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ABSTRACT

From the 20™ century, there have been progressive increases in cultural eutrophication and global
temperatures resulting in disruptions of many coastal ecosystems. Imbedded in these trends is a
growing potential for extreme events, such as exceptional temperature periods and intense
storms, which can also lead to major shifts in the structure and function of ecosystems, as
illustrated in this study. Temporal and spatial changes in the composition and biomass of
phytoplankton, seagrasses and macroalgae were determined for the northern half of the Indian
River Lagoon (IRL) ecosystem in Florida (USA) from 1997 to 2024, along with measurements
of selected physical and chemical parameters. Two major shifts were observed in the relative
importance of the three major primary producer communities in the IRL over the study period,
each coinciding with extreme climatic conditions, i.e., a year of exceptionally low winter water
temperatures in 2010 and a period of multiple hurricanes in 2017-18. The 2010 event was
followed by a ten-year period of elevated nutrient levels in the water column, repeated intense
harmful algal blooms, and severe losses in seagrass communities, associated with low light
transmission. The 2017-18 period was associated with a widespread blooms of the benthic
macroalga Caulerpa, which took advantage of the open benthic habitat resulting from the
extensive losses of seagrass. The results of this study highlight that the structure and function of
primary producer communities in aquatic ecosystems can be dramatically altered association

with extreme short-term environmental events.
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INTRODUCTION

Many estuarine ecosystems around the world are facing the dual threats of cultural
eutrophication and climate changes, both of which are contributing to increases in the frequency
and intensity of harmful algal blooms (HABs) (Heisler et al., 2008; Paerl et al., 2016; Glibert,
2020; Phlips et al., 2020; Anderson et al., 2021). Addressing the drivers and impacts of HABs
requires not only an understanding of phytoplankton dynamics, but also the interactions between
phytoplankton and other primary producer communities, such as seagrasses and macroalgae
(Valiela et al., 1997; Burkholder et al., 2007; Dunic et al., 2021). From the perspective of basic
growth requirements, the interactions are strongly influenced by availability of nutrients and
light. Sustained high nutrient loads can lead to intense planktonic HABs that limit the availability
of light for benthic primary producers, particularly in ecosystems subject to long water residence
times, which allow for accumulation of high phytoplankton biomass. Numerous coastal
environments around the world have experienced widespread losses of seagrasses linked to
progressive cultural eutrophication (Havens et al., 2001; Burkholder et al., 2007; Waycotte et al.,
2009; Han & Liu, 2014; Roca et al., 2016; Orth & Heck, 2023; Zuo et al., 2025).

Some ecosystems have observed recovery of seagrass communities following successful
reductions in external nutrient loads, such as Tampa Bay (Greening et al., 2014; Sherwood et al.,
2017) and Chesapeake Bay (Lefcheck et al., 2018) in the United States. However, these
improvements can be difficult to sustain, especially in regions subject to high rates of human
development. For example, in Tampa Bay, after an extended period of seagrass recovery from
2000 to 2016 (Lizcano-Sandoval et al., 2023), average coverage declined by a third by 2022,
despite few notable changes in nutrient load characteristics in most of the bay (Beck et al., 2024).
The recent losses have been attributed to environmental stress on seagrasses associated with
expansions in periods of high-water temperatures and reductions in salinity related to high
rainfall, including tropical storms (Beck et al., 2024). In addition, more tidally restricted regions
of upper Tampa Bay (i.e., Old Tampa Bay and Hillsborough Bay) have been subject to disruptive
HABEs related to long water residence times (Weisberg & Zheng, 2006; Badylak et al., 2007;
Greening et al., 2014; Corcoran et al., 2017). The influences of these factors help to explain the
high seagrass losses in Old Tampa Bay and Hillsborough Bay post-2016, i.e., 62% and 80%,
respectively (Beck et al., 2024). The recent changes in Tampa Bay highlight that a wide range of

environmental factors beyond just eutrophication can influence the relationships between
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phytoplankton and benthic primary producer communities, such as shifts in climatic conditions,
and hydrology. While these changes are often incremental over time, major shifts in the structure
and function of aquatic ecosystems can be sudden, dramatic and persistent, sometimes referred to
as regime shifts (Folke et al., 2004; Krause-Jensen et al., 2012; Mollmann et al., 2015; Bode et
al., 2020).

The current study examines the environmental drivers responsible for sudden, dramatic
and persistent shifts in the composition and biomass of phytoplankton, seagrasses and
macroalgae in the Indian River Lagoon (IRL) in Florida over the past 28 years. The IRL spans
156 miles along the sub-tropical east coast of Florida from the Ponce de Leon Inlet to Jupiter
Inlet. The northern half of the IRL ecosystem is composed of four hydrologically connected sub-
regions, the Mosquito Lagoon, Banana River Lagoon, northern portion of the IRL proper, and
central IRL (Fig. 1). Because of large distances to the nearest inlets to the Atlantic Ocean and
absence of major river inflows, water residence times in the sub-regions are long (i.e. averaging
> 3-5 months) (Smith, 1987; Sheng & Davis, 2003; Steward et al., 2005). Long water residence
times and shallow mean depths (i.e., approximately 1-2 m) provide the hydrologic and physical
conditions favorable for the development of phytoplankton blooms (Phlips et al., 2004, 2011,
Reynolds, 2006). However, shallow mean depths are also ideal for seagrass and benthic
macroalgae, that have historically been major elements of the IRL ecosystem in terms of habitat
and primary production (Virnstein et al., 2014; Morris et al., 2022; Hall et al., 2022).

In 2011, a sudden and dramatic shift occurred in the intensity, duration and composition
of phytoplankton blooms in the IRL, which persisted for ten years (Phlips et al., 2015). The
blooms reached previously unrecorded levels of peak biomass (e.g., chlorophyll a concentrations
up to over 200 pg L), and were mostly dominated by nanoplanktonic phytoplankton (e.g.,
Aureoumbra lagunensis) and/or picoplanktonic cyanobacteria (Gobler et al. 2013; Phlips et al.
2012, 2021; Lopez et al. 2021). The shift coincided with dramatic declines in seagrass and drift
macroalgae (Hall et al., 2022; Morris et al., 2022). After a nearly ten-year period of frequent
intense phytoplankton blooms, bloom biomass levels have declined with regional returns of
seagrass, drift macroalgae and/or benthic macroalgae. The objectives of this study were to
describe the changes in the major primary producer communities in the northern half of the IRL
over the past 28 years and explore the drivers of the shifts in their composition and biomass. The

results highlight the role of extreme climatic conditions in rapidly altering the relationships
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between primary producer communities, with consequences for the structure and function of the

ecosystem.

METHODS

Site Description — The study focused on four sub-regions of the Indian River Lagoon (IRL), the
Mosquito Lagoon; Banana River Lagoon, northern IRL, and central IRL (Fig. 1). The southern
Mosquito Lagoon is connected to the northern IRL via the Haulover Canal north of the City of
Titusville. The Banana River Lagoon is connected to the northern IRL via the Barge Canal near
the City of Cocoa, and a convergence to the IRL near the City of Melbourne.

Eight sampling sites were included in the study region (Fig. 1). Sites BR2, IR1, IR3 and
IR4 were sampled monthly from September 1997 through 2005, with some monthly gaps. From
2006 to 2024 sites MQ1, and IR4 were sampled monthly, and MQ2, BR1, BR2, IR1, IR2, and
IR3 were sampled twice per month.

The four sub-regions included in the study have watersheds that vary in terms of land-use
(Sigua & Tweedale, 2003; Adkins et al., 2004; Steward et al. 2005; Gao, 2009, SFWMD, 2020).
The watersheds of the central and southern Mosquito Lagoon are characterized by a high
percentage of natural upland and wetland regions. The northern Banana River Lagoon watershed
is characterized by a high percentage of natural upland regions along with residential and
commercial uses. The watersheds of the central Banana River Lagoon and northern IRL are
primarily urban/residential. The watersheds of the central IRL are primarily urban/residential but
also include tributary inputs from agricultural land use.

Field Procedures —In situ water temperatures and salinities were measured on site with YSI or
Hach/Hydrolab environmental multi-probes at the top and near the bottom of the water column.
Additional water temperatures for key time periods were obtained from a USGS continuous
monitoring site in the Haulover Canal near Titusville. Light transmission through the water
column was measured using a Secchi disk (meters).

Water was collected for phytoplankton analyses using a vertically integrating sample tube
that captured water evenly from the surface to approximately 0.2 m of the bottom. Split
phytoplankton samples were preserved on site, one with Lugol’s solution and the other with
glutaraldehyde in 0.1 M sodium cacodylate buffer. Aliquots of water were kept on ice and

processed upon return to the laboratory for analysis of picocyanobacteria densities.
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Water samples for nutrient analyses were collected from 0.5 m below the surface,
preserved and analyzed according to State of Florida Water Quality Standard Operating
Procedures for analyses of total nitrogen (TN), total dissolved nitrogen (TNd), nitrate + nitrite
(NOx), ammonium (NH4), total phosphorus (TP), total dissolved phosphorus (TPd), and
orthophosphate (PO4) (SJIRWMD Environmental Data). For further details see Supplemental
Information.

Rainfall Data - Rainfall data was obtained from the NOAA Climatological Data for Florida web
site (www.ncdc.noaa.gov/IPS) for the Titusville Meteorological Station, located near site IR1.
Phytoplankton Composition and Biomass - General phytoplankton composition was
determined using the Utermohl method (Utermdhl, 1958; Badylak et al., 2004, 2012). Samples
preserved in Lugol's were settled in 19-mm diameter cylindrical chambers. Phytoplankton cells
were identified and counted at 400 and 100x with a Leica phase contrast inverted microscope.
Fluorescence microscopy was used to enumerate picoplanktonic cyanobacteria at 1000x
magnification (Phlips et al., 1999). Subsamples of seawater were filtered onto 0.2-um
Nucleopore filters and mounted between a microscope slide and cover slip with immersion oil.

Cell biovolumes (um™ cell™!) were estimated by assigning combinations of geometric
shapes to fit the characteristics of individual taxa (Smayda, 1978; Sun & Liu, 2003).
Phytoplankton biomass as carbon values (ug carbon ml') was estimated by using conversion
factors for different taxonomic groups applied to biovolume estimates (Strathmann, 1967;
Ahlgren, 1983; Sicko-Goad et al., 1984; Verity et al., 1992; Work et al., 2005). For further details
see Supplemental Information.

For the purpose of discussion, “bloom™’ was defined as phytoplankton carbon values
which fell within the top 20% of total phytoplankton carbon values for the three northern sub-
regions of the IRL, i.e., > 2 mg C L!. “Major bloom’ refers to top 10% of values, i.e. 4-8 mg C L-
!, and ‘intense bloom’ refers to top 5% of values, > 8 mg C L.

Bayesian Model Analyses - Spatiotemporal modeling - Multiple linear regression models
accounting for both spatial and temporal autocorrelation were constructed in a Bayesian
framework. All the modeling was done with the R package “spTimer,” designed for creating
spatiotemporal Bayesian models (Bakar & Sahu, 2015). The package uses conjugate priors for all
parameters except for ¢p and v for spatial correlation, allowing for the use of Gibbs sampling and

fast computation (Bakar & Sahu, 2015). Standard deviation for the proposal normal distribution
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of the Metropolis algorithm was set as 0.02 for Autoregressive (AR) models (Bakar & Sahu,
2015; Gelman et al., 2004). Explanatory covariates included water temperatures, salinity, Secchi
disk depth, MEI index, downstream influence on biomass, TN, TSN, NOx and NHa, TP, TSP,
PO4, and Si (for diatoms). Mean effect sizes for the covariates were determined for six
phytoplankton groupings at the eight sampling sites. For further details see Supplemental
Information.

Seagrass and Macroalgae Distribution and Biomass — Seagrass and macroalgae data were
assessed from long-term fixed transects for determination of mean percent cover (Fig. S1; Morris
et al. 2001). Data for seagrass, drift macroalgae, and the benthic macroalga Caulerpa spp. were
collected during summer (June through August) at fixed transects from 1998-2024. Mean percent
cover, taken within 1-m? quadrats, for every transect in every sampling event was calculated for
each of the three parameters. Biomass of seagrass was calculated from the mean percent cover of
the three canopy forming species, Halodule wrightii, Syringodium filiforme, and Thalassia
testudinum. Biomass for drift macroalgae was calculated using a visual index method for
transects (Hall et al., 2022). Biomass of Caulerpa was calculated using a linear regression model
between mean cover and dry weight (Banquero, 2026). For further details see Supplemental
Information.

