improved the balance between production and respiration. 

Nutrient availability and nutrient form are well known to influence phytoplankton 

production and community composition in coastal systems. Previous studies have shown that 

episodic inputs of NO3- to the WFS, such as those associated with upwelling of deeper waters, 

can stimulate rapid phytoplankton responses in this typically N-limited region. Intrusions of 

cooler, NO3--rich water onto the WFS have been linked to increases in Chl-a and phytoplankton 

productivity (Walsh et al., 2003). Field observations from the southwest Florida inner shelf 

further highlight the importance of nutrient inputs in regulating phytoplankton dynamics. 

Another study reported that seasonal increases in freshwater discharge from the Everglades 

enhance nutrient delivery to coastal waters and initiate diatom blooms during the wet season, 

between spring and early summer. Their results also indicated that N often represents the 

primary limiting nutrient for phytoplankton growth in this region (Jurado et al., 2007). 

Successional patterns following large nutrient inputs have also been documented. Using a 

coupled hydrodynamic–biogeochemical model, Chen et al. (2023) examined phytoplankton 

responses to a major nutrient release in Tampa Bay. Their results showed that the rapid input of 

dissolved nitrogen initially stimulated rapid blooms of fast-growing phytoplankton, particularly 

diatoms. As nutrient concentrations declined due to rapid uptake, the system shifted toward 

conditions dominated by regenerated N sources such as NH₄⁺ and DON. Under these conditions, 

slower-growing dinoflagellates, including K. brevis, increased in relative abundance, 

highlighting how changes in nutrient availability and form can drive shifts in phytoplankton 

community composition. 
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In contrast to the significantly response observed with NO3- additions, NH₄⁺-enrichment 

did not significantly affect metabolic rates, with GPP, NPP, and GR remaining statistically 

similar across NH₄⁺ concentrations and temperature treatments in this study. However, the P–E 

curves indicated that nutrient additions, including both NH4+ and NO3-, decreased respiration 

rates relative to the control treatment, suggesting that nutrient availability may alleviate 

metabolic stress. Field studies have shown that phytoplankton dynamics are influenced not only 

by nutrient availability but also by nutrient form. Moschonas et al. (2017) demonstrated that 

seasonal shifts in phytoplankton community composition were strongly associated with changes 

in nitrogen form, with different assemblages dominating under conditions characterized by 

higher availability of regenerated nitrogen. These findings highlight the importance of 

considering both inorganic and organic nitrogen pools when evaluating controls on 

phytoplankton productivity and community structure. 

In nearshore waters of the southwest Florida shelf, Heil et al. (2007) reported low 

concentrations of inorganic N but elevated levels of DON in nearshore waters of the southwest 

Florida shelf, suggesting an important role for organic nutrient sources in supporting 

phytoplankton growth. Further, that study showed that phytoplankton composition shifted from 

dinoflagellate- and cyanobacteria-dominated communities to diatom-dominated assemblages 

where NO3- availability increased (Heil et al., 2007). These findings highlight how differences in 

nutrient form and availability can strongly influence phytoplankton community composition and 

physiological status in coastal ecosystems. 

In this study, GR rates decreased with NO3--enrichment. Despite many studies have 

measured high rates of photorespiration in dinoflagellates (e.g., Hochachka and Teal, 1964; 

Burris, 1977; Prézelin et al., 1977; Heil, 2005; Schaeffer et al., 2007; Hitchcock et al., 2010; 
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Schmoker et al., 2011; López-Sandoval et al., 2014; Hansen et al., 2016; Bercel and Kranz, 

2019), there are no measurements comparing photorespiration (or other respiratory pathways) 

under varying temperature or nutrient-enriched conditions, especially in K. brevis. 

Most previous studies have measured community respiration, which represents respiration 

occurring in the dark. In coastal planktonic systems, community respiration is often closely 

linked to phytoplankton biomass and nutrient availability. For example, Jensen et al. (1990) 

reported that plankton community respiration increased along a nutrient gradient in a shallow 

Danish estuary and was strongly correlated with Chl-a concentration. Their results suggest that 

nutrient enrichment can stimulate both primary production and heterotrophic metabolism, as 

increased phytoplankton production provides organic substrates that fuel microbial respiration. 

In contrast, the decrease in GR observed in the present study suggests that nutrient additions may 

reduce respiratory processes under certain conditions, potentially reflecting reduced metabolic 

stress when nutrients become more available. 

 

Temperature effects on primary production and respiration 
 

Temperature also significantly influenced metabolic rates. While GPP and NPP declined 

at the highest temperature tested (33˚C), respiration increased, shifting the metabolic balance 

toward greater respiratory losses. This pattern is consistent with the general response of plankton 

communities to warming, where respiration tends to increase more rapidly than photosynthesis 

(Barton et al., 2020). Similar metabolic dynamics have been observed in Florida estuaries, where 

gross primary production and ecosystem respiration are often of similar magnitude, resulting in 

relatively small net production and systems operating near metabolic balance (Arriola et al., 



  138 

2025). Under these conditions, relatively small environmental changes such as light availability, 

nutrient supply, or organic matter inputs can shift the balance toward autotrophy or heterotrophy. 

Since respiration is generally more temperature-sensitive than photosynthesis, continued ocean 

warming may enhance respiratory processes and increase the likelihood of hypoxia development 

in coastal systems such as the Gulf of Mexico.  

However, the response of phytoplankton metabolism to warming can also depend on 

nutrient availability. For example, Marañón et al. (2018) used continuous cultures of three 

common phytoplankton species (Synechococcus sp., Skeletonema costatum, and Emiliania 

huxleyi) to examine temperature dependence (activation energy, Ea) of metabolism under 

different degrees of N-limitation. They found that both CO2 fixation and respiration increased 

with nitrogen availability but showed little response to temperature under N-limited conditions. 

This is reflected in the low activation energies for photosynthesis (Ea = 0.11 ± 0.06 eV) and 

respiration (Ea = 0.04 ± 0.17 eV). In contrast, under nutrient-replete conditions, growth was 

much more sensitive to temperature (Ea = 0.77 ± 0.06 eV). Overall, this suggests that the effect 

of temperature on phytoplankton metabolism depends strongly on nutrient availability, becoming 

more important when nutrients are not limiting. This is consistent with our results, while NO3-

addition increased primary production, NH4+ did not significantly change production rates, but 

NH4+-enrichment improved photophysiological performance, with higher ETRmax and Ek under 

warming, suggesting that cells were better able to cope with thermal stress. 

 

Temperature and NH4+ effects on photophysiological parameters 
 

Temperature also influenced several photophysiological parameters derived from 

fluorescence measurements. The ETRmax was highest at intermediate temperatures and declined 
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substantially above 28˚C. Similarly, Ek decreased with increasing temperature, indicating a 

reduced capacity of the photosynthetic apparatus to utilize higher irradiance under warmer 

conditions. Additions of NH4+ appeared to partially mitigate these effects at intermediate 

temperatures. Under NH4+ treatments, Ek and ETRmax were generally higher than in the control 

at some temperatures, particularly after longer incubation periods. This response suggests that 

nutrient availability may help sustain photochemical performance under moderate warming. 

Similar responses have been reported for K. brevis, where photophysiological parameters adjust 

dynamically in response to combined temperature and nutrient conditions (Sobrinho et al., 2025, 

in review). Since NH4+ can be directly assimilated without the energetic cost of reduction, it may 

provide a readily available N source to support photosynthetic processes under elevated 

metabolic demand (Raven et al., 1992). However, the photophysiological response of Karenia 

mikimotoi, a species closely related to K. brevis, to temperature and N form can vary depending 

on prior thermal history (Ahn & Glibert, 2021). 