Basic Statistical Methods — Basic statistical procedures (i.e., determination of mean values,
standard deviations) were carried out using SAS v9.2 (SAS Institute, Cary, North Carolina,
USA) or R (R Core Team, 2020).

RESULTS

Field and Climate Parameters

Surface water temperatures mostly ranged from lows near 15°C in the winter to near 30°C
in the summer (Fig. 2A). Winter low temperatures were several degrees higher at the southern-
most sampling site (IR4) than in the northern regions of the study. The winters of 2009/10 and
2010/11 had the lowest water temperatures over the 1997-2024 study period, with temperatures
near sites MQ2 and IR1 as low as 3.5°C and 6°C (Fig. 2B).

Annual rainfall levels measured at the meteorological station in Titusville (near site IR1)
ranged from 100 to 160 cm (Fig. 3). The average annual rainfall over the study period was 133

cm/year. The study period was characterized by ten time periods when hurricanes/tropical storms
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impacted IRL with high winds and rainfall (Fig. 3): The Multivariate ENSO Index (Version 2) of
El Nifio and La Nifia periods roughly followed trends in rainfall, with mostly higher annual
rainfall levels during El Nifo conditions than during La Nifia conditions (Fig. 3).

Temporal trends in salinity reflected the major trends in rainfall, with overall declines
during mostly above average rainfall years, versus overall increases during extended periods of
below average rainfall (Fig. 4). The highest salinities during the study were observed in the
southern Mosquito Lagoon (MQ?2), where hypersaline conditions (i.e., salinities > 35) were
common. IR 4 in the central IRL had the narrowest range of salinities (i.e. 20-35).

In the three sub-regions most susceptible to major algal blooms, i.e. Mosquito Lagoon,
Banana River Lagoon and northern IRL, Secchi disk depths ranged from 0.1 to 2.7 m (Fig. 5).
Secchi disk depths showed a high degree of variability between sampling dates at all sites mostly
reflecting variability in tripton and phytoplankton biomass (Phlips et al. 2002). The frequency of
low Secchi depths (i.e., <0.5 m) increased after 2010 at all three northern IRL sites.

Nutrient Concentrations

Temporal patterns of annual mean total nitrogen (TN) concentrations were similar at all
four representative sites in the four regions of the study (Fig. 6). Annual mean concentrations
started near 1.8 mg L™! at sites MQ2, IR1 and BR2 in the northern IRL, then declined to near 1.0
mg L by 2009. After 2009, concentrations increased to near 1.7 mg L' by 2011 at all three
sites. Following the 2011 peak, annual mean concentrations varied between 1.0 and 1.8 mg L™,
with peaks in 2015-2016 and 2019 at MQ2 and IR1, and in 2018-20 at BR2. Annual mean TN
concentrations at Site IR4 in the central IRL were considerably lower than at the other three sites,
and generally declined from 1998 to 2000, then remained relatively stable through 2024.

Annual mean total phosphorus (TP) concentrations at sites MQ2, IR1 and BR2 started
near 0.05 mg L' in 1998, then declined to near 0.03 mg L' at all three sites by 2009 (Fig. 6).
After 2009, annual mean TP concentrations increased to 0.07 mg L' at MQ2, and 0.10 mg L™! at
IR1 and BR2 by 2011. Following 2011, annual mean TP concentration decreased to near 0.5 at
all three sites by 2014, then peaked again in 2015-2016 and 2018. After 2018 annual mean TP
concentrations declined at all sites. Annual mean TP concentrations at IR4 in the central IRL
followed the same overall patterns as the sites in the northern sub-regions of the IRL, but at

higher concentrations before 2011.
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Annual mean TN/TP ratios showed the opposite trends as TN and TP concentrations, with
major declines in the range of values 30-75 prior to 2011 to 15-30 after 2010 at MQ2, IR1 and
BR2 (Fig. 7). By contrast, annual mean TN/TP ratios at IRL4 largely ranged between 5 and 22
through the study period, with ratios remaining below 10 after 2007.

Dissolved inorganic nitrogen (DIN) concentrations mostly ranged between non-detect at
0.01 to 0.746 mg L' (Fig. 8). Average DIN concentrations across the four sites from 1997 — 2010
were 0.041, 0.057, 0.042, and 0.029 mg L' while in 2011 — 2020 concentrations were 0.083,
0.086, 0.065, and 0.034 mg L', and 2021 — 2024 concentrations were 0.015, 0.109, 0.015, and
0.026 mg L™'. DIN peaks exceeding 0.07 mg L™! were observed in all regions for all the time
periods selected, often associated with years of above average rainfall and hurricane activity. The
peaks were dominated by elevated NH4 concentrations.

Phytoplankton Composition and Biomass

In the Mosquito Lagoon, the phytoplankton biomass concentrations were consistently
below bloom concentrations (i.e., <2 mg carbon L) (Fig. 9). The first major bloom in the
Mosquito Lagoon was observed in 2011 at MQ2 and was dominated by picoplanktonic
cyanobacteria and nanoplanktonic phytoplankton. After 2011, intense blooms were again
observed in 2012, 2013 and 2015-2016 at both MQ1 and MQ2, primarily involving the brown
tide species 4. lagunensis, along with other nanoplanktonic phytoplankton. At MQ2, major
blooms were again observed in 2018-2020. After 2020, major blooms were not observed in the
Mosquito Lagoon. Temporal patterns of blooms in the Mosquito Lagoon are further reflected in
the trends of annual mean phytoplankton biomass on an aerial basis (g carbon m?) at MQ?2 (Fig.
10).

In the northern IRL, multiple blooms of P. bahamense were observed from 1997-2010,
reaching peak biomass concentrations up to 6 mg carbon L™! (Fig. 9). In 2011 a prolonged bloom
of nanoplanktonic eukaryotes and picocyanobacteria was observed at both IR1 and IR2 from the
spring through the fall. After 2011, major and intense blooms were observed at both sites in
2012, 2015-2016, 2018-2019 and 2020, often dominated by A4. lagunensis, other nanoplanktonic
phytoplankton, and sometimes the dinoflagellate P. hahamense at IR2. Temporal patterns of
blooms in the northern IRL are further reflected in the trends of annual mean phytoplankton

biomass on an aerial basis (g carbon m?) at IR1 (Fig. 10).
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In the central IRL at IR3 near Melbourne, intense 4. lagunensis blooms were briefly
observed in 2016 and 2018, after which peak biomass concentrations declined and were
dominated by dinoflagellates, including P. hahamense and Akashiwo sanguinea (Fig. 9). In the
central IRL near Sebastian (IR4) phytoplankton biomass was predominantly below bloom
concentrations, except briefly in 2016 and 2018, as further reflected in the trends of annual mean
phytoplankton biomass on an aerial basis (g carbon m) at IR4 (Fig. 10).

In the Banana River Lagoon, the phytoplankton time series for BR1 in the northern
region began in 2006, and for BR2 in the central region, extended back to 1997 (Fig. 9). From
1997 to 2010, the dominant bloom-forming phytoplankton species in both regions was P.
bahamense, reaching major biomass peaks up to 6 mg carbon L!. In 2011, a protracted bloom of
nanoplanktonic phytoplankton and picocyanobacteria species was observed at BR1 and BR2
from March through October. After a period of relatively lower phytoplankton biomass and
nutrient concentrations in 2012 and 2013, major blooms of diatoms were observed at BR2 in late
2014, after which intense blooms of A. lagunensis and other nanoplanktonic phytoplankton were
observed at both BR1 and BR2 in 2016 and 2018-2020, reaching intense biomass concentrations
up to 30 mg carbon L', Temporal patterns of blooms in the Banana River Lagoon sub-region are
further reflected in the temporal trends of annual mean phytoplankton biomass on an aerial basis
(g carbon m2) at BR2 (Fig. 10).

From a broad compositional perspective, the three sub-regions of the northern IRL
shared a fundamental shift toward dominance of pico- and nano-phytoplankton (i.e., 0.5-20
pm) over micro-phytoplankton (i.e., >20 pm) from 2011 to 2020 (Table 1). Mean pico- and
nano-phytoplankton biomass levels during the latter years were up to 20-40 times higher than
in the pre-2011 period. By contrast, micro-phytoplankton biomass levels in the 2011-2020
period were similar to or only up to 3 times higher than in the pre-2011 period. At Site IR4 in
the central IRL, pico-/nano-phytoplankton biomass levels were mostly similar to micro-
phytoplankton levels, except in 2011 and 2015-20.

Bayesian Model Analyses

The mean effect sizes of five physical-chemical parameters (i.e., water temperatures,
salinity, Secchi disk depth, MEI index, and downstream influence on biomass) and seven
nutrient parameters (TN, TNd, NOx and NHy4, TP, TPd, PO4, and Si for diatoms) were

determined for six phytoplankton groupings.
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A) A. lagunensis/nanoplanktonic phytoplankton — Mean effect sizes for water temperature and
salinity were only significant for salinity at MQ1 and IR1, both positive (Fig. 11). Mean effect
sizes for Secchi disk depth were uniformly negative at all eight sites but not significant. The
mean effect sizes for downstream influence were positive for IR2 on IR3 and IR3 on IR4.

Among the nutrient parameters, the largest mean effect sizes were positive for TN at all
eight sites (Fig. 12). Conversely, the effect sizes were negative for TNd, except at MQ1. There
were positive effects for TPd at all sites except IR4, and for PO4 at BR1 and IR3.

B) Cyanobacteria — Mean effect sizes were positive for water temperature at six of eight sites
(Fig. 11). Secchi disk depth effect sizes were negative at all eight sites, but none were significant.
The mean effect sizes for downstream influence were positive for IR2 on IR3 and IR3 on IR4.

The dominant mean effect sizes among nutrient parameters were positive for TN at six of
eight sites (Fig. 12). The exception at BR2 is noteworthy considering the positive effect of TP,
suggesting that there are some regional differences in availability of nitrogen and phosphorus for
cyanobacteria.

C) Diatoms —Mean effect sizes varied widely between sites for diatoms. For the physical-
chemical parameters only a few sites showed significant positive mean effect sizes for water
temperature, salinity or MEI (Fig. 11). The largest negative effect was for salinity at IR4, but not
significant. The mean effect size for downstream influence was positive for IR3 on IR4.

In terms of nutrient parameters, two of the largest positive mean effect sizes were
associated with TN and NH4 concentrations at IR4 (Fig. 12). Two other positive effects sizes
were for TP and POy at IR1.

D) Dinoflagellates — Water temperature had significant positive mean effect sizes for
dinoflagellate biomass at all eight sites (Fig. 11). For BR2 and IR2, salinity had a modest
positive effect. The mean effect sizes for downstream influence were positive for IR2 on IR3 and
IR3 on IR4.

TN had significant positive effect sizes for dinoflagellate biomass at BR2, IR1 and IR2,
while TNd had negative effect sizes at BR2 and IR2 (Fig. 12). TNd, NOx and NH4 had negative
effect sizes at most sites except IR4. NHs concentrations had negative effect sizes for six of eight

sites except MQ1 And IR4.
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E) P. bahamense — Water temperature had positive mean effect sizes for P. bahamense biomass
at six of eight sites (Fig. 11). At three sites (MQ1, MQ2 and IR4) salinity had negative effect
sizes on biomass. The mean effect size for downstream influence was positive for IR3 on IR4.

In terms of nutrients, the mean effect sizes of TN were positive for MQ2 and IR2, and
negative for TNd at BR2, IR1 and IR2. TP had a positive effect size at IR3 (Fig. 12).

F) Total phytoplankton biomass — Significant effect sizes for physical-chemical parameters
were limited to positive effects of water temperature at Sites MQ2, BR2, IR1 and IR4, along
with positive effects of salinity at MQ1 and IR1 (Fig. 11). The mean effect sizes for downstream
influence were positive for IR2 on IR3 and IR3 on IR4.

The strongest positive effect sizes of nutrient parameters on total phytoplankton biomass
involved TN at all sites except IR4, but negative effect sizes for TNd at all sites except MQ1 and
IR4 (Fig. 12). There were also moderate negative effect sizes of NOy at Sites MQ1, BR1 and
IR2, and for NH4 at Sites MQ1, BR1, IR1 and IR 1. There were positive effect sizes of TP at
Sites BR1, BR2, IR1 and IR3, and positive effect sizes for TPd at MQ1, IR1 and IR2.
Seagrass and Macroalgae Distribution and Biomass

Changes in the amount of seagrass biomass were observed in all four sub-regions of the
study (Fig. 10). In the southern Mosquito Lagoon, annual mean summer biomass varied around 5
g carbon m™ from 1998 to 2014, then declined steadily to negligible levels in 2020. Biomass
levels surged back in 2021 to near 5 g carbon m™ by 2024. In the Banana River Lagoon, annual
mean summer biomass varied between 5-9 g carbon m from 1998 to 2010, then declined
dramatically to near zero in 2012. After 2012 biomass levels remained very low until a mild
resurgence in 2024. In the northern IRL, annual mean summer biomass varied around 5 g carbon
m™ from 1998 to 2014, then declined to negligible levels from 2016 to 2023, then increased in
2024. In the central IRL, seagrass biomass levels varied from 3-7.5 g carbon m™ through 2010,
then declined to less than 1 g carbon m™ through the end of the study period.

Annual mean summer drift macroalgae biomass in the southern Mosquito Lagoon varied
between near zero to 2.5 g carbon m™ from 1998 to 2010 (Fig. 10). After 2010, drift macroalgae
biomass levels remained low and never exceeded 1 g carbon m until 2024, when levels reached
2.5 g carbon m™. In the Banana River Lagoon, biomass of drift macroalga varied from negligible
to 4 g carbon m™ from 1998 to 2015, then declined to zero until 2021 when there was a mild

resurgence to around 1 g carbon m™. In the northern IRL, drift macroalgae biomass was higher
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than in the other two sub-regions, frequently in excess of 3 g carbon m™ until 2016 when peak
levels were consistently below 2.5 g carbon m™. In all three northern sub-regions, temporal
trends of annual summer mean drift macroalgal biomass often showed the opposite trend as
annual mean phytoplankton biomass. In the central IRL drift algae biomass stayed between 2-4 g
carbon m™ through 2010, then declined to near zero in 2011-13. After 2013, biomass levels
increased to levels above 1 g carbon m™, with peaks up to 5 g carbon m™.

The benthic macroalga Caulerpa spp. (predominantly C. prolifera) was largely absent in
the southern Mosquito Lagoon throughout the study period (2006 to 2024) (Fig. 10). In the
Banana River Lagoon, annual mean summer biomass of Caulerpa spp. was negligible from 2006
to 2015 except for two peaks in 2007 and 2019 of 5 and 2 g carbon m™. After 2015, biomass of
Caulerpa spp. increased with multiple peaks in excess of 20 g carbon m™ after 2019. In the
northern IRL sub-region, biomass of Caulerpa spp. was largely negligible biomass from 2006 to
2018 except for four moderate peaks in 2007, 2009, 2016 and 2018. After 2018, there were four
major peaks in excess of 15 g carbon m™2. In the central IRL Caulerpa summer biomass levels
ranged between 2-9 g carbon m™, then dropped to negligible levels from 2011-2014. After 2017

biomass levels increased dramatically with multiple peaks above 20 g carbon m™.

DISCUSSION

The 28-year record of phytoplankton, seagrass, drift macroalgae, the benthic macroalga
Caulerpa spp. and environmental data for the northern half of the Indian River Lagoon (IRL)
ecosystem provides an opportunity to examine the driving factors for the observed spatial and
temporal shifts in their composition and biomass of these primary producer communities. The
relationships between the communities play major roles in defining the structure and function of
coastal ecosystems (Harlin, 1993, Valiella et al., 1997; Duarte et al., 2006; Burkholder et al.,
2007). Historically, seagrass communities have been dominant benthic habitat features of the
IRL, and major contributors to primary production (Thompson, 1978; Virnstein, 1995; Steward
et al., 2005; Morris et al., 2022). The importance of seagrasses is manifested by their consistently
high summer biomass levels during the first 13 years of our study in all four sub-regions of the
northern half of the IRL (Fig. 10). Over the same time period, drift macroalgae and the benthic
macroalga Caulerpa spp. were also important primary producers in all of the study regions,

although their biomass levels varied by region, and Caulerpa spp. was negligible in the Mosquito
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Lagoon. Mean annual phytoplankton biomass levels during the first 13 years of the study were
consistently between 0.5-2 g carbon m in the northern IRL (IR1) and Banana River (BR2) (Fig.
10), with periodic bloom concentrations up to 6 g carbon L' (Fig. 9). By contrast, mean biomass
levels in the Mosquito Lagoon and central IRL were below 0.5 g carbon m™. The potential for
phytoplankton blooms in the former two regions is in part attributable to long water residence
times (i.e., Eso turnover rates > 75 days, up to > 200 days) (Smith, 1993; Sheng & Davis, 2003;
Steward et al., 2005), which provide adequate time for biomass to reach bloom levels, even at
moderate phytoplankton growth rates (e.g., 0.1-0.5 d!) (Stolte & Garcés, 2006).

The importance of water residence time in the potential for blooms in the IRL is
highlighted by the general absence of autochthonous blooms in the central IRL, despite regional
inflows of nutrient-rich water (e.g., Sebastian River) from watersheds characterized by
significant agricultural land uses (Sigua & Tweedale, 2003; Gao, 2009). Tidal water mixing with
the Atlantic Ocean via the nearby Sebastian Inlet shortens water residence times (e.g., < 14
days), lowers nutrient concentrations, and dilutes phytoplankton biomass in the central IRL, all
of which limit the potential for autochthonous blooms (Phlips et al., 2010). The absence of
blooms observed in the Mosquito Lagoon up to 2011, despite long water residence times, was
likely related to two factors, 1) the high percentage of marginally developed lands in the local
watersheds (Sigua & Tweedale, 2003; Gao, 2009), as indicated by the low TP levels compared to
the other three sub-regions, and 2) the very shallow mean depth in the lagoon (0.9 m), which
increases the effects of competition for nutrients between phytoplankton and macrophyte
communities (Viaroli et al., 2008; McGlathery et al., 2009; Wang et al., 20200).

Following the first thirteen years of the study there were two major regime shifts in the
composition and biomass of phytoplankton, seagrass and macroalgae in the four sub-regions of
the northern half of IRL (Fig. 13). The drivers of the shifts can be viewed in the context of
changes in several environmental parameters over the study period, including extremes in
temperature, changes in light availability in the water column, rainfall patterns, hurricanes, shifts
in nutrient sources and concentrations, and changes in the interactions between the major

primary producer communities.
Regime Shift 1, 2011- 2020: A Period of Intense Phytoplankton Blooms

In 2011, annual average phytoplankton biomass in the water column increased by 3 to

4.7-fold higher than the average for the previous thirteen-year period, in the Mosquito Lagoon
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(MQ2), northern IRL (IR1), Banana River Lagoon (BR2), but only 1-fold higher in the central
IRL (IR4). Annual average TN concentrations increased by 0.6 to 0.8-fold and average TP
concentrations increased by 2.7 to 4.5-fold from 2009 to 2011 at the latter three sites, while TN
increased by 0.5-fold and TP increased by 0.8-fold at IR4. The disproportionate increases in TP
relative to TN resulted in an extended period of lower TN/TP ratios after 2009. The consistent
decline in TN/TP ratios suggests an increase in the potential for nitrogen limitation of peak
phytoplankton biomass potential. The 2009 to 2011 transition period was also associated with
major losses in summer biomass of macrophytes, including 5, 33, 52 and 65% reductions in
seagrass biomass, and 41, 75, 90 and 95% reductions in drift macroalgae biomass, in the
Mosquito Lagoon, northern IRL, Banana River Lagoon and central IRL, respectively. In 2011,
Caulerpa biomass was largely negligible in all four regions. These observations raise important
questions about the drivers of the increases in nutrients that supported the 2011 phytoplankton
blooms, and widespread losses in macrophyte biomass.

The displacement of benthic primary producer communities by phytoplankton in
ecosystems in advanced stages of eutrophication is a growing concern in many coastal
ecosystems around the world (Burkholder et al., 2007; Schmidt et al., 2012; Malone & Newton,
2020; Cui et al., 2021; Shayka & Allgeier, 2025). In the northern IRL sub-region, the rise in
intensity and duration of phytoplankton blooms in 2011 was sudden and not related to a gradual
increase in trophic state. Prior to 2011, the highest nutrient concentrations and bloom intensities
were mostly associated with periods of elevated rainfall levels, which result in higher external
nutrient loads (Atkins et al. 2004; Steward & Green, 2007; Gao, 2009; Phlips et al., 2010, 2020).
However, the large increases in nutrient concentrations in the 2009-2011 period were associated
with a period of below average rainfall levels, suggesting a change in the sources of nutrients
within the region favoring phytoplankton (Fig. 13). One of the drivers of the change appears be
the exceptionally low winter temperatures during 2009-2011. During the first eleven years of the
study period (1997-2009) winter water temperatures in the northern sub-regions of the IRL were
primarily confined to lows above 13°C, which has been used as a definer of sub-tropical aquatic
ecosystems (Neilson, 1995). The sub-tropical climate along the central east coast of Florida
provides conditions suitable for the survival of a wide range of temperate, subtropical, and
tropical flora and fauna (Swain et al., 1995). In the winter of 2009/10 minimum water

temperatures were near or below 5°C for 14 days, and air temperatures were as low as -4°C, and
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below freezing for nine days in January (Boucek & Rehage, 2016; Stevens et al., 2016).
Similarly, in the winter of 2010/11 water temperatures dropped to near 5°C, and air temperatures
were as low as -2.8°C and below freezing for nine days in December 2010 (Boucek & Rehage,
2016; Stevens et al., 2016). Based on these low temperatures, and their long duration, 2010 was
classified as a once-in-eighty-year cold event (Boucek & Rehage, 2014). The exceptionally low
temperatures likely resulted in stress on marine subtropical and tropical flora and fauna in the
region (Boucek et al. 2016), such as the observed mass mortalities of warm-water fish (Stevens
et al., 2016).

In the terrestrial domain, recent studies of low temperature effects on mangroves in
Florida have shown that prolonged below freezing air temperatures can result in damage, such as
defoliation (Ross et al., 2009; Liu et al., 2014; Peereman et al., 2021; Kang et al., 2024).
Mangroves are major features of shorelines throughout all four sub-regions of the northern IRL.
The aforementioned observations, and evidence from other studies of the impacts of cold
temperature events on subtropical and tropical ecosystems (Boucek & Rehage, 2014; Boucek et
al., 2016), indicate that the low air and water temperatures experienced in the IRL in 2010
contributed to the production of dead and decaying faunal and floral biomass in the lagoons and
their watersheds. Remineralization of nutrients from decaying biomass was likely one of the
sources of the observed increases in TN and TP in 2011, which in turn provided fuel for the
protracted major phytoplankton bloom of 2011 (Fig. 13). The disproportionally higher increases
of TP than TN from 2009 to 2011 may in part reflect the higher rates of remineralization of
phosphorus than nitrogen, as reported for other ecosystems (Garber, 1984; Flynn, 2008; Zhang et
al., 2017; Lin et al., 2024). The importance of nutrient re-cycling and remineralization in the
development and maintenance of phytoplankton blooms has been highlighted in a number of
studies (Glibert, 2017; Jiang et al., 2019; Li et al., 2021; Xu et al., 2021; Xue et al., 2021; Chi et
al., 2024).

After 2011, the Mosquito Lagoon, Banana River Lagoon and northern IRL were subject
to an additional nine years of recurring intense phytoplankton blooms, often dominated by the
brown tide HAB species Aureoumbra lagunensis and other small nanoplanktonic phytoplankton.
Unlike the 2011 bloom period, which was associated with below average rainfall conditions, the
most protracted and intense blooms after 2011 were associated with periods of mostly above

average rainfall and accompanied elevated nitrogen concentrations. Overall, annual mean
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monthly phytoplankton biomass levels in the 2011-2020 period were much higher than before
2011 in all three sub-regions. Peak phytoplankton biomass concentrations exceeded that
encountered before 2011 by up to five-fold (i.e., 30 mg carbon L' versus 6 mg carbon L!). In
part, the differences in peak biomass levels are attributable to the observed increase in nutrient
concentrations, but another factor is the low phosphorus quota for optimal growth of
Aureoumbra lagunensis (i.e., 2 fmoles cell™!) (Liu et al., 2001; Sun et al., 2012). This means that
A. lagunensis can generate higher levels of carbon biomass relative to cellular phosphorus
concentrations than many other bloom species. Temporal patterns in the dynamics of blooms
generally mirrored patterns in TN concentrations, reinforcing the importance of nitrogen as a
driving factor for defining peak phytoplankton biomass during the 2011-2020 period. The latter
hypothesis is supported by the results of the Bayesian analyses, which show large significant
positive effect sizes of TN on phytoplankton biomass at all sites in the study except IR4.