 
Implications for plankton metabolism and bloom dynamics 

 

Together, these results highlight the complex interactions between temperature and 

nutrient availability in regulating plankton metabolism. Addition of NO3- enhanced primary 

production, while warming increased respiration rates. At higher temperatures, increased 

respiration combined with declines in photochemical performance suggests that thermal stress 

may reduce the efficiency of carbon fixation in plankton communities. For coastal systems such 

as the WFS, where K. brevis blooms frequently occur, these metabolic shifts may have important 

ecological consequences. Episodic nutrient inputs may stimulate photosynthetic activity, while 

increasing temperatures associated with climate change may enhance respiratory processes and 
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alter the balance between autotrophy and heterotrophy. Understanding how these factors interact 

to regulate phytoplankton metabolism is therefore critical for predicting how coastal ecosystems 

may be shaped in a changing ocean. 

The trends observed in these experiments suggest that even modest increases in 

temperature may shift plankton communities toward a more heterotrophic state, particularly 

when combined with storm-driven inputs of organic matter. In the experiments herein, 

respiration frequently exceeded production, indicating that warming may increase the likelihood 

of hypoxia development on the WFS. Hypoxic conditions have previously been associated with 

K. brevis blooms in this region (Smith, 1975; Heyl et al., 1978; Milbrandt et al., 2021; Turley et 

al., 2022). Although K. brevis blooms typically occur from late summer to early spring (Heil and 

Muni-Morgan, 2021), they can occasionally persist into summer even when temperatures exceed 

their optimal growth range (22–28 ˚C). This persistence suggests that temperatures above 30˚C 

do not necessarily suppress blooms, as K. brevis can acclimate to thermal conditions and adjust 

its physiological responses depending on environmental history and N availability (Ahn and 

Glibert, 2021; Ahn et al., 2023). 

Despite the ecological importance of these processes, studies examining respiration in the 

light under interacting environmental stressors remain limited. Comparisons of how light-

dependent respiration responds to combined drivers such as warming and nutrient enrichment are 

essential, particularly for bloom-forming species such as K. brevis. In that dense blooms have 

been associated with oxygen depletion, understanding how photosynthetic and respiratory 

pathways respond to environmental change is essential for predicting bloom persistence, decline, 

and broader ecosystem oxygen dynamics. 
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Conclusion 
 

This study demonstrated that nutrient form and temperature play distinct roles in 

regulating metabolic and photophysiological responses in natural phytoplankton communities 

containing K. brevis. Addition of NO3- stimulated primary production and decreased respiration 

rates, while NH4+ enrichment did not significantly alter metabolic rates under the experimental 

conditions tested. In contrast, warming increased respiration relative to production and reduced 

photochemical performance at higher temperatures, indicating that thermal stress can shift 

plankton metabolism toward greater respiratory losses. These findings highlight the importance 

of investigating both nutrient form and temperature on phytoplankton metabolism. In regions 

such as the WFS, where episodic nutrient inputs and warming waters frequently occur, these 

environmental drivers may alter the balance between autotrophy and heterotrophy, with potential 

consequences for bloom dynamics and development of hypoxia conditions. As respiration in the 

light remains poorly understood, further studies examining how metabolic pathways respond to 

interacting stressors such as warming and nutrient enrichment will be critical for improving 

predictions of harmful algal bloom persistence and ecosystem oxygen dynamics in a changing 

ocean. 
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Chapter 6: Interactive effects of temperature, nitrogen form, and humic 
substances on photosynthetic performance of the toxigenic 
dinoflagellate, Karenia brevis4 
 

Abstract 
 

Blooms of Karenia brevis are frequent on the West Florida Shelf (WFS) and have increased in 

duration and severity in recent years with changes in climate, including temperature and with 

changes in land based nutrient input associated with altered river flow and precipitation. A key 

question is how rapid changes in temperature and nutrient availability may alter photosynthetic 

performance of this bloom taxa, as might be experienced following a weather or storm event. 

This study tested the hypothesis that K. brevis photosynthetic efficiency can exceed its thermal 

optimum when nutrient limitation is alleviated, and that photosynthetic responses differ 

according to the type of nutrient supplied. Experiments were conducted with exponentially 

growing cultures adapted to 27˚C exposed to three temperatures (24, 27, and 30˚C) and five 

levels of enrichments: nitrate (NO3-), ammonium (NH4+), and humic acids (HA) exposed for up 

to 10 hrs. The photosynthetic response (Fv/Fm, α, Ek, and ETRmax) was evaluated using PAM 

fluorometry. Strong interactive effects were observed among temperature, nutrient type, and 

exposure time. Both NO3- and HA supported stable photosynthetic performance at the two lower 

temperatures for the full time course, while NH4+ initially enhanced photosynthetic efficiency 

but led to declines in Fv/Fm and ETRmax with increased exposure time. These findings 

demonstrate that K. brevis exhibits physiological plasticity that possibly contributes to bloom 

persistence under variable environmental conditions. 

 

4 Sobrinho, B. F.; Pinheiro-Silva, L; Glibert, P.M. Interactive effects of temperature, nitrogen form, and humic substances on 
photosynthetic performance of the toxigenic dinoflagellate, Karenia brevis. Submitted to Harmful Algae.  
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Introduction 
 

The toxigenic dinoflagellate Karenia brevis is the most frequent and most studied bloom-

forming species found on the Western Florida Shelf (WFS). Their blooms generally originate 

offshore (up to 65 km) in oligotrophic waters, and then the cells are transported nearshore to 

nutrient-enriched waters (Steidinger, 1975; Heil et al., 2014; Weisberg et al., 2016; O’Neil et al., 

2024). Once near the coast, river discharge and its associated nutrient delivery can play an 

important role in K. brevis blooms (Dixon and Steidinger, 2002; Brand and Compton, 2007; 

Medina et al., 2020, 2022; Li et al., 2021; Glibert et al., 2025). Generally, the blooms initiate in 

early fall (August- September) and terminate in early spring (February-April) as the cells are 

dispersed offshore (Heil et al., 2022). However, blooms can occasionally persist during summer, 

even when temperatures exceed the optimum range for growth of 22 – 28˚C (Vargo, 2009; Ahn 

and Glibert, 2021), indicating that values above 30˚C do not necessarily inhibit their 

development. A recent study conducted during an unusual, prolonged bloom in 2020 – 2021 

compared photosynthetic rates between a summer K. brevis bloom and a more typical 

overwintering bloom under varying temperature and nutrient conditions, demonstrating that 

photosynthetic performance is influenced by thermal history, which can shift the optimal 

temperature window for photosynthesis (Ahn et al., 2023). We thus hypothesized that K. brevis 

photosynthetic efficiency can be maintained even when the thermal optimum for growth is 

exceeded if a secondary stress, i.e., nutrient limitation, is alleviated. However, different nutrient 

types (inorganic or organic compounds like humic acids) may influence the temperature response 

differently due to different physiology associated with metabolizing different nutrient forms. 

Karenia brevis can use a wide array of inorganic and organic nutrients from different 

sources, including ingestion of prey (Glibert et al., 2009; Heil et al., 2014; Ahn et al., 2023, 
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2025; Ahn and Glibert, 2024). Higher nitrogen (N) affinity and uptake rates have been shown for 

K. brevis with chemically reduced inorganic N forms, such as NH4+, in comparison to other N 

forms (e.g., NO3-) (Vargo, 2009; Bronk et al., 2014, Killberg-Thoreson et al., 2014; Ahn et al., 

2023). One of the main sources of nutrients supporting these blooms in coastal and estuarine 

areas comes from river flow, including the Caloosahatchee River, Peace River and Tampa Bay, 

(e.g., Brand and Compton, 2007; Vargo et al., 2008; Tomasko et al., 2024; Glibert et al., 2025). 