The intensity and long duration of phytoplankton blooms in IRL during 2011-2020
regime shift was consequential in terms of light availability for seagrass communities, which
remained severely depressed from 2016 until 2022 (Morris et al., 2022). In many shallow aquatic
ecosystems, competition for light between phytoplankton and benthic macrophytes has been
shown to impact biomass and distribution of benthic primary producer communities (Smith et
al., 1988; Onuf ,1996; Pederson & Borum 1996; Valiela et al., 1997; Kendrick et al., 2019;
Sfrisco et al., 2025). In the northern IRL the causal relationship between the intense
phytoplankton blooms and declines in seagrass and macroalgal biomass is supported by data on
light attenuation and light requirements for the two groups. For example, the blooms of 2011
resulted in very low light transmission in the water column from the spring through the winter of
2011/12: 1.e., monthly Secchi disk depths from 0.3-0.5 m, 0.4-0.6 m and 0.2 — 0.7 m, in the
Mosquito Lagoon, northern IRL and Banana River Lagoon, respectively. Since Secchi depths
roughly represent the depth of 10-15% of surface light transmission, the latter ranges fall within
a category that would limit net growth of seagrasses to the very shallowest nearshore regions,
given that seagrasses typically require 10-25% of surface irradiance to sustain net biomass
increases (Duarte, 1991; Kenworthy & Fonseca, 1996; Tomasko et al., 2001; Steward et al.,
2005, 2007). The dominant seagrass species in the northern IRL is Halodule wrightii (Motris et
al., 2021), which has been reported to have a minimum light requirement between 18-27% of

surface irradiance (Dennison, 1987; Dunton, 1994; Burd & Dunton, 2001; Lee et al., 2007,
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Choice et al., 2014; Lapointe et al., 2020; Morris et al., 2021). The latter thresholds for seagrass
growth indicate that low light penetration in the northern IRL and Banana River Lagoon in 2011
was a factor in the declines of seagrass and drift macroalgae biomass. By contrast, seagrass
biomass in the Mosquito Lagoon in the summer of 2011 was similar to prior years possibly due
to two factors, 1) phytoplankton blooms in the southern Mosquito Lagoon did not begin until
June 2011 allowing for growth in the spring, and 2) mean depth in the southern Mosquito
Lagoon (i.e., 0.9 m) is shallower than in the northern IRL and Banana River Lagoon (i.e., 1.9 m
and 1.7 m) (Steward et al., 2005). After 2011, even more intense and persistent phytoplankton
blooms magnified the issue of light limitation for seagrass, resulting in negligible biomass in all
three sub-regions from 2016-2021. The issue of light limitation on biomass also applies to drift
macroalgae and benthic macroalgae (Lapointe et al. 1984; Malta et al., 2005; Hanisak, 2016).
Hanisak (2016) carried out light and temperature tolerance experiments on drift algae from the
IRL, including the dominant species Gracilaria tikvahiae, and concluded that low light
conditions were likely a contributor to their low abundances during periods of intense blooms in
2011-2020 (Hall et al., 2022).

The observed declines in seagrass community and macroalgal biomass in the IRL may
have also contributed to the longevity of phytoplankton blooms in 2011 by reducing competition
for bioavailable nutrients in the water column (Viaroli et al., 2008; McGlathery et al., 2009;
Wang et al., 20200). The losses of arial coverage of seagrass communities can also increase the
potential for internal loading of nutrients from the bare and disrupted sediments associated with
seagrass losses, through sediment resuspension and nutrient diffusion (Fox & Trefry, 2023).

During 2011-2020 bloom period there were moderate returns of drift macroalgae,
particularly during periods of reduced bloom intensity. Even more dramatically, there were major
blooms of the benthic macroalgae Caulerpa spp. (mostly C. prolifera) in the Banana River
Lagoon, northern IRL and central IRL, particularly after 2016. The C. prolifera blooms
coincided with a period of negligible seagrass biomass in all three regions, indicating that the
macroalgae were taking advantage of the open benthic habitat (Stafford & Bell, 2006; Tuya et
al., 2013; Brewton & Lapointe, 2023; Brewton & Lapointe, 2025). The ability of Caulerpa spp.
to proliferate even during moderate bloom concentrations of phytoplankton biomass may be
related to its tolerance for low light conditions and preference for high inorganic nitrogen levels

(Taplin et al., 2005; Garcia-Sanchez et al., 2012; Brewton & Lapointe, 2023; Banquero, 2026).
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The timing of Caulerpa blooms in the northern IRL and Banana River Lagoon coincided with
periods of elevated NOx and NH4 and concentrations, which predominantly coincided with years
of above average rainfall and hurricane activity (Fig. 8). The contrast between temporal patterns
of seagrasses and macroalgae biomass highlights the ability of the latter to respond quickly to
limited windows of opportunity for recovery during years of moderate phytoplankton bloom

intensity, given the presence of open sediment habitat.
The Rise of Picos and Nanos

The preeminence of pico- (e.g., cyanobacteria) and nanophytoplankton (e.g., A.
lagunensis) in the 2011-2020 bloom period, compared to the pre-2011 dominance of blooms by
micro-phytoplankton (e.g., P bahamense) raises questions about the drivers of the shift in cell
size and composition (Fig. 13). A number of traits of 4. lagunensis and many other pico- and
nanophytoplankton may help to explain their success in the post-2010 period. One factor is the
ability to effectively utilize ammonium and organic forms of nitrogen and phosphorus to grow, as
well as mixotrophic species capable of obtaining nutrition phagotrophically (Berg et al., 2002;
Dyhrman & Ruttenberg, 2006; DeYoe et al., 2007; Muhlstein & Villareal, 2007; Burkholder et
al., 2008; Altman & Pearl, 2012; Yuan et al., 2012; Wetz et al., 2017). Research on nutrient
uptake by the picocyanobacteria and nanoeukaryotes associated with the 2011 algal bloom in the
northern IRL has shown significant rates of uptake of organic forms of nitrogen and phosphorus
(Papacek et al., 2024). This can be a competitive advantage in environments characterized by
major contributions of re-cycled nutrients to total load from multiple sources, including
remineralization of dead floral and faunal biomass, senescing phytoplankton blooms,
mobilization of nutrients from sediments, and other sources, such as watershed inputs, ground
water intrusion, and septic tank seepage (Swarzenski et al., 2001; Atkins et al., 2004; Macintyre
et al., 2004; Steward & Green, 2007; Engelsen et al., 2008; Gao, 2009; Lapointe et al., 2015;
Aoki et al., 2020; Trefry & Fox, 2021, Al-Taliby et al., 2023; Lapointe et al., 2023).

There is also a common theme that large-celled phytoplankton taxa are favored during
periods of high inorganic nutrient concentrations and light availability, while the larger surface
area to volume ratios of small-celled species (i.e., pico- and nanoplankton) provide a competitive
advantage under lower rates of nutrient supply and more limited light availability (Guislain et al.
2024; Reynolds, 2006; Sunda & Hardison, 2010). In the IRL, blooms of the large-celled

dinoflagellate P. hahamense were generally most intense during periods of elevated rainfall,
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which are associated with higher external inorganic nutrient loads (Phlips et al., 2020, 2021). By
contrast, the period leading up to the major 2011 bloom was characterized by below average
rainfall, but large increases in nutrient levels, in part generated by sustained recycling of
nutrients available from decomposing faunal and floral biomass associated with the impacts of
the record cold temperatures of 2010. Another contributor to the success of A. lagunensis/other
nanoplankton in the post-2010 period may be related to top-down control issues. 4. lagunensis
has been shown to have comparatively low grazing loss rates (Liu & Buskey, 2000; Kang et al.,
2015: Galimany et al., 2020; Sweat et al., 2021). Low grazing losses contribute to the formation
and longevity of HABs (Buskey, 2008; Smayda, 2008; Sunda & Hardison, 2010).

Overall, the regime shift from warm/wet season blooms of P. hahamense to more intense
blooms dominated by pico- and nanoplanktonic phytoplankton (e.g., 4. lagunensis) was
particularly disruptive for seagrass and macroalgae communities because it transcended seasonal
boundaries, limiting the temporal windows for recovery. The latter issue is highlighted by the
correlation of the greatest losses in seagrass abundances to years of the most protracted intense

phytoplankton blooms (i.e., 2011, 2015/16, 2018/20).
Regime Shift 2, 2021-2024: The Return of Seagrass and Macroalgae

The second major regime shift in the composition and biomass of phytoplankton,
seagrass and macroalgae in the Mosquito Lagoon, Banana River Lagoon and northern IRL
occurred in 2021. Declines in annual average phytoplankton biomass and the intensity/duration
of blooms (Fig. 9) were accompanied by a return of P. bahamense as a major bloom species in
the Banana River Lagoon and northern IRL. In the Mosquito Lagoon, 4. lagunensis and other
nanoeukaryotes continued to be dominant species, but at significantly lower peak biomass (i.e., <
2 mg carbon L. The declines in peak biomass coincided with decreases in TN and TP
concentrations. By contrast, seagrass and/or macroalgae showed major increases in biomass,
with regional differences.

In the Banana River Lagoon, northern IRL and central IRL subregions there were
dramatic peaks in biomass of the benthic macroalga Caulerpa spp.in 2017-2024. Negligible
recovery of seagrass communities in the three sub-regions until after 2023 contributed to the
habitat available for Caulerpa colonization (Brewton and Lapointe, 2025). C. prolifera has been
shown to be very proficient at expanding into available habitats and out-competing seagrasses

once they reach high percentage cover (Banquero et al., 2026). C. prolifera has been observed in
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the IRL since at least the early 1980°s (Jensen & Clark, 1983; White & Snodgrass, 1990).
Blooms were observed in 1986 during a decline in seagrass abundance, but the bloom was short-
lived due to a proliferation of the herbivorous sea slug Elysia, which is known to actively graze
on Caulerpa (White & Snodgrass, 1990).

In the Mosquito Lagoon, increases in benthic primary producers after 2022 primarily
involved seagrasses (e.g., H. wrightii). The lack of Caulerpa spp. over the study period in
Mosquito Lagoon may be in part related to the high benthic light intensities associated with
shallow mean depths (i.e., 0.8 m), which have been reported to disfavor the colonization of C.
prolifera (Taplin et al., 2005). Another factor contributing to the lack of Caulerpa colonization in
the Mosquito Lagoon may have been limited benthic habitat availability. The Mosquito Lagoon
was the last sub-region to reach very low seagrass coverage in 2020, and seagrass recovery
began in 2022, restricting the time available establishment of Caulerpa. Conversely, high benthic
light fluxes provide an environment suited for increases in seagrass colonization. In addition,
Insalaco et al. (2026) suggest that the hurricanes of 2022 (i.e. Nicole and Ian) may have
enhanced seagrass coverage by distributing seagrass fragments around the Mosquito Lagoon. A
similar argument may be made about the rapid spread of Caulerpa spp. in other subregions of the
IRL in relationship to the multiple hurricanes impacting the IRL in 2017, 2019, 2022-2024..