In addition to the inorganic nutrients delivered by runoff, organic substances such as humic acids 

have terrestrial origin and can be an important source of N for K. brevis (Vargo et al., 2008; 

Killberg-Thoreson et al., 2014). However, only a few studies have investigated the influence of 

humic compounds in this species (Heil, 2005, See et al., 2006). During a nearshore K. brevis 

bloom, Mendoza et al. (2012) detected humic-like components on the fluorescent fraction of 

DOM (FDOM), suggesting that the contributions of terrestrial organic matter may sustain 

blooms. Moreover, stormwater inputs provide labile DOM predominantly in the form of 

allochthonous humic substances and dissolved organic nitrogen (DON) supporting K. brevis 

growth (Muni-Morgan et al., 2024).  

Quantifying photosynthetic rates under varying conditions is therefore critical to 

understanding K. brevis physiological adaptations during blooms on the WFS. Evaluating short-

term changes in these rates provides valuable insights into how blooms can develop and persist 

under extreme conditions, such as temperatures above the species’ growth optimum during 

summer. To test this, the photosynthetic performance in K. brevis was analyzed in response to 

short-term exposures (~10 h) to different combinations of temperature, N forms, and HA 

enrichment, simulating how cells may respond to environmental variability during summer 
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blooms and/or following pulses of organic matter and nutrient inputs associated with hurricane-

driven runoff.  

 

Materials and Methods 

 

Algal culture and cell count 

 

 Non-axenic cultures of K. brevis, originally isolated from New Pass, Sarasota, Florida, 

USA (CCMP2228), was obtained from Mote Marine Laboratory (Sarasota, FL, USA), were 

grown in semi-batch cultures using L1 medium without the addition of silicate (Guillard, 1975). 

The culture medium was prepared with low nutrient offshore water collected from the WFS. This 

water was filtered through Whatman GF/F glass microfiber filters (0.7 µm pore size) and 

sterilized by autoclaving. Cultures were maintained under a 12 h light:12 h dark cycle at ~120 

µmol photons m⁻² s⁻¹, salinity 33, and 27 ˚C. 

Experiments were conducted with exponentially growing cultures. To determine this 

growth phase, changes in cell abundance over time were monitored by counting cells in a 

Sedgewick-Rafter chamber (1 mL) after fixation with Lugol’s solution (5%) using a Zeiss Axio 

Vert.A1 inverted microscope. The specific growth rate (µ) was calculated according to: 

µ =
ln𝑋#	 − 𝑙𝑛	𝑋!

𝑡# − 𝑡!
 

 

where X1 and X2 represent the cell numbers at time t1 and t2, respectively.  

 

(Equation 1)  
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Experimental Setup 

 

 Aliquots of the culture were separated and enriched with the following concentrations of 

NO3- and NH4+: 10, 20, 40, and 60 µM; and humic acids: 6, 12, 24, and 48 mg L-1. Nutrient 

additions were intended to mimic the nutrient concentrations that can be delivered with storm or 

other freshwater runoff events. The humic acid used in these experiments was originally 

collected and isolated from the Shark River, Florida, several years prior to this study according 

to extraction protocols detailed in Heil (2004).  

 

 
Figure 6.1 Experimental design to measure photosynthesis-irradiance (PE) response of K. brevis 
under different temperatures and nutrient forms and concentrations using a MAXI-Imaging 
PAM. Individual culture aliquots were held in black well plates. 

 

Subsequently, individual wells of black multiwell plates (24 wells each) were filled with 

the nutrient enriched K. brevis cultures, and with non-enriched K. brevis culture as the control 
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condition. The plates were transferred to mini-incubators with controlled temperature (24, 27, 

and 30˚C) and continuous light (~120 µmol photons m-2 s-1) for approximately 10 hours (Figure 

6.1). In total, four experiments were conducted for each nutrient, two experiments comparing the 

responses at 24˚C and 27˚C, and two experiments comparing 27˚C and 30˚C, with three 

replicates for each combination of temperature and nutrient in each experiment.  

 

Fluorescence Measurements 
 

 Measurements were made at the beginning of the experiment (T0), after approximately 4 

hours (T1), and 10 hours (T2) following the dark acclimation of the black multiwell plates for 20 

min to open the PSII reaction centers. Pulse-amplitude-modulated (PAM) fluorescence emission 

from PSII was measured using with a MAXI-Imaging PAM M-Series, and the data were 

exported from the ImagingWin Software (Heinz Walz GmbH, Effeltrich, Germany).  

The maximum quantum yield of PSII (Fv/Fm) was quantified after a saturation pulse and 

calculated as: 

𝐹$/𝐹% =	
𝐹% − 𝐹&
𝐹%

 

 

where Fm is the maximal fluorescence yield and Fo the minimal fluorescence yield after dark 

adaptation. 

Rapid light curves were run to monitor the fluorescence parameters as a function of rapid 

changes in irradiance (12 steps for 20s at each step: 0, 3, 23, 58, 113, 188, 283, 338, 398, 463, 

533, 613, and 703 µmol photons m-2 s-1). The electron transfer rate (ETR, µmol electrons m-2 s-1) 

was calculated as: 

(Equation 2)  
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𝐸𝑇𝑅 = 𝑌𝐼𝐼	 × 	𝑃𝐴𝑅	 × 	0.5	 × 	0.84 

 

where YII is the quantum yield of PSII at a certain irradiance (PAR, photosynthetically active 

radiation) adjusted by a factor of 0.5, which considers that the absorbed light is equally 

distributed between the two photosystems, and the factor 0.84, which is the presumed PAR 

absorptivity (Genty et al. 1992). The photosynthesis-irradiance curves were fitted using the 

Jassby and Platt (1976) model. Using the same model, the initial slope of the ETR versus 

irradiance relationship (a), the light saturation coefficient (Ek; μmol photons m-2 s-1), and the 

maximum electron transport rate (ETRmax; µmol electrons m-2 s-1) were calculated. The models 

were fit using the R package 'phytotools' (Silsbe and Malkin, 2015).  

 

Statistical analysis 
 

To evaluate the effects of nutrient concentrations (HA, NO3-, NH4+; 15 levels-three 

nutrients at five concentration levels each), temperature (initial condition ± 3˚C;	three levels), 

and their interaction on photosynthetic responses (Fv/Fm, a, Ek, ETRmax), multiple four-way 

analyses of variance (ANOVA) with permutation tests were conducted using the lmPerm 

package in R (Wheeler, 2016). A permutational ANOVA was selected since it does not rely on 

assumptions about underlying distributions. In this approach, the dataset is repeatedly 

randomized while preserving its overall structure, generating a distribution of all possible 

permutations of the experimental values. The resulting distribution is then compared with the 

original dataset to obtain the p-values and to determine whether the treatment effects differ from 

what would be expected by chance. When significant differences among groups were detected, 

(Equation 3)  
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Tukey’s HSD post-hoc tests were applied for multiple pairwise comparisons. All results were 

evaluated at a significance level of 0.05, and statistical analyses were conducted in R version 

4.4.2 (R Core Team, 2024). 

 

Results 

 

Initial Cell 

 
 The specific growth rates of the initial cultures at the time of the experiment were 0.20 – 

0.26 day-1. 