Regional differences in the colonization of open benthic habitat in IRL highlight the
multi-variate nature of the drivers of competition between phytoplankton, macroalgae and
seagrasses. The resurgence of benthic primary producer communities in northern IRL in the later
years of the study period suggests a possible return to an alternative stable state more similar to
the pre-2011 period, i.e., favoring seagrasses and macroalgae over phytoplankton biomass (Fig.
13). In the case of the prominence of Caulerpa spp. in the Banana River Lagoon, northern IRL
and central IRL, three questions remain, 1) Do they provide the same ecosystem services as
seagrasses, 2) What is the long-term sustainability of Caulerpa communities, and 3).Will
dynamics of Caulerpa allow for the eventual re-establishment of robust seagrass communities
(Orth et al., 2020; Parreira et al., 2021; Brewton & Lapointe, 2023, 2025). Past studies of the
structure and function of C. prolifera in Indian River Lagoon and other regions of world provide
a mixed picture. A recent study of fauna in regions of the northern IRL dominated by C. prolifera
showed similar composition of taxa as found in regions dominated by the seagrass Halodule

wrightii, but at lower levels of abundance, which could have cascading impacts on higher
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trophic levels, such as fish (Brewton & Lapointe, 2025). From a broader temporal perspective,
uncertainties remain about the future trajectory of the Caulerpa spp. communities in the IRL,
given the previous record of similar expansions that have been suddenly cut short by outbreaks

of herbivorous macroinvertebrates (White & Snodgrass, 1990; Brewton & Lapointe, 2025).
CONCLUSION

Results of this 28-year study of the northern IRL provide an example of how short
duration extreme environmental events can lead to sudden, dramatic and persistent shifts in the
structure and function of primary producer communities. The first shift in the IRL resulted from
a period of exceptionally cold winter temperatures that drove major increases in nutrient levels,
which precipitated a protracted ten-year period of intense HABs, that in turn helped to drive
dramatic losses of seagrass biomass, the historically dominant primary producer in the IRL. A
second regime shift occurred in the later years of the study, coinciding with the advent of
multiple major hurricanes, which were associated with peaks in inorganic nutrient levels and
widespread blooms of the benthic macroalga Caulerpa, that took advantage of the open benthic
habitat left behind by the extensive losses of seagrass communities. At the same time,
phytoplankton biomass levels decreased. The sequence of regime shifts highlights that even
short-duration extreme environmental conditions can result in major changes in the biomass and
composition of primary producer communities, that have cascading impacts on ecosystem
structure and function. Since the 20" century, there have been growing concerns about the
persistent increases in cultural eutrophication and global climate changes, and how these are
impacting primary producer communities (Glibert, 2020; Griffith & Gobler, 2020; Malone &
Newton, 2020; Paerl et al., 2016). Imbedded in these trends is the growing potential for extreme
events (Liu et al., 2019; Méndez-Tejeda & Hernandez-Ayala; Wetz & Yoskowitz, 2013; Zhao &
Held, 2010), such as droughts, intense storms and extremes in temperature. The results of our
study highlight that these events can dramatically affect the structure and function of aquatic

ecosystems.
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645  Figure 1. Sampling site map.
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647  Figure 2. Surface water temperatures recorded during this study at Site IR1 (A). Daily water
648  temperature range in the Haulover Canal from November 2008 to February 2011 at USGS
649  continuous monitoring station (www.waterdata.usgs.gov) (B).
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653  Figure 3. Rainfall totals for 12-month periods October through September, and the timing of El
654  Nifio (blue) and La Nifa (pink) periods are shown as the header of the figure, based on the

655  Multivariate ENSO Index Version 2 using JRA3Q (psl.noaa.gov/enso/mei/). The dashed line is
656  the average annual rainfall over the study period. Periods of hurricane/tropical storms impacting
657  the northern IRL: 1) Irene (Oct. ’99), 2) Gabrielle (Sept. *01), 3) Charley (Aug. ‘04), Francis
658  (Sept. ’04), Jeanne (Sept. *04), 4) Tammy (Oct. ’05), Wilma (Oct. ’05), 5) Fay (Aug. ’08), 6)
659  Mathew (Oct. ’16), Emily (Aug. ‘17), Irma (Sept. ‘17), 7) Dorian (Sept. ‘18), Humberto (Sept.
660  ’18), 8) Ian (Sept. ’22), 9) Nicole (Nov. ’22), 10) Milton (Oct. ’24).
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663  Figure 4 Salinities at at four sites representative of the Mosquito Lagoon (MQ2), northern IRL
664  (IR1), Banana River Lagoon (BR2) and Central IRL (IR4).
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667  Figure 5. Secchi disk depth at four sites representative of the Mosquito Lagoon (MQ?2), northern
668 IRL (IR1), Banana River Lagoon (BR2) and Central IRL (IR4).
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670  Figure 6. Annual mean TN (Top panel) and TP (Bottom Panel) concentrations at four
671  representative sites in the southern Mosquito Lagoon (MQ2), northern IRL (IR1), central
672  Banana River Lagoon (BR2), and central IRL (IR4).
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675  Figure 7. Annual mean TN/TP ratios at four representative sites in the southern Mosquito Lagoon
676  (MQ2), northern IRL (IR1), central Banana River Lagoon (BR2), and central IRL (IR4).
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678  Figure 8. Annual mean NH4 and NOx concentrations at four representative sites in the Mosquito
679  Lagoon (MQ2), N. IRL (IR1), C. Banana River Lagoon (BR2), and C. IRL (IR4). Timing of
680  major hurricanes/tropical storms are indicated by arrows; ER — Ernesto, F — Fay, M — Mathew,
681  E&I -Emily & Irma, D&H — Dorian & Humberto, IA — Ian, MI - Milton.
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690  Figure 10. Mean summer carbon biomass (g m™) of seagrasses (summer survey), drift

691  macroalgae (summer survey), the benthic macroalga Caulerpa prolifera (summer survey) and
692  annual mean phytoplankton carbon biomass (g m™) for three phytoplankton bloom-prone sub-
693  regions in the IRL ecosystem, i.e., southern Mosquito Lagoon, central Banana River Lagoon and
694  northern IRL.
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696  Figure 11. Mean effect sizes for physical, chemical, mei and upstream influence explanatory
697  covariate across sites. Bar colors correspond to sites. When an asterisk is included, the 95%
698  credible intervals did not contain zero, indicating significance.
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701  Figure 12. Mean effect sizes for nutrient explanatory covariate across sites. Bar colors
702  correspond to sites. When an asterisk is included, the 95% credible intervals did not contain zero,
703  indicating significance.
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710

711
712

713

Figure 13. The schematic of the flow of external and internal nutrient sources to the three major
primary producer communities in the IRL prior to the regime shift in 2011. Seagrass category

includes epiphytes. The width of the arrows indicates the relative importance of the nutrient

sources. Dashed arrows represent re-cycling of nutrients associated with the senescence of the
three primary producer communities. Sizes of the green boxes show the approximate distribution
of biomass of the primary producer communities.
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714  Table 1. Mean phytoplankton biomass (ug carbon ml™') for key time periods in the 28-year study
715  period. Mean values are presented for Pico-Nano-phytoplankton (i.e., 0.5-20 um), micro-
716  phytoplankton (i.e., >20 um), and total phytoplankton.

Southern Mosquito Lagoon - M Q2
Period |[Pico-Nano Std | Micro Std Total Std
2006-2009 0.19 0.19( 0.19 0.22 0.37 0.30

2010 0.18 0.18] 020 0.19 0.38 0.30
2011 1.58 1.96| 0.12 0.15 1.70 2.01
2012 4.88 7101 018 0.12 5.07 7.08
2013 2.49 2731 027 0.22 2.76 2.83
2014 0.23 0.18] 027 033 0.51 0.40

2015-2020 3.30 3471 024 036 3.54 3.49
2021-2024 1.35 1.25| 022 0.34 1.56 1.24

Period Northern IRL - IRL1
1997-2000 0.19 0.30] 0.21 0.15 0.40 0.30
2001-2005 0.15 0.18 0.51 0.92 0.65 0.92
2006-2009 0.12 011 0.29 0.46 0.40 0.47

2010 0.14 0111 034 044 0.48 0.52
2011 2.10 1.68| 027 0.2 2.37 1.76
2012 1.50 2231 0.76 1.82 2.25 3.03
2013 2.31 2571 025 018 2.56 2.58
2014 0.18 0.13] 055 056 0.74 0.56

2015-2020 3.05 3771 0.32 0.55 3.38 3.77
2021-2024 0.79 1.59] 0.70 1.38 1.48 2.07

Period Central Banana River - BR2
1997-2000 0.36 0.59( 0.29 0.20 0.65 0.54
2001-2005 0.32 0.52( 0.37 0.60 0.69 0.76
2006-2009 0.21 023 0.56 0.88 0.77 0.89

2010 0.42 0.541 0.90 1.54 1.32 1.51
2011 1.75 1.07] 0.53 0.67 2.28 0.89
2012 0.19 0.14] 044 040 0.63 0.43
2013 0.24 022 0.53 0.60 0.77 0.60
2014 0.34 022 148 294 1.82 3.00

2015-2020 4.14 7531 091 1.96 5.05 7.43
2021-2024 0.62 2,17 0.62 1.43 1.23 2.55

Period Central IRL - IR4
1997-2000 0.10 0.07 0.13 0.15 0.23 0.19
2001-2005 0.14 0.11 0.13 0.18 0.26 0.23
2006-2009 0.13 0.10 0.10 0.12 0.23 0.17

2010 0.20 0.11 026 0.32 0.46 0.31
2011 0.38 018 015 0.11 0.53 0.23
2012 0.24 0.17 1 022 038 0.46 0.41
2013 0.12 0.05 0.08 0.06 0.20 0.10
2014 0.08 0.03 013 0.15 0.21 0.16

2015-2020 0.43 0.98 018 0.38 0.61 1.04
717 2021-2024 0.16 0.07]1 018 0.27 0.34 0.28

718 35



719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

Author’s Contributions

EJP: Research plan development, funding acquisition, project management, data interpretation,
original manuscript drafting and editing. SB: Phytoplankton data curation, project management,
manuscript drafting and editing. LM: Seagrass data curation and interpretation, manuscript
drafting and editing. LMH: Macroalgal data curation and interpretation, manuscript drafting and
editing. SP: Data analysis, Bayesian modeling and interpretation, manuscript editing. BS:
Phytoplankton analyses data curation, manuscript editing. SLC: Chemical data curation and
interpretation, manuscript editing. LL: Leader in field research efforts, field data curation. NN:
Data analysis, Bayesian modeling and interpretation, manuscript editing. LMB: Macroalgal data
curation and interpretation.

Acknowledgements

The research presented in this paper was in part funded by grants from the U.S.E.P.A. Indian
River Lagoon National Estuarine Program, Sebatian, Florida, USA and the St. Johns River Water
Management District, Palatka, Florida, USA. Edward Phlips, Susan Badylak, Leslie Landauer
and Ben Stelling are in part supported by the USDA National Institute of Food and Agriculture,
Hatch Project 1017098.

Statements and Declarations

The authors have no relevant financial or non-financial interests to disclose. The authors have no
competing interests to declare that are relevant to the content of this article. All authors certify
that they have no affiliations with or involvement in any organization or entity with any financial
interest or non-financial interest in the subject matter or materials discussed in this manuscript.
The authors have no financial or proprietary interest in materials discussed in this article.

36



744

745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789

REFERENCES

Adkins, M., Mao, M., Taylor, M., Green, W., Basci, C., Bergman, M., & Smith, D. (2004).
Watershed model development for the Indian River Lagoon basin: Providing simulated
runoff and pollution load to the Indian River Lagoon pollution load reduction model. St.
Johns River Water Management District Technical Memorandum 50. St. Johns River
Water Management District, Palatka, Florida.

Ahlgren, G. (1983). Comparison of methods for estimation of phytoplankton carbon. Arch.
Hydrobiologia 98, 489-508.

Al-Taliby, Mamoua, W., Pandit, A., Heck, H., & Berber, A. (2023). Groundwater nutrient loading
into the northern Indian River lagoon: measurements and modeling. Frontiers in Marine
Science 10, 1286837. https://doi.org/10.3389/fmars.2023.1286837

Altman, J., & Paerl, H. (2012). Composition of inorganic and organic nutrient sources influences
phytoplankton community structure in the New River Estuary, North Carolina. Aquatic
Ecology 46, 269-282. https://doi.org/10.1007/s10452-012-9398-8

Anderson, D., Fensin, E., Gobler, C., Hoeglund, A., Hubbard, K., Kulis, D. Landsberg, J.,
Lefebvre, K., Provoost, P., Richlen, M., Smith, J., Solow, A., & Trainer, V. (2021).
Marine harmful algal blooms (HABs) in the United States: History, current status and
future trends. Harmful Algae 102,101975. https://doi.org/10.1016/j.hal.2021.101975

Aoki, L. R., McGlathery, K. J., & Oreska, M. (2020). Seagrass restoration reestablishes the
coastal nitrogen filter through enhanced burial. Limnology and Oceanography 65,1-12.

Badylak, S., & Phlips, E. (2004). Spatial and temporal patterns of phytoplankton abundance and
composition in a subtropical lagoon, the Indian River Lagoon, Florida, USA. J. Plankton
Research 26, 1-22.

Badylak, S., Kelly, K., and Phlips, E. (2004). A description of Pyrodinium bahamense from the
Indian River Lagoon, Florida, USA. Phycologia 43, 653-657.

Badylak, S., Phlips, E., Baker, P., Fajans, J., & Boler, R. (2007). Distributions of phytoplankton
in Tampa Bay, USA. Bulletin of Marine Science 80, 295-317.

Bakar, K. S., & Sahu, S. (2015). spTimer Spatio-Temporal Bayesian Modeling Using R Journal
of Statistical Software 63, 1-32. URL: http://www.jstatsoft.org/v63/i15/

Banqueno, L. M. (2026). Investigating effects of the macroalga Caulerpa prolifera on restoration
of the seagrass Halodule wrightii in the Indian River Lagoon. University of Central
Florida, Master’s thesis. 78pp.

Beck, M. W., Flaherty-Walia, K., Scolaro, S., ef al. (2024). Hot and Fresh: Evidence of Climate-
Related Suboptimal Water Conditions for Seagrass in a Large Gulf Coast
Estuary. Estuaries and Coasts 47, 1475-1497. https://doi.org/10.1007/s12237-024-
01385-0

Berg, G. M., Repeta, D., & LaRoche, J. (2002). Dissolved organic nitrogen hydrolysis rates in
axenic cultures of Aureococcus anophagefferens (Pelagophyceae), comparison with
heterotrophic bacteria. Applied Environmental Microbiology 68, 401-404.

Bode, A., Alvarez, M., Garcia, L., Louro, M., Nieto-Cid, M., Ruiz-Villarrael, M., & Varela, M..
(2020). Climate and local hydrography underlie recent regime shifts in plankton
communities off Galicia (NW Spain). Oceans 1, 181-197.
https://doi.org/10.3390/oceans1040014

Boucek, R. E., Gaiser, E., Liu, H., & Rehage, J. (2016). A review of subtropical community
resistance and resilience to extreme cold spells. Ecosphere 7, e01455.
https://doi.org/10.1002/ecs2.1455

37



790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833

Boucek, R. E., & Rehage, J. (2014). Climate extremes drive changes in functional community
structure. Global Change Biology 20, 1821-1831.

Breininger, D. R., Breininger, R., & Hall, C. (2016). Effects of surrounding land use and water
depth on seagrass dynamics relative to a catastrophic algal bloom. Conservation Biology
31, 67-75.

Brewton, R., & Lapointe, B. (2023). The green macroalga Caulerpa prolifera replaces seagrass
in a nitrogen enriched, phosphorus limited, urbanized estuary. Ecological Indicators 156,
111035.

Brewton, R., & Lapointe, B. (2025). Macroalgae filling the habitat void following catastrophic
losses of seagrass in the Indian River Lagoon, FL. Marine Biology 172, 83.
https://doi.org/10.1007/s00227-025-04642-3

Burd, A., & Dunton, K. (2001). Field verification of a light-driven model of biomass changes in
the seagrass Halodule wrightii. Marine Ecology Progress Series 209, 85-98.
https://doi.org/10.3354/meps209085

Burkholder, J. M., Glibert., P. & Skelton, H. (2008). Mixotrophy, a major mode of nutrition for
harmful algal species in eutrophic waters. Harmful Algae 8, 77-93.

Burkholder, J. M., Tomasko, D., & Trouchette, B. (2007). Seagrasses and eutrophication. Journal
of Experimental Marine Biology and Ecology 350, 46-72.

Buskey, E. J. (2008). How does eutrophication affect the role of grazers in harmful algal bloom
dynamics? Harmful Algae 8, 152-157.

Buskey, E. J., Wysor, B., & Hyatt, C. (1998). The role of hypersalinity in the persistence of the
Texas 'brown tide' in the Laguna Madre. Journal of Plankton Research 20, 1553-1565.

Chi, L., Jiang, K., Ding, Y., Wang, W., Song, X., & Yu, Z. (2024). Uncovering nutrient
regeneration, transformation pattern, and its contribution to harmful algal blooms in
mariculture waters. Science of The Total Environment 919, 170652.
https://doi.org/10.1016/j.scitotenv.2024.170652

Choice, Z., Frazer, T., & Jacoby, C. (2014). Light requirements of seagrasses determined from
historical records of light attenuation along the Gulf coast of peninsular Florida. Marine
Pollution Bulletin 81, 94-102. https://doi.org/10.1016/j.marpolbul.2014.02.015

Chung, C., Hwang, S., & Chang, J. (2003). Identification of a high-affinity phosphate transporter
gene in a prasinophyte alga, Tetraselmis chui, and its expression under nutrient limitation.
Applied Environmental Microbiology 69, 754-759.

Cira, E., Palmer, T., & Wetz, M. (2021). Phytoplankton dynamics in a low-inflow estuary (Baffin
Bay, TX) during drought and high-rainfall conditions associated with an El Nifio event.
Estuaries and Coasts, https://doi.org/10.1007/s12237-021-00904-7

Collier, C., & Waycott, M. (2014). Temperature extremes reduce seagrass growth and induce
mortality. Marine Pollution Bulletin 83, 483—490.
https://doi.org/10.1016/j.marpolbul.2014.03.050

Conversi, A., Dakos, V., Gardmark, A., Ling, S., Folke, C., Mumby, P., et al. (2015). A holistic
view of marine regime shifts. Philosophical Transactions of the Royal Society B. 370,
20130279. http://dx.doi.org/10.1098/rstb.2013.0279

Corcoran, A., Wolny, J., Leone, E., Ivey, J., & Murasko, S. (2017). Drivers of phytoplankton
dynamics in old Tampa Bay, FL (USA), a sub-estuary lagging in ecosystem recovery.
Estuarine, Coastal and Shelf Science 185, 130-140.

38



834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879

Cui, L., Jiang, Z., Huang, X., Chen, Q., Wu, Y., Liu, S., Li, J., & Macreadie, P. (2021).
Eutrophication reduces seagrass contribution to coastal food webs. Ecosphere 12,
€03626. https://doi.org/10.1002/ecs2.3626

Dennison, W. C. (1987). Effects of light on seagrass photosynthesis, growth and depth
distribution. Aquatic Botany 27, 15-26.

DeYoe, H. R., Buskey, E. J., and Jochem, F. J. (2007). Physiological responses of Aureoumbra
lagunensis and Synechococcus sp. to nitrogen addition in a mesocosm study. Harmful
Algae 6, 48-55.

Duarte, C. M. (1991). Seagrass depth limits. Aquatic Botany 40, 363-377.

Duarte, C. M., Fourqurean, J., Krause-Jensen, D., & Olesen, B. (2006). Dynamics of seagrass
stability and change. In: Larkum, A., R. Orth, C. Duarte. (Eds.), Seagrasses: Biology,
Ecology and Conservation. Springer, the Netherlands, pp. 271-294.

Duarte, C. M., Marba, N., Krause-Jensen, D., Sanchez-Camacho, M. (2007). Testing the
predictive power of seagrass depth limit models. Estuaries and Coasts 30, 652-656.

Dunic, J. C., Brown, C. J., Connolly, R. M., Turschwell, M. P., & Cé6té, I. M. (2021). Long-term
declines and recovery of meadow areas across the world’s seagrass bioregions. Global
Change Biology 27, 4096—41009. https://doi.org/10.1111/gcb.15684

Dunton, K. H. (1994). Seasonal growth and biomass of the subtropical seagrass Halodule
wrightii in relation to continuous measurements of underwater irradiance. Marine
Biology 120, 479-489. https://doi.org/10.1007/BF00680223

Dyhrrnan, S. T.,& Ruttenberg, D. (2006). Presence and regulation of alkaline phosphatase
activity in eukaryotic phytoplankton from the coastal ocean: implications for dissolved
organic phosphorus remineralization. Limnology and Oceanography 53, 1381-1390.

Engelsen, A., Hulth, S., Pihl, L., & Sundbick, K. (2008). Benthic trophic status and nutrient
fluxes in shallow-water sediments. Estuarine. Coastal and Shelf Science 78, 783-795.

Flynn, A. M. (2008. Organic Matter and Nutrient Cycling in a Coastal Plain Estuary: Carbon,
Nitrogen, and Phosphorus Distributions, Budgets, and Fluxes. Journal of Coastal
Research 10055, 76-94. https://doi.org/10.2112/S155-010.1

Folke, C., Carpenter, S., Walker, B., Scheffer, M., Elmqvist, T., Gunderson, L., & Holling, C.
(2004). Regime shifts, resilience, and biodiversity in ecosystem management. Annual
Reviews in Ecological Systems 35, 557-581.
https://doi.org/10.1146/annurev.ecolsys.35.021103.105711

Fox, A., & Treftry, J. (2023). Nutrient fluxes from recent deposits of fine-grained, organic-rich
sediments in a Florida estuary. Frontiers in Marine Science 10, 1305990.
https://doi.org/10.3389/fmars.2023.1305990

Galimany, E., Lunt, J., Freeman, C., Houk, J., Sauvage, T., Santos, L., et al. (2020). Bivalve
feeding responses to microalgal bloom species in the Indian River Lagoon: the potential
for top-down control. Estuaries and Coasts 45, 1519-1532.
https://doi.org/10.1007/s12237-020-00746-9.

Gao, X. (2009). Nutrient and dissolved oxygen TMDLs for the Indian River Lagoon and Banana
River Lagoon. Report to the Florida Department of Environmental Protection,
Tallahassee, Florida, USA.

Garber, J. H. (1984). Laboratory study of nitrogen and phosphorus remineralization during the
decomposition of coastal plankton and seston. Estuarine, Coastal and Shelf Science 18,
685—702. https://doi.org/10.1016/0272-7714(84)90039-8

Garcia-Sanchez, M, Korbee, N., Pérez-Ruzafa, 1., Marcos, C., Dominguez, B., Figueroa, F., &

39



880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924

Pérez-Ruzafa, A. (2012). Physiological response and photoacclimation capacity of
Caulerpa prolifera (Forsskal) J.V. Lamouroux and Cymodocea nodosa (Ucria) Ascherson
meadows in the Mar Menor lagoon (SE Spain). Marine Environmental Research 79, 37-
47.

Gelman, A., Carlin, J., Stern, H., & Rubin, D. (2004). Bayesian Data Analysis. 2nd edition.
Chapman & Hall/CRC, Boca Raton.

Glibert, P. M. (2017). Eutrophication, harmful algae and biodiversity—challenging paradigms in
a world of complex nutrient changes. Marine Pollution Bulletin 124, 591-606.

Glibert, P. M. (2020). Harmful algae at the complex nexus of eutrophication and climate change.
Harmful Algae 91, 101583.

Gobler, C. J., Koch, F., Kang, Y., Berry, D., Tang, Y., Lasi, M., et al. (2013). Expansion of
harmful brown tides caused by the pelagophyte, Aureoumbra lagunensis DeYoe et
Stockwell to the US east coast. Harmful Algae 27, 29-41.

Greening, H. S., & Janicki, A. (2006). Toward reversal of eutrophic conditions in a subtropical
estuary, Water quality and seagrass response to nitrogen loading reductions in Tampa Bay,
Florida, USA. Journal of Environmental Management 38, 163—178. https://doi.org/
10.1007/s00267-005-0079-4

Greening, H. S., Janicki, A., Sherwood, E., Pribble, R., & Johansson, J. (2014). Ecosystem
responses to long-term nutrient management in an urban estuary, Tampa Bay, Florida,
USA. Estuarine, Coastal and Shelf Science 151, A1-A16.
https://doi.org/10.1016/j.ecss.2014.10.003.

Griffith, A., & Gobler, C. (2020). Harmful algal blooms: A climate change co-stressor in marine
and freshwater ecosystems. Harmful Algae 91, 101590.
https://doi.org/10.1016/.ah1.2019.03.008

Guislain, A., Nejstgaard, J., Kohler, J., Sperfeld, E., Mischke, U., Skjelbred, B., Grossart, H.,
Solheim, A., Gessner, M., & Berger, S. (2025). Cell size explains shift in phytoplankton
community structure following storm-induced changes in light and nutrients. Ecology 106,
€70043. https://doi.org/10.1002/ecy.70043

Hall, L. M., Morris, L., Chamberlain, R., Hanisak, M., Virnstein, R., Paperno, R., Riegl, B., Ellis,
R., Simpson, A., & Jacoby, C. (2022). Spatiotemporal patterns in the biomass of drift
macroalgae in the Indian River Lagoon, Florida, United States. Frontiers in Marine
Science 9, 767440. https://doi.org/10.3389/fmars.2022.767440

Han, Q., & Liu, D. (2014). Macroalgae blooms and their effects on seagrass ecosystems. Journal
of Ocean University of China 13, 791— 798. https://doi1.org/10.1007/s11802-014-2471-2.