 

Fluorescence parameters 

 

The maximum quantum yield of photosystem II: Fv/Fm 

 

The maximum quantum yield of photosystem II (Fv/Fm) was significantly affected by the 

interaction among nutrient enrichment, nutrient concentration, and sampling time (pseudo-F = 

2.25, p = 0.004; Table 6.1). Similarly, the interaction among temperature, nutrient enrichment, 

and sampling time was also significant (pseudo-F = 5.03, p < 0.001; Table 6.1). Overall, Fv/Fm 

values ranged between 0.29 and 0.48.  
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Table 6.1 Two-way permutation ANOVA results, testing the effect of nutrient enrichment 
(humic acid, NH4+ and NO3-) and their different concentrations, temperatures (24˚C, 27˚C, and 
30˚C), time (T0, T1, and T2), and their interaction on Fv/Fm df: degrees of freedom, SS: sum of 
squares. Bold values represent p< 0.05. 

 
df SS F p-value 

Nutrient  2 0.07 58.05 0.00 
Temperature  2 0.01 6.22 0.00 
Time 2 0.40 332.09 0.00 
Nutrient concentration 4 0.08 31.61 0.00 
Nutrient:Temperature 4 0.01 5.56 0.00 
Nutrient:Time 4 0.05 20.99 0.00 
Temperature:Time 4 0.07 30.43 0.00 
Nutrient:Nutrient concentration 8 0.03 6.46 0.00 
Temperature:Nutrient concentration 8 0.00 0.64 0.74 
Time:Nutrient concentration 8 0.01 1.50 0.15 
Nutrient:Temperature:Time 8 0.02 5.03 0.00 
Nutrient:Temperature:Nutrient Concentration 16 0.01 0.56 0.92 
Nutrient:Time:Nutrient concentration 16 0.02 2.25 0.00 
Temperature:Time:Nutrient concentration 16 0.01 0.57 0.91 
Nutrient:Temperature:Time:Nutrient concentration 32 0.01 0.49 0.99 
Residuals 1055 0.63 

  

 

At the beginning of the experiment (T0), no significant differences were observed among 

treatments (Figure 6.2a,d,g). By T1, differences among nutrient types became more apparent, 

particularly at 27˚C, where NH4+ treatments exhibited significantly lower Fv/Fm (Figure 6.2e) 

than the humic acid and NO3- treatments (Figure 6.2b,h). A similar pattern occurred at 30 ˚C, 

with NH4+-enriched cultures showing lower Fv/Fm (Figure 6.2e). By T2, the variability among 

treatments increased. The NO3- treatments consistently maintained the highest Fv/Fm (Figure 

6.2i), while NH₄⁺ treatment showed the lowest, especially at higher concentrations and higher 

temperatures (Figure 6.2f). 



  156 

 
Figure 6.2 Maximum quantum yield of photosystem II (Fv/Fm) in K. brevis cultures grown at 
27˚C and enriched with different substrates (humic acids (HA), NH4+, and NO3-), and incubated 
at three temperatures (24˚C, 27˚C, and 30˚C). Panels a-c represent cultures enriched with humic 
acids; panels d-f, cultures enriched with NH4+, and panels g-i, cultures enriched with NO3-. The 
gradation of color within each panel indicates enrichment concentration. Measurements were 
taken at the start of the experiment (T0), after ~4 h (T1), and after ~10 h (T2). Bars represent 
estimated marginal means (EMMs) ± 95% confidence intervals derived from a four-way 
permutational analysis of variance (ANOVA). Different letters above the bars indicate 
statistically significant differences between the nutrient treatments within each specific 
concentration, temperature, and time point, based on Tukey-adjusted pairwise comparisons. 
 

Photosynthetic efficiency (α) 

 

 The photosynthetic efficiency (α) was significantly affected by the interaction among 

nutrient enrichment, temperature, and time (pseudo-F = 5.56, p< 0.001; Table 6.2), as well as by 

the interaction between nutrient concentration and the sampling time (pseudo-F = 2.49; p = 0.01; 

Table 6.2). Across treatments, α values ranged between 0.05 and 0.12.  
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Table 6.2 Two-way permutation ANOVA results, testing the effect of nutrient enrichment 
(humic acids, NH4+, and NO3-) and their different concentrations, temperatures (24˚C, 27˚C, and 
30˚C), time (T0, T1, and T2), and their interaction on the initial slope (α). df: degrees of 
freedom, SS: sum of squares. Bold values represent p< 0.05. 

 
df SS F p-value 

Nutrient  2 0.14 297.28 0.00 
Temperature  2 0.04 93.08 0.00 
Time 2 0.02 34.20 0.00 
Nutrient concentration 4 0.01 13.11 0.00 
Nutrient:Temperature 4 0.13 139.80 0.00 
Nutrient:Time 4 0.03 32.78 0.00 
Temperature:Time 4 0.00 0.95 0.44 
Nutrient:Nutrient concentration 8 0.01 4.79 0.00 
Temperature:Nutrient concentration 8 0.00 1.21 0.29 
Time:Nutrient concentration 8 0.00 2.49 0.01 
Nutrient:Temperature:Time 8 0.01 5.56 0.00 
Nutrient:Temperature:Nutrient Concentration 16 0.00 0.69 0.80 
Nutrient:Time:Nutrient concentration 16 0.01 1.48 0.10 
Temperature:Time:Nutrient concentration 16 0.00 0.67 0.83 
Nutrient:Temperature:Time:Nutrient concentration 32 0.00 0.44 1.00 
Residuals 1217 0.29   

 

At T0, α values were relatively similar among the control, humic acids, and NO3- 

treatments, indicating little immediate response to enrichment. In contrast, NH4+ treatments 

exhibited significantly higher α values, particularly at 27˚C and 30˚C (Figure 6.3d). By T1, 

differences among nutrient types began to emerge, particularly at 27˚C, where NH4+-enriched 

cultures showed significantly higher α values than the humic acid and NO3- treatments (Figure 

6.3b,e,h). This effect became more pronounced at 30˚C, with NH4+ maintaining higher α values 

across most concentrations, while humic acid and NO3- remained similar to controls. At T2, the 

contrasts among nutrients were further accentuated. At 27˚C, NH4+ treatments significantly 

reached the highest α values (Figure 6.3f), exceeding humic acid and NO3- at all concentrations, 

which maintained lower and statistically similar means (Figure 6.3c,i). The same trend was 
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observed at 30˚C, where NH4+ sustained higher α values across all concentrations, while humic 

acid consistently exhibited the lowest α values. However, within the NH4+ treatments, α 

significantly declined as NH4+ concentrations increased (Figure 6.3f). 

 
Figure 6.3 Initial slope of the photosynthesis-irradiance curve (α) in K. brevis cultures grown at 
27˚C and enriched with humic acids (HA), ammonium (NH4+), and nitrate (NO3-) at different 
concentrations and incubated at three temperatures (24, 27, and 30˚C). Panels a-c represent 
cultures enriched with humic acids; panels d-f, cultures enriched with NH4+, and panels g-i, 
cultures enriched with NO3-. The gradation of color within each panel indicates enrichment 
concentration. Measurements were taken at the start of the experiment (T0), after ~4 h (T1), and 
after ~10 h (T2). Bars represent estimated marginal means (EMMs) ± 95% confidence intervals 
derived from a four-way permutational analysis of variance (ANOVA). Different letters above 
the bars indicate statistically significant differences between the nutrient treatments within each 
specific concentration, temperature, and time point, based on Tukey-adjusted pairwise 
comparisons. 
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Light saturation (Ek) 

 

The light saturation values (Ek) were significantly affected by the interaction among 

temperature, nutrient concentration, and time (pseudo-F = 3.41, p < 0.001; Table 6.3), as well as 

by nutrient enrichment, nutrient concentration, and temperature (pseudo-F =1.70, p = 0.04; Table 

6.3). The values ranged between ~40 and 80 µmol photons m-2 s-1 (Figure 6.4).  

 

Table 6.3 Two-way permutation ANOVA results, testing the effect of nutrient enrichment 
(humic acid, NH4+, and NO3-) and their different concentrations, temperatures (24˚C, 27˚C, and 
30˚C), time (T0, T1, and T2), and their interaction on the light saturation values (Ek).  df: degrees 
of freedom, SS: sum of squares. Bold values represent p< 0.05.  

 
df SS F p-value 

Nutrient  2 38068 121.91 0.00 
Temperature  2 9859 31.57 0.00 
Time 2 107224 343.36 0.00 
Nutrient concentration 4 4050 6.48 0.00 
Nutrient:Temperature 4 7378 11.81 0.00 
Nutrient:Time 4 4233 6.78 0.00 
Temperature:Time 4 5885 9.42 0.00 
Nutrient:Nutrient concentration 8 4491 3.60 0.00 
Temperature:Nutrient concentration 8 5494 4.40 0.00 
Time:Nutrient concentration 8 1996 1.60 0.12 
Nutrient:Temperature:Time 8 6046 4.84 0.00 
Nutrient:Temperature:Nutrient Concentration 16 4245 1.70 0.04 
Nutrient:Time:Nutrient concentration 16 3907 1.56 0.07 
Temperature:Time:Nutrient concentration 16 8510 3.41 0.00 
Nutrient:Temperature:Time:Nutrient concentration 32 7048 1.41 0.06 
Residuals 1217 190022   

 

 
At T0, Ek values were relatively similar among treatments, with no significant differences 

relative to the control. By T1, Ek tended to increase with rising concentrations of humic acid, 

particularly at 24˚C, where humic acid-enriched cultures showed significantly higher values than 
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NO3- and NH₄⁺ treatments (Figure 6.4b,e,h). A similar, though less pronounced, pattern was 

observed under NO3- enrichments, whereas NH4+ enrichment values remained statistically 

comparable to control.  

 
Figure 6.4 Light saturation (Ek) of K. brevis cultures grown at 27˚C and enriched with humic 
acids (HA), ammonium (NH4+), and nitrate (NO3-) at different concentrations and incubated at 
three temperatures (24, 27, and 30˚C). Panels a-c represent cultures enriched with humic acids; 
panels d-f, cultures enriched with NH4+, and panels g-i, cultures enriched with NO3-. The 
gradation of color within each panel indicates enrichment concentration. Measurements were 
taken at the start of the experiment (T0), after ~4 h (T1), and after ~10 h (T2). Bars represent 
estimated marginal means (EMMs) ± 95% confidence intervals derived from a four-way 
permutational analysis of variance (ANOVA). Different letters above the bars indicate 
statistically significant differences between the nutrient treatments within each specific 
concentration, temperature, and time point, based on Tukey-adjusted pairwise comparisons. 

 

At 27˚C, humic acid treatments continued to exhibit slightly higher Eₖ values than the 

other nutrient treatments (Figure 6.4b), while at 30˚C, NO3- enrichment produced the highest Eₖ 

values, significantly exceeding those of NH4+ at most concentrations (Figure 6.4e,h). At T2, Ek 

values declined across all treatments, suggesting reduced light utilization capacity after 
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prolonged exposure. However, nutrient-specific patterns persisted: at 27 ˚C, humic acid 

treatments maintained significantly higher Ek values than the NO3- and NH4+ treatments (Figure 

6.4c,f,i), while at 30˚C, NH4+ treatments exhibited the lowest Eₖ values across all concentrations 

(Figure 6.4f). 

 

 ETRmax 

 

The interactions among nutrient, temperature, and time (pseudo-F = 5.35, p < 0.001), as 

well as among temperature, time, and nutrient concentration (pseudo-F = 2.67, p < 0.001), were 

significant, indicating that the combined effects of nutrient form, temperature, and time strongly 

influenced ETRmax responses (Table 6.4). 

Table 6.4 Two-way permutation ANOVA results, testing the effect of nutrient enrichment 
(humic acid, NH4+, and NO3-) and their different concentrations, temperatures (24 ˚C, 27 ˚C, and 
30 ˚C), time (T0, T1, and T2), and their interaction on ETRmax. df: degrees of freedom, SS: sum 
of squares. Bold values represent p< 0.05. 

 
df SS F p-value 

Nutrient  2 170.2 48.65 0.00 
Temperature  2 44.3 12.66 0.00 
Time 2 1040.0 297.28 0.00 
Nutrient concentration 4 14.7 2.11 0.08 
Nutrient:Temperature 4 20.6 2.95 0.02 
Nutrient:Time 4 47.7 6.83 0.00 
Temperature:Time 4 105.9 15.14 0.00 
Nutrient:Nutrient concentration 8 95.3 6.81 0.00 
Temperature:Nutrient concentration 8 63.6 4.55 0.00 
Time:Nutrient concentration 8 28.0 2.00 0.04 
Nutrient:Temperature:Time 8 74.8 5.35 0.00 
Nutrient:Temperature:Nutrient Concentration 16 35.8 1.28 0.20 
Nutrient:Time:Nutrient concentration 16 42.8 1.53 0.08 
Temperature:Time:Nutrient concentration 16 74.6 2.67 0.00 
Nutrient:Temperature:Time:Nutrient concentration 32 61.6 1.10 0.33 
Residuals 1217 2128.8   
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At T0, higher ETRmax values were observed in NO3- and humic-enriched cultures at 

24˚C, with significant differences compared to NH4+ treatments. Similar trends occurred at 27˚C 

and 30˚C, where the NO3- and humic acid treatments generally supported higher ETRmax than 

the NH4+ treatments, particularly at intermediate concentrations (Figure 6.5a,d,g).  

 
Figure 6.5 Maximum relative electron transport rate (ETRmax) of K. brevis cultures grown at 
27˚C and enriched with humic acids (HA), ammonium (NH4+), and nitrate (NO3-) at different 
concentrations and incubated at three temperatures (24, 27, and 30 ˚C). Panels a-c represent 
cultures enriched with humic acids; panels d-f, cultures enriched with NH4+, and panels g-i, 
cultures enriched with NO3-. The gradation of color within each panel indicates enrichment 
concentration. Measurements were taken at the start of the experiment (T0), after ~4 h (T1), and 
after ~10 h (T2). Bars represent estimated marginal means (EMMs) ± 95% confidence intervals 
derived from a four-way permutational analysis of variance (ANOVA). Different letters above 
the bars indicate statistically significant differences between the nutrient treatments within each 
specific concentration, temperature, and time point, based on Tukey-adjusted pairwise 
comparisons. 

 

By T1, ETRmax increased across all nutrient treatments, most notably at 24˚C, where 

NO3- enrichment produced the highest values (Figure 6.5h), followed by humic acid and NH4+ 
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(Figure 6.5b,e). At 27˚C and 30˚C, humic acid and NO3- treatments maintained comparable and 

significantly higher ETRmax values than NH4+. Under NH4+ enrichment, ETRmax began to 

decline slightly, with higher NH4+ concentrations leading to reductions at both 27˚C and 30˚C 

(Figure 6.5e). At T2, ETRmax declined across all treatments, most notably at 30˚C, indicating 

reduced photosynthetic capacity after prolonged exposure. Under these conditions, NH4+ 

consistently produced the lowest ETRmax values, while NO3- maintained higher electron 

transport rates across most concentrations (Figure 6.5f,i). The humic acid treatments exhibited 

intermediate responses, with slight decreases at 27˚C and 30˚C relative to earlier time points 

(Figure 6.5c). 

 

Idealized PE curves 

 

The results observed in this study highlight the complexity of the interaction between 

temperature, nutrient type, and concentration. To better illustrate these patterns, idealized PE 

curves using experimental data herein were generated using the fitted photophysiological 

parameters across the three temperatures tested (Figure 6.6). Overall, increasing temperature 

reduced photosynthetic performance, as shown by lower ETRmax at 30˚C. Nutrient form clearly 

modulated these responses. At lower temperature (24˚C), both NO3- and humic acid increased 

ETRmax, α, and Ek compared to the control. At intermediate temperature (27˚C), these 

treatments still enhanced α and Ek, although differences in ETRmax were less pronounced. At 

higher temperature (30˚C), NO3- and low NH4+ maintained higher ETRmax relative to the 

control, suggesting improved performance under thermal stress. In contrast, high NH4+ 

concentrations consistently reduced photosynthetic parameters across temperatures. Together, 
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these results show that both nutrient form and concentration play a key role in shaping 

phytoplankton responses to warming. 