Hanisak, M. D. (2016). Algal Bloom Investigation: Analysis of Submersed Aquatic Vegetations
Tissue Nutrient Content and Response of Drift Macroalgae to Extreme Levels of Salinity,
Temperature, and Light. Final Report Contract 27857. Palatka, FL, St. Johns River Water
Management District, 1-108.

Harlin, M. M., (1993). Changes in major plant groups following nutrient enrichment. In:
McComb, J. (Ed.), Eutrophic Shallow Estuaries and Lagoons. CRC Press, Inc., Boca
Raton (FL), pp. 173—-187.

Havens, K., Hauxwell, J., Tyler, A., Thomas, S., McGlathery, K., Cebrian, J., Valiela, I.,
Steinman, A., & Hwang, S. (2001). Complex interactions between autotrophs in shallow
marine and freshwater ecosystems, implications for community responses to nutrient
stress. Environmental Pollution 113, 95-107.

40



925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968

Heisler, J., Glibert, P., Burkholder, J., Anderson, D., Cochlan, W., Dennison, W., Dortch, Q.,
Gobler, C., Heil, C., Humphries, E., Lewitus, A., Magnien, R., Marshall, H., Sellner, K.,
Stockwell, D., Stoecker, D., & Suddleson, M. (2008). Eutrophication and harmful algal
blooms: a scientific consensus. Harmful Algae 8, 3-13.

Insalaco, S., Herrero, H., Vickich, H., & Mashak, D. (2026). Recording seagrass growth in
Mosquito Lagoon, Florida after Hurricanes Ian and Nicole. Frontiers in Remote Sensing,
7, 1737953. https://doi.org/10.3389/frsen.2026.1737953

Jiang, X., Zhang, L., Gao, G., Yao, X., Zhao, Z., & Shen, Q. (2019). High rates of ammonium
recycling in northwestern Lake Taihu and adjacent rivers: an important pathway of
nutrient supply in a water column. Environmental Pollution 252, 1325-1334.

Kang, Y., Kaplan, D., & Osland, O. (2024). Linking temperature sensitivity of mangrove
communities, populations and individuals across a tropical-temperate transitional zone.
Journal of Ecology 112, 1256—1274. https://doi.org/10.1111/1365-2745.14296

Kang, Y., Koch, F., & Gobler, C. (2015). The interactive roles of nutrient loading and
zooplankton grazing in facilitating expansion of harmful blooms caused by the
pelagophyte, Aureoumbra lagunensis, to the Indian River Lagoon, FL, USA. Harmful
Algae 49, 162-173.

Kendrick, G., Nowicki, R., Olsen, Y., Strydon, S., Fraser, M., Sinclair, E., et al. (2019). A
systemic review of how multiple stressors from an extreme event drove ecosystem-wide
loss of resilience in an iconic seagrass community. Frontiers in Marine Science 6, 455.
https://doi.org/10.3389/fmars.2019.00455

Kenworthy, W., & Fonseca, M. (1996). Light requirements of seagrasses Halodule wrightii and
Syringodium filiforme derived from the relationship between diffuse light attenuation and
maximum depth distribution. Estuaries 19, 740-750.
https://doi.org/10.2307/1352533

Khandoker, S., & Sahu, S. (2020). spTimer: Spatio-Temporal Bayesian Modeling Using R
Package version 3.3.1.

Krause-Jensen, D., Markager, S. & Dalsgaard, T. (2012). Benthic and pelagic primary production
in different nutrient regimes. Estuaries and Coasts 35, 527-545.
https://do1.org/10.1007/s12237-011-9443-1

Lapointe, B. E., Brewton, R., Wilking, L., & Herren, L. (2023). Fertilizer restrictions are not
sufficient to mitigate nutrient pollution and harmful algal blooms in the Indian River
Lagoon, Florida. Marine Pollution Bulletin 193, 115041.
https://doi.org/10.1016/j.marpolbul.2023.115041

Lapointe, B. E., Herren, L., Brewton, R. & Aderman, P. (2020). Nutrient over-enrichment and
light limitation of seagrass communities in the Indian River Lagoon, an urbanized
subtropical estuary. Science of the Total Environment 699, 134068.
https://doi.org/10.1016/j.scitotenv.2019.134068

Lapointe, B. E., Herren, L., Debortoli, D., & Vogel, M. (2015). Evidence of sewage-driven
eutrophication and harmful algal blooms in Florida’s Indian River Lagoon. Harmful
Algae 43, 82-102.

Lapointe, B. E., Tenore, K.& Dawes, C. (1984). Interactions between light and temperature on
the physiological ecology of Gracilaria tikvahiae (Gigartinales: Rhodophyta). Marine
Biology 80, 161-170. https://doi.org/10.1007/BF02180183

41



969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013

Lee, K., Park, S., & Kim, Y. (2007). Effects of irradiance, temperature and nutrients on growth
dynamics of seagrasses: A review. Journal of Experimental Marine Biology and Ecology
350, 144-175.

Lefcheck, J., Orth, R., Dennison, W., Wilcox, D., Murphy, R., Keisman, J., Gurbisz, C., et al.
(2018). Long-term nutrient reductions lead to the unprecedented recovery of a temperate
coastal region. Proceedings of the National Academy of Sciences 115, 3658-3662.
https://doi.org/10.1073/pnas.1715798115.

Li, H., Song, C., Yang, L., Qin, H., Cao, X., & Zhou, Y. (2021). Nutrients regeneration pathway,
release potential, transformation pattern and algal utilization strategies jointly drove
cyanobacterial growth and their succession. Journal of Environmental Science 103, 255-
267.

Lin, Z., Liu, L., Lian, E., & Jiang, X. (2024). Preferential remineralization of phosphorus from
organic matter in river-dominated coastal sediments. Science of The Total Environment
921, 170935. https://doi.org/10.1016/j.scitotenv.2024.170935

Liu, H., & Buskey, E. (2000). The exopolymer secretions (EPS) layer surrounding Aureoumbra
lagunensis cells affects growth, grazing and behavior of protozoa. Limnology and
Oceanography 45, 1187-1191.

Liu, H., Laws, E., Villareal, T., & Buskey, E. (2001). Nutrient-limited growth of
Aureoumbra lagunensis (Pelagophyceae), with implications for its capability to
outgrow other phytoplankton species in phosphate-limited environments. Journal of
Phycology 37, 500-508.

Liu, K., Liu, L., Liu, H., Li, X., & Wang, S. (2014). Exploring the effects of biophysical
parameters on the spatial pattern of rare cold damage to mangrove forests. Remote
Sensing of the Environment 150, 20-33.

Liu, M., Vecchi, G., Smith, J., & Knutson, T. (2019). Causes of large projected increases in
hurricane precipitation rates with global warming. npj Climate and Atmospheric Science
2, 38. https://doi.org/10.1038/s41612-019-0095-3

Lizcano-Sandoval, L., Anastasiou, C., Montes, E., Raulerson, G., Sherwood, E., & Muller-
Karger, F. (2022). Seagrass distribution, areal cover, and changes (1990-2021) in coastal
waters off West Central Florida, USA. Estuarine, Coastal and Shelf Science 279,
108134. https://doi.org/10.1016/j.ecss.2022.108134.

Lopez, C., Shankar, S., Kaminski, S., Garrett, M., & Hubbard, K. (2021). Linking Pyrodinium
bahamense physiology and behavior to population growth and loss in nature and
implications for management. Technical Report 07a-21. St. Petersburg, Florida, Tampa
Bay Estuary Program.

Lopez, C., Shankar, S., Kaminski, S., & Hubbard, K. (2023). Pyrodinium bahamense bloom
dynamics in Old Tampa Bay, FL, with a focus on Feather Sound. Florida Scientist 86,
62-71

Macintyre, H., Lomas, M., Cornwell, J., Suggett, D., Gobler, C., Koch, E., & Kana, T. (2004).
Mediation of benthic-pelagic coupling by microphytobenthos: an energy- and material-
based model for initiation of blooms of Aureococcus anophagefferens. Harmful Algae 3,
403-437.

Main, V., Gilligan, M., Cole, S., Osborne, T., Smyth, A., & Simpson, L.. (2024). Challenges to
Seagrass Restoration in the Indian River Lagoon, Florida. Journal of Marine Science and
Engineering 12, 1847. https://doi.org/10.3390/jmse12101847

42



1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059

Malone, T., & Newton, A. (2020). The Globalization of Cultural Eutrophication in the Coastal
Ocean: Causes and Consequences. Frontiers in Marine Science 7, 670.

Malta E., Ferreira, D., Juan, J., & Perez-Llorens, J. (2005). Nitrogen load and irradiance affect
morphology, photosynthesis and growth of Caulerpa prolifera (Bryopsidales:
Chlorophyta). Marine Ecology Progress Series 298, 101-114. https://www.int-
res.com/abstr acts/meps/v298/p101-114/

Méndez-Tejeda, R., & Hernandez-Ayala, J. (2023). Links between climate change and hurricanes
in the North Atlantic. PLOS Climate 2:¢0000186.
https://doi.org/10.1371/journal.pclm.0000186

Moksnes, P., Eriander, L., Infantes, E., & Holmer, M. (2018). Local regime shifts prevent natural
recovery and restoration of lost eelgrass beds along the Swedish west coast. Estuaries
and Coasts 41,1712-1731. https://doi:10.1007/s12237-018-0382-y

Mollmann, C, Folke, Edwards, M., & Conversi, A.. (2015). Marine regime shifts around the
globe: theory, drivers and impacts. Philosophical Transactions of the Royal Society B
370, 20130260. http://doi.org/10.1098/rstb.2013.0260

Morris, L., Hall, L., & Virnstein, R. (2001). Field Guide for Fixed Seagrass Transect
Monitoring in the Indian River Lagoon. St. Johns River Water Management District,
Palatka, Florida, USA.

Morris L., Hall, L., Miller, J., Lasi, M., Chamberlain, R., Virnstein, R., & Jacoby, C. (2021).
Diversity and distribution of seagrasses as related to salinity, temperature, and availability
of light in the Indian River Lagoon, Florida. Florida Scientist 84(2/3), 119-137

Morris L., Hall, L., Jacoby, C., Chamberlain, R., Hanisak, D., Miller, J., & Virnstein, R. (2022).
Seagrass in a changing estuary, the Indian River Lagoon, Florida, United States. Frontiers
in Marine Science. https://doi.org/10.3389/fmars.2021.789818

Muhlstein, H., & Villareal, T. (2007). Organic and inorganic nutrient effects on growth rate-
irradiance relationships in the Texas brown-tide alga Aureoumbra lagunensis
(Pelagophyceae). Journal of Phycology 43, 1223-1226.

Murrell, M., Campbell, J., Hagy I11, J., & Caffrey, J. (2009). Effects of irradiance on benthic and
water column processes in a Gulf of Mexico estuary: Pensacola Bay, Florida, USA.
Estuarine Coastal and Shelf Science 81, 501-512.

Mutly, E., Olguner, C., Gékoglu, M., & Ozvarol, Y. (2022). Population Dynamics and Ecology
of Caulerpa Prolifera vs Caulerpa taxifolia var. distichophylla within a Levantine Gulf.
Thalassas: An International Journal of Marine Sciences, 38, 1311-1325.
https://doi.org/10.1007/s41208-022-00477-7

Nelson, W. G. (2017). Patterns of shading tolerance determined from experimental light
reduction studies of seagrass. Aquatic Botany 141, 39-46. doi:
10.1016/j.aquabot.2017.05.002

Neilson, R. P. (1995). A model for predicting continental scale vegetation distribution and water
balance. Ecological Applications 5, 362—-385.

Onuf, C. 1996. Seagrass responses to long-term light reduction by brown tide in upper
Laguna Madre, Texas, distribution and biomass patterns. Marine Ecology Progress Series
138, 219-231.