 

 
Figure 6.6 Idealized photosynthesis–irradiance (PE) curves derived from fitted 
photophysiological parameters at three temperatures (24, 27, and 30˚C). Curves represent control 
conditions (grey), low and high NH4+ enrichment (light and dark blue), NO3- enrichment (red), 
and humic acids (HA; brown). 

 

Discussion 

 

The results of this study support the hypothesis that K. brevis photosynthetic efficiency can 

exceed its expected thermal optimum when nutrients are not limited. The interactive effects 

observed across Fv/Fm, α, Ek, and ETRmax reveal how K. brevis adjusts different components of 

its photosynthetic machinery in response to combined temperature and nutrient stresses. Each 

parameter reflects a distinct aspect of the photosynthetic process and together, their responses 

provide an integrated view of how K. brevis maintains photophysiological performance under 

short-term environmental variability. 
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Overall, the maximum efficiency of PSII in the dark-adapted state (Fv/Fm) remained 

relatively stable across treatments, except in the NH4+-enriched cultures, which exhibited 

significant declines in photochemical efficiency under prolonged exposure and elevated 

temperature. In contrast, NO3- enrichments maintained higher and more stable Fv/Fm values. 

These results suggest that high concentrations of NH4+ may exacerbate stress on photosystem II 

under warmer conditions, whereas NO3- appears to alleviate it. Different responses were 

observed in a laboratory experiment with K. mikimotoi acclimated to 20˚C, where Fv/Fm 

increased with both NO3- and NH4+additions at lower temperatures (Ahn and Glibert, 2021). In 

that study, when exposed to 30˚C, NO3--enriched cultures showed the strongest stress (Fv/Fm = 

0.07), whereas cells treated with urea exhibited higher photochemical efficiency (Fv/Fm = 0.17), 

suggesting that urea may induce a photoprotective mechanism (Ahn and Glibert, 2021). In this 

study, K. brevis cultures had been maintained at 27˚C, and when exposed to 30˚C, Fv/Fm was 

not as strongly affected. This highlights the importance of the species’ thermal history in shaping 

its capacity to tolerate elevated temperatures.  

The photosynthetic efficiency (α) increased with NH4+ enrichment under warmer and 

prolonged exposure conditions, suggesting that NH4+ supported more efficient light-harvesting in 

K. brevis. As the most chemically reduced form, NH4+ can be directly incorporated without the 

energetic cost of reduction, providing a more readily available N source to support protein 

synthesis and photosynthetic enzyme activity (Raven et al., 1992) which likely allowed cells to 

maintain higher photosynthetic efficiency even under thermal stress, when metabolic energy 

demands are elevated. However, in this study within the NH4+ treatments, α significantly 

declined as NH4+ concentration increased. Toxicity associated with elevated NH4+ concentrations 

is well recognized; it can suppress growth, and the cells might not easily recover from this 
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condition (e.g., Britto and Kronzucker, 2002). Further, NH4+ may affect oxidation and reduction 

of the chloroplastidic metabolic pathways, leading to enhanced photorespiration or increased 

reactive oxygen species (ROS) (Glibert, 2024). 

Patterns in Ek provided additional insights into photoacclimation. Higher Ek under humic 

acid and NO3- enrichment at moderate temperatures (24 and 27˚C) suggest that these conditions 

promoted tolerance to higher irradiance. At higher temperatures, however, Ek declined sharply 

under NH4+ enrichment, consistent with photophysiological stress and reduced light utilization 

capacity. This indicates that K. brevis can maintain higher light saturation values when supplied 

with NO3- or humic substances, but experiences light limitation under excessive NH4+ and heat 

exposure. Similarly, NO3- enrichment consistently sustained higher ETRmax values across 

temperatures, while NH4+ enrichment resulted in reduced ETRmax at elevated temperatures. The 

intermediate responses in the humic treatments suggest that humic acid compounds may support 

photosynthesis moderately. Humic acids may also release NH4+ which is the largest fraction of N 

in these compounds and often loosely bound and released via photooxidation (Bushaw et al., 

1996) and/or as salinity increases, as might occur with seawater inundation (Cochlan and Bronk, 

2001). Despite some evidence, there are still questions remained about the influence of humic 

acids as another source of nutrients sustaining blooms of this species on WFS. 

These findings highlight the complexity of environmental effects on K. brevis 

photosynthesis, indicating that the influence of individual factors cannot be easily isolated. 

Instead, these findings demonstrate that photosynthetic responses are driven by the interactions 

among temperature, nutrient form and concentration, and exposure time, with several significant 

interaction terms detected in the analyses. Temperature and nutrient supply are key 
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environmental drivers controlling phytoplankton growth and productivity and their effects on 

those rates are often interactive (Cross et al., 2015; Van de Waal and Litchman, 2020).  

Temperature modulates resource allocation into light-harvesting complexes, due to the 

different temperature sensitivity of the light and dark reactions of photosynthesis. For example, 

increasing Chl-a content under warmer temperatures allows cells to balance between the 

temperature-dependent dark reactions and the largely temperature-independent light reactions 

that supply the energy and reducing power needed for carbon fixation (Fernández-Gonzáles et 

al., 2022 and references therein). Consequently, photosynthesis rates generally increase as 

temperature increases, and they often rise until an optimal limit (Baly, 1935), but this optimal 

temperature for maximum photosynthesis can shift depending on acclimation history and 

nutrient availability (Hikosaka et al., 2006). For example, K. brevis acclimated to winter (~20˚C) 

and summer (>30˚C) temperatures showed that photosynthetic performance at the same 

temperature depended on the thermal history of the cells, demonstrating this species’ capacity for 

thermal acclimation (Ahn et al., 2023). However, even though the summer populations were 

photosynthetically and nutritionally stressed, cells from the Ahn et al. (2023) study treated with 

urea exhibited higher uptake rates and greater total C and N per cell than those treated with other 

N substrates, highlighting differential thermal responses depending on N form. 

The interaction between temperature and the pathways for metabolizing different N 

sources also interact in complex ways. The enzyme involved in NH4+ assimilation, glutamine 

synthetase-glutamate synthase (GS-GOGAT), typically has a positive relationship to 

temperature, while the enzyme involved in NO3- reduction, NO3- reductase (NR), has a negative 

relationship with temperature (Glibert et al., 2016 and references therein). Consequently, NH4+ 

metabolism is expected to increase at higher temperature, while NO3- metabolism is more 
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efficient at cooler temperatures (Glibert et al., 2016; Ahn et al., 2023). Temperature also 

indirectly influences nutrient dynamics by affecting the production of humic substances. Since 

the decomposition of these substances is mediated by bacterial activity, and microbial growth 

rates are strongly temperature-dependent, higher temperatures can enhance the formation and 

accumulation of humic acids in surface waters (Lipczynska-Kochany, 2018 and references 

therein).  

The significant interactions among temperature, nutrient forms, and concentration 

observed in this study reflect these biochemical and ecological complexities, highlighting that 

temperature may influence K. brevis physiology both directly, by modulating photosynthetic 

processes, and indirectly, by altering nutrient acquisition and metabolism. While each factor 

alone contributed to variation in photosynthetic parameters, their combined effects often 

amplified or moderated responses in ways that would not be predicted from single drivers. New 

dominant species, including HABs may emerge as a result of multiple stressor interactions 

(Glibert et al., 2022). This complexity is ecologically relevant, as K. brevis cells in the natural 

environment are continuously exposed to abrupt shifts in temperature, light, and nutrient 

availability due to vertical migration and episodic pulses of inorganic and organic nutrients, 

especially after hurricane-driven runoff. Taken together, these results emphasize the importance 

of considering multiple environmental drivers simultaneously to better understand the dynamics 

and persistence of K. brevis blooms under variable coastal conditions on the WFS. 
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Ecological implications 

 

Extreme weather events, including storms, heatwaves, and droughts, are becoming more 

intense and frequent (Glibert and Li, 2023). The greater occurrence of hurricanes and increased 

riverine runoff associated with climate change are altering nutrient supplies in coastal waters. 

Florida is more frequently affected by hurricanes than any other U.S. state, with major events 

occurring approximately every two years (Malmstadt et al., 2009). Several studies have shown 

that hurricanes can play an important role in K. brevis blooms. Hu et al. (2006) demonstrated that 

the unusual number of hurricanes in 2004 resulted in high runoff and stronger-than-normal 

submarine groundwater discharge along the west Florida coast in 2005, supporting the initiation 

and fueling of the persistent K. brevis bloom that year. Similarly, the 2018 bloom was related to 

intense flooding and runoff that followed Hurricane Irma in 2017 (Fritz, 2018). More recently, 

the model by Chen and Li (2025) showed that the strong winds and heavy rainfall associated 

with Hurricane Ian created favorable conditions for the development of large phytoplankton 

blooms on the WFS, beginning with a short diatom bloom that transitioned into a prolonged K. 

brevis bloom. 

Blooms of K. brevis, particularly in years with prolonged extreme events, represent a 

complex ecological, environmental, and socioeconomic challenge on the WFS. The severity of 

these blooms has increased over time according to the Bloom Severity Index (BSI) developed by 

Stumpf et al. (2022), which integrates cell concentration data across 0.2˚ latitude intervals (~25 

km) along the southwest Florida coast to represent both spatial and temporal bloom intensity. 

Glibert et al. (2025) examined the relationship between BSI values and environmental 

parameters and found that the combined stresses of warmer temperatures and high N loads, 
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largely influenced by the Caloosahatchee River, lead to more severe and longer-lasting blooms. 

Furthermore, as coastal waters continue to warm, nutrient regeneration and the mixotrophic 

nutrition of K. brevis may help sustain blooms through the summer months. By maintaining 

access to alternative nutrient sources that alleviate nutrient limitation, K. brevis cells may be 

better able to tolerate thermal stress that would otherwise limit their survival during midsummer 

(Glibert et al., 2025). 

The photophysiological responses described in this study further highlight the plasticity 

of K. brevis in modulating photosynthesis according to the available N form and thermal 

conditions. The availability of NO3- and humic-derived N appeared to support photosynthetic 

performance across moderate temperature ranges, while NH4+ initially promoted an increase in 

photosynthetic efficiency followed by stress-induced declines under prolonged or high-

temperature exposure. These findings suggests that the ability of K. brevis to shift among 

nutrient strategies likely contributes to the persistence of blooms in dynamic coastal systems, 

particularly during summers when both temperature and terrestrial nutrient inputs are elevated. 

The influx of humic acid following heavy rainfall, storm surges, and hurricane-driven runoff 

may provide an additional N source that sustains photosynthetic activity and helps cells 

overcome nutrient limitation under thermally stressful conditions. 

 

Conclusion 

 

This study demonstrated that K. brevis can maintain high photosynthetic efficiency even 

when the thermal optimum for growth is exceeded when nutrient limitation is alleviated. The 

results showed that nutrient form, temperature, and exposure time interact in complex ways to 
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shape photosynthetic performance. Moreover, the increasing occurrence of hurricanes and heavy 

rainfall events is expected to intensify terrestrial nutrient inputs, including humic acids. Such 

inputs can alleviate nutrient limitation and potentially sustain photosynthesis even under elevated 

temperatures, favoring bloom development and persistence during summer months. Altogether, 

these findings provide new insight into the interactive effects of temperature and nutrient form 

on K. brevis physiology and highlight the need to incorporate both inorganic and organic nutrient 

sources into future models of bloom dynamics. Understanding these interactions is essential for 

predicting how this species will respond to a warming and increasingly nutrient-enriched coastal 

ocean. 
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Chapter 7: Summary and conclusions 

 

This study investigated how the interaction of multiple environmental stressors influences 

both primary production and respiration, including light-dependent and dark respiration, in the 

phytoplankton community, with particular emphasis on the dinoflagellate Karenia brevis. The 

initial hypothesis that climate change conditions would alter habitat suitability for K. brevis in 

multiple ways was supported throughout the chapters presented here. Although it was not 

possible to conduct experiments during massive K. brevis blooms, due either to their absence 

during the field period or to logistical limitations associated with sampling, this work integrated 

multiple complementary approaches. These included time-series analyses, methodological 

development, opportunistic experiments conducted following hurricane events, field experiments 

with natural samples when K. brevis was both present and absent, and controlled laboratory 

experiments using K. brevis cultures. 

One of the specific hypotheses of this study was that interannual variability in K. brevis 

abundance is, at least in part, driven by climatic variability, including ENSO and storm 

frequency. In Florida, El Niño is generally associated with cooler and wetter conditions, whereas 

La Niña tends to bring warmer and drier weather. However, mild La Niña phases and ENSO 

transition periods are often linked to increased hurricane activity affecting the region. To 

investigate the relationship between K. brevis blooms and environmental conditions on the West 

Florida Shelf (WFS), a time-series analysis was conducted using long-term data from 1998 to 

2020 (Chapter 2). Excluding the 2020–2021 bloom that was not analyzed here, the highest K. 

brevis abundances were observed during the 2004–2005 and 2017–2018 bloom events, both of 

which followed drought periods and coincided with hurricane activity. Correlations between cell 
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concentrations, Peace River discharge, and the ENSO index suggested that freshwater inflow and 

large-scale climate oscillations play both direct and indirect roles in regulating bloom dynamics 

on the WFS. 

To better understand how environmental factors associated with climate change influence 

primary production and respiration, both dark and light-dependent, the first necessary step was to 

improve the methodology and develop incubation devices capable of addressing these questions. 

In collaboration with Bay Instruments, LLC (Easton, MD), methodological improvements were 

implemented to optimize the use of Membrane Inlet Mass Spectrometry (MIMS) for quantifying 

primary production (GPP and NPP) and gross respiration (GR; light-dependent respiration) using 

the H218O method (Chapter 3). This study advances the application of the H218O–MIMS 

approach by demonstrating its effectiveness in simultaneously quantifying GPP, NPP, and GR in 

natural phytoplankton communities using small-volume incubations (3 mL). Compared to 

traditional techniques, this method provides a simpler, more cost-effective, and rapid alternative, 

thereby expanding its potential applicability. Development of an incubation device, termed a 

Coronatron, that provided constant irradiance to incubation tubes allowed nutrient manipulations 

to be done under consistent conditions. With broader application, this approach may enable the 

development of comparative datasets describing respiration–irradiance (R–E or R–I) 

relationships analogous to traditional photosynthesis–irradiance (P–E or P–I) curves.  

The overarching hypothesis of this dissertation is that climate change conditions will alter 

habitat suitability for K. brevis in multiple ways. Warmer waters, such as those expected during 

summer, may impose physiological stress on K. brevis, reducing photosynthetic rates while 

simultaneously increasing respiration rates. In addition, enhanced runoff associated with storms 

and hurricanes may stimulate both primary production and respiration by increasing nutrient and 
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organic matter inputs to coastal systems. Opportunistic post-hurricane sampling following 

Hurricanes Debby, Milton, and Helene provided the chance to examine how elevated 

temperature and humic acid enrichment influence the metabolic rates of natural phytoplankton 

communities including K. brevis (Chapter 4). Rates of GPP, NPP, GR, and dark respiration were 

quantified using MIMS. Across stations, increasing temperature consistently reduced GPP 

(Figure 7.1), with even stronger reductions observed in colored, DOM-rich waters following 

Hurricane Debby. Temperature increases shifted NPP toward negative values and enhanced both 

dark and light-dependent respiration. In many experiments, GR exceeded NPP and occasionally 

even GPP, indicating that the system was often net heterotrophic and highlighting the substantial, 

and often under-quantified, contribution of light-dependent respiration to total oxygen 

consumption. The downward transport of these oxygen-depleted surface waters (e.g., through 

mixing or advection) may further contribute to the intensification of bottom-water hypoxia. 

Together, these findings demonstrate how warming and hurricane-driven brownification interact 

to amplify respiratory metabolism, underscoring the vulnerability of subtropical coastal systems 

to hypoxia development under future climate scenarios. 

To further examine how environmental drivers regulate primary production and 

respiration rates, the effects of temperature and nitrogen form on metabolic and 

photophysiological responses of natural phytoplankton communities including Karenia brevis on 

the WFS (Chapter 5). The results showed that NO3--enrichment significantly enhanced primary 

production, whereas NH4+ response was not clear as a consistent increase or decrease in the rates 

was not observed with increasing substrate or temperature (Figure 7.1). In some cases, GPP 

showed an initial increase following NH4+ addition, but overall variability was higher and 

patterns were less consistent compared to NO3- treatments. Although some differences were 
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observed, primary production and respiration rates were not significantly affected by NH4+ likely 

due to high variability and limited replication in that experiment. Warming, however, 

consistently increased respiration relative to production and reduced photosynthesis performance 

at higher temperatures (Figure 7.1), suggesting that temperature and nutrient form regulate 

plankton metabolism through distinct physiological pathways. 

 

 

Figure 7.1 Summary of temperature and nutrient effects on primary production (GPP and NPP) 
and respiration, both light (GR) and dark (CR) rates. Figure was created with ChatGPT. 
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Another hypothesis tested in this study was that K. brevis photosynthetic efficiency can 

exceed its thermal optimum when nutrient limitation is alleviated, and that photosynthetic 

responses vary depending on the form of nutrient supplied, reflecting physiological differences 

in nutrient assimilation pathways. To test this hypothesis, exponentially growing cultures 

acclimated to 27˚C were exposed to three temperatures (24, 27, and 30˚C) and to five levels of 

nutrient enrichment (NO3-, NH4+, and humic acids). Photosynthetic performance (Fv/Fm, α, Ek, 

and ETRmax) was assessed using PAM fluorometry (Chapter 6). The results demonstrated that 

nutrient form, temperature, and exposure time interact in complex ways to regulate 

photosynthetic performance. Both NO3- and humic acids supported relatively stable 

photosynthetic responses at the two lower temperatures, whereas NH4+ initially enhanced 

photosynthetic efficiency but resulted in declines in Fv/Fm and ETRmax with prolonged 

exposure. These findings indicate that K. brevis exhibits considerable physiological plasticity, 

which may contribute to bloom persistence under fluctuating environmental conditions. 

Results from Chapters 5 and 6 showed that nutrient additions can mitigate the thermal 

stress caused by temperature changes in both natural phytoplankton communities containing K. 

brevis and in K. brevis cultures. However, the nutrient form modulated how distinct 

photosynthetic parameters responded (Figure 7.3). For example, NO3-enrichment supported more 

stable photosynthetic responses across temperatures and exposure times both experiments. While 

response to NH4+ enrichment was more complex. In natural communities (Chapter 5), NH4+ 

enrichment generally supported higher values of several photosynthetic parameters (Fv/Fm, Ek, 

and ETRmax) compared to the control at moderate temperatures. However, laboratory 

experiments with cultured K. brevis (Chapter 6) showed that although NH4+ initially enhanced 

photosynthetic efficiency, prolonged exposure and elevated concentration resulted in declines in 
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Fv/Fm and ETRmax. The differences between experiments conducted with natural samples and 

laboratory cultures are likely related to the NH4+ concentrations used. In the culture experiments, 

cells were exposed to higher stress conditions (Figure 7.2), and as mentioned earlier, highly 

elevated NH4+ concentrations can be toxic for the cell. In addition, differences in phytoplankton 

community composition and the temperature ranges tested may also influence physiological 

responses to nutrient enrichment. 

 

 

Figure 7.2. Conceptual relationship between NH4+concentration and photophysiological 
parameters. At low to moderate concentrations, NH4+ can enhance photosynthetic performance, 
as observed in environmental samples. However, at higher concentrations, performance declines, 
likely due to ammonium toxicity, as observed in laboratory cultures. 
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Figure 7.3. Conceptual summary of the effects of temperature and nutrient form on the 
photophysiological responses of Karenia brevis in natural phytoplankton communities and 
laboratory cultures. Figure was created with ChatGPT. 

 

This dissertation has demonstrated that increasing temperature alters the metabolic 

balance of K. brevis and associated phytoplankton communities in multiple and interacting ways. 

Warming consistently reduced primary production while enhancing both dark and light-
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dependent respiration, shifting the system toward greater net heterotrophy. Further, the 

photosynthetic performance (Fv/Fm, α, Ek, and ETRmax) responds dynamically to the 

interaction between temperature and nutrient form, demonstrating that K. brevis can exhibit 

physiological plasticity under changing environmental conditions. While elevated temperatures 

may impact photosynthetic efficiency, the alleviation of nutrient limitation can partially mitigate 

these effects, allowing bloom persistence. At the same time, climate-driven changes in storm 

frequency and freshwater discharge were shown to influence bloom dynamics at interannual 

scales, reinforcing the importance of large-scale climatic oscillations in regulating K. brevis 

variability on the WFS.  

The increasing frequency of hurricanes and extreme rainfall events is expected to 

intensify terrestrial nutrient and organic matter inputs, including humic acids. Such inputs may 

alleviate nutrient limitation and sustain photosynthetic performance, even under elevated 

temperatures, thereby promoting bloom persistence during warmer months. At the same time, 

enhanced nutrient and organic matter availability is likely to stimulate both primary production 

and respiratory metabolism, potentially increasing overall oxygen demand and shifting the 

metabolic balance toward conditions that favor hypoxia development. Collectively, the findings 

of this study highlight that bloom development and persistence cannot be understood solely 

through nutrient supply or temperature in isolation, but rather by their combined effects on 

phytoplankton physiology. By integrating time-series analysis, methodological advancements, 

and controlled physiological experiments, this work provides new insight into how warming and 

shifting nutrient regimes interact to shape K. brevis physiology and bloom dynamics.  
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Future studies might consider: 

a. Refining methodological approaches to improve measurement reliability in low-

biomass samples, expanding the applicability of high-resolution estimates of 

primary production and both dark and light-dependent respiration across diverse 

aquatic systems. Broader application of the H218O–MIMS approach across 

contrasting environments will enable comparative studies and support the 

development of more robust mechanistic and biogeochemical models of aquatic 

metabolism. 

b. Expanding measurements of light-dependent respiration across varying 

environmental conditions and diverse aquatic environments. The limited 

quantification of light-dependent respiration may lead to an underestimation of its 

contribution to the overall metabolic balance of aquatic systems and its role in 

shaping the balance between production and respiration. Increasing measurements 

across environmental gradients is therefore critical not only for accurately 

characterizing ecosystem metabolism, but also for supporting the development of 

mechanistic and predictive models that incorporate these processes. Further, the 

development of conceptual and quantitative respiration–irradiance (R–E or R–I) 

models should be considered, as current models do not adequately capture the 

variability in respiratory responses to light. 

c. Conducting further experimental studies on the physiological responses of K. 

brevis to humic acids. Such studies should quantify metabolic responses to humic 

acid enrichment and characterize the composition of these compounds entering 
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the system to better understand their effects on light availability, nutrient 

dynamics, and phytoplankton metabolism. 

d. Improving experimental design and replication in future studies to strengthen 

statistical power and enable more robust analyses of relationships between 

predictor and response variables. Some experiments, particularly opportunistic 

post-hurricane studies and those restricted by equipment availability, were limited 

in replication, which constrained the ability to detect significant statistical 

relationships. Future studies would benefit from improved experimental design, 

increased replication, and more comprehensive sampling strategies to strengthen 

statistical inference and further support the mechanistic relationships identified 

here. 
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