Orth, R., & Heck, K. (2023). The dynamics of seagrass ecosystems: History, past
accomplishments, and future prospects. Estuaries and Coasts 46, 1653—1676.
https://doi.org/10.1007/ s12237-023-01252-4.

Orth, R., Lefcheck, J., McGlathery, K., Aoki, L., Luckenbach, M., Moore, et al. (2020).

43



1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103

Restoration of seagrass habitat leads to rapid recovery of coastal ecosystem services.
Scientific Advances 6, eabc6434. https://doi.org/10.1126/sciadv.abc6434

Paerl, H., Gardner, W., Havens, K., Joyner, A., McCarthy, M., Newell, S., Qin, B., & Scott, J.
(2016). Mitigating cyanobacterial harmful algal blooms in aquatic ecosystems impacted
by climate change and anthropogenic nutrients. Harmful Algae 54, 213-222.

Papacek, J., Inglett, P., Phlips, E., & Lasi, M. (2024). Nitrogen and phosphorus uptake kinetics in
cultures of two novel picoplankton groups responsible for a recent bloom event in a
subtropical estuary (Indian River Lagoon, Florida). Frontiers in Marine Science
11:1256901. https://doi.org/10.3389/fmars.2024.1256901

Parreira, F, Martinez-Crego, B., Lourencgo, C., Afonso, C., Machado, M., Oliveira, F., dos Santos,
M., Gongalves, J., & Santos, R. (2021). Biodiversity consequences of Caulerpa prolifera
takeover of a coastal lagoon. Estuarine, Coastal and Shelf Science 255, 107344.
https://doi.org/10.10 16/j.ecss.2021.107344

Peereman, J., Hogan, J., & Lin, T. (2021). Cold Wave-Induced Reductions in NDII and ChIRE
for North-Western Pacific Mangroves Varies with Latitude and Climate History. Remote
Sensing 13, 2732. https://doi.org/10.3390/rs13142732

Phlips, E., Badylak, S., & Lynch, T. (1999). Blooms of the picoplanktonic cyanobacterium
Synechococcus in Florida Bay. Limnology and Oceanography 44, 1166-1175.

Phlips, E., Badylak, S., & Grosskopf, T. (2002). Factors affecting the abundance of
phytoplankton in a restricted subtropical lagoon, the Indian River Lagoon, Florida, USA.
Estuarine, Coastal and Shelf Science 55, 385-402.

Phlips, E., Badylak, S., Love, N., Hansen, P., John, C. & Gleeson, R. (2004). A comparison of
water quality and hydrodynamic characteristics of the Guana Tolomato Matanzas
National Estuarine Research Reserve and the Indian River Lagoon in Florida. Journal of
Coastal Research, Special Issue 45, 93-109.

Phlips, E., Badylak, S., Bledsoe, E., & Cichra, M. (2006). Factors influencing the distribution
and abundance of Pyrodinium bahamense in coastal ecosystems of Florida. Marine
Ecology Progress Series 322, 99-115.

Phlips, E., Badylak, S., Christman, M., & Lasi, M. (2010). Climatic trends and temporal patterns
of phytoplankton composition, abundance and succession in the Indian River Lagoon,
Florida, USA. Estuaries Coasts 33, 498-512.

Phlips, E., Badylak, S., Christman, M., Wolny, J., Garland, J., Hall, L., et al. (2011). Scales of
temporal and spatial variability of harmful algae blooms in the Indian River, Florida,
USA. Harmful Algae 10, 277-290.

Phlips, E., Badylak, S., Hart, J., Haunert, D., Lockwood, J., Manley, H., O’Donnell, K., &
Yilmaz, M. (2012). Climatic influences on autochthonous and allochthonous
phytoplankton blooms in a subtropical estuary, St. Lucie Estuary, Florida, USA. Estuaries
Coasts 35, 335-352.

Phlips, E., & Badylak, S. (2013). Phytoplankton abundance and composition in the Indian River
Lagoon, 2011-2012. St. Johns River Water Management District, Special Publication
2013-SP3. St. Johns River Water Management District, Palatka, Florida.

Phlips, E., Badylak, S., Lasi, M., Chamberlain, R., Green, W., Hall, L., et al. (2015). From red
tides to green and brown tides: Bloom dynamics in a restricted subtropical lagoon under
shifting climatic conditions. Estuaries Coasts 38, 886-904.

44



1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148

Phlips, E., Badylak, S., Nelson, N., & Havens, K. (2020). Hurricanes, El Nifio and harmful algal
blooms in two sub-tropical Florida estuaries: Direct and indirect impacts. Scientific
Reports 10, 1910. https://doi.org/10.1038/s41598-020-58771-4

Phlips, E., Badylak, S., Nelson, N., Hall, L., Jacoby, C., Lasi, M., Lockwood, J., & Miller, J.
(2021). Cyclical patterns and a regime shift in the character of phytoplankton blooms in a
restricted sub-tropical lagoon, Indian River Lagoon, Florida, USA. Frontiers in Marine
Science 8, 730934. https://doi.org/10.3389/fmars.2021.730934

R Core Team. (2020). R: A language and environment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing.

Reynolds, C. S. (2006). Ecology of Phytoplankton, Cambridge University Press, Cambridge,
UK

Rhodes, L., Haywood, A., Ballantine, W., & MacKenzie, A. (1993). Algal blooms and climate
anomalies in north-east New Zealand, August-December 1992. New Zealand Journal of
Marine and Freshwater 27, 419-430

Roca, G., Alcoverro, T., Krause-Jensen, D., Balsby, T., van Katwijk, M., Marba, N, et al. (2016).
Response of seagrass indicators to shifts in environmental stressors: a global review and
management synthesis. Ecological Indicators 63, 310-323.
https://doi.org/10.1016/j.ecolind.2015.12.007

Ross, M., Ruiz, P., Sah, J., & Hanan, E.. (2009). Chilling damage in a changing climate in coastal
landscapes of the subtropical zone: a case study from south Florida. Global Change
Biology 15, 1817-1832.

Schmidt, A., Wysmyk, J., Craig, S., & Lotze, H. (2012). Regional-scale effects of eutrophication
in ecosystem structure and services of seagrass beds. Limnology and Oceanography 57,
1389-1402.

Sfriso, A., Mistri, M., Munari, C., Buosi, A.,& Sfriso, A. (2020). Management
and exploitation of macroalgal biomass as a tool for the recovery of transitional
water systems. Frontiers in Ecology and Evolution 8:20.
https://doi.org/10.3389/fevo.2020.00020

SJRWMD. (2020. South Florida Water Management District Land Cover Land Use 2020
https://data-
floridaswater.opendata.arcgis.com/datasets/1a670e2a082342768ad51df948639434 0/exp
lore

Shayka, B., & Allgeier, J. (2025). A new conceptual model of tropical seagrass eutrophication:
Evidence for single nutrient management. Conservation Letters 18, e13133.
https://doi.org/10.1111/conl.13133

Sheng, Y., & Davis, J. (2003). Indian River Lagoon pollution load reduction
(IRLPLR) model development. Final Report to the St. Johns River Water Management
District, Volume 1: A 3-D IRL hydrodynamic/salinity model (UF-CH3D). St. Johns
River Water Management District, Palatka, Florida.

Sherwood, E., Greening, H., Johansson, J., Kaufman, K., & Raulerson, G. (2017). Tampa Bay
(Florida, USA): Documenting seagrass recovery since the 1980°s and reviewing the
benefits. Southeastern Geographer 57, 294-319. https://doi.org/10.1353/ sgo0.2017.0026.

Sicko-Goad, L., Schelske, C., & Stoermer, E. (1984). Estimation of intracellular carbon and
silica content of diatoms from natural assemblages using morphometric techniques.
Limnology and Oceanography 29, 1170-1178.

45



1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194

Sigua, G., & Tweedale, W. (2003). Watershed scale assessment of nitrogen and phosphorus
loadings in the Indian River Lagoon basin, Florida. Journal of Environmental
Management 67, 363-372.

Smayda, T. (1978). “From phytoplankters to biomass” in Phytoplankton Manual, ed. A. Sournia
(UNESCO, Paris), pp. 273-279.

Smayda, T. (2008). Complexity in the eutrophication-harmful algal bloom relationship, with
comment on the importance of grazing. Harmful Algae 8, 140-151.

Smith, N. (1987). An introduction to the tides of Florida’s Indian River Lagoon. I. Water levels.
Oceanographic Sciences. Florida Scientist. 50(1), 49-61.

Smith, N. (1993). Tidal and nontidal flushing of Florida’s Indian River Lagoon.

Estuaries 16, 739—746. https://doi.org/10.2307/1352432

Stafford, N., & Bell, N. (2006). Space competition between seagrass and Caulerpa prolifera
(Forsskaal) Lamouroux following simulated disturbances in Lassing Park, FL Journal of.
Experimental Marine Biology and Ecology 333, 40-57.

Stevens, P., Blewett, D., Boucek, R., Rehage, J., Winner, B., Young, J., et al. (2016). Resilience
of a tropical sport fish population to a severe cold event varies across five estuaries in
southern Florida. Ecosphere 7 (8), €01400.10.1002/ecs2.1400.

Steward, J., Virnstein, R., Morris, L., & Lowe, E. (2005). Setting seagrass depth, coverage, and
light targets for the Indian River Lagoon System, Florida. Estuaries 28, 923-935.

Steward, J., & Green, W. (2007). Setting load limits for nutrients and suspended solids based
upon seagrass depth-limit targets. Estuaries and Coasts 30, 657-670.

Stolte, W., & Riegman, R. (1996). A model approach for size-selective competition of marine
phytoplankton for fluctuating nitrate and ammonium. Journal of Phycology 32, 732-740.

Strathmann, R. (1967). Estimating the organic carbon content of phytoplankton from cell volume
or plasma volume. Limnology and Oceanography 12:p411-418.

Sun, J., & Liu, D. (2003). Geometric models for calculating cell biovolume and surface area for
phytoplankton. Journal of Plankton Research 25, 1331-1346.

Sun, M., Sun, J., Qiu, J., Jing, H., & Liu, H. (2012). Characterization of the proteomic profiles of
the brown tide Aureoumbra lagunensis under phosphate- and nitrogen-limiting conditions
and of its phosphate limitation-specific protein with alkaline phosphatase activity.
Applied Environmental Microbiology 78, 2025-2033.

Sunda, W. G., and D. Hardison. (2010). Evolutionary tradeoffs among nutrient acquisition, cell
size, and grazing defense in marine phytoplankton promote ecosystem stability. Marine
Ecological Progress Series 401, 63-76.

Swain, H., Breininger, D., Busby, D., Clark, K., Cook, E., Day, R., De Freese, D., et al. (1995).
Indian River Lagoon Biodiversity Conference, Introduction. Bulletin of Marine Science
57, 1-7.

Swarzenski, P., Martin, J. & Cable, J. (2001). Submarine ground-water discharge in upper Indian
River Lagoon. In U.S.G.S Karst Group Proceedings, ed. E. L. Kuniansky, Water
Resources Investigations Report 01-4011, 194-197.

Sweat, L., Alexander, H., Phlips, E., & Johnson. K. (2021). Mesozooplankton community
dynamics and grazing potential across algal bloom cycles in a sub-tropical estuary.
Frontiers in Marine Science 8:734270. https://doi.org/10.3389/fmars.2021.73427

Taplin, K., Irlandi, E., & Raves, R. (2005). Interference between the macroalga Caulerpa
prolifera and the seagrass Halodule wrightii. Aquatic Botany 83, 175-186.
https://doi.org/10.1016/j. aquabot.2005.06.003

46



1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240

Terrados, J., & Ros, J. (1992). The influence of temperature on seasonal variation of Caulerpa
prolifera (Forsskal) Lamouroux photosynthesis and respiration. Journal of Experimental
Marine Biology and Ecology 162, 199-212. https://doi.org/10.1016/0022-
0981(92)90201-K

Thompson, M. (1978). Species composition and distribution of seagrass beds in the Indian River
Lagoon, Florida. Florida Scientist 4, 90-96.

Trefry, J., & Fox, A. (2021). Extreme runoft of chemical species of nitrogen and phosphorus
threatens a Florida barrier island lagoon. Frontiers in Marine Science 8, 752945.
https://doi.org/10.3389/fmars.2021.752945

Tuya, F., Hernandez-Zerpa, H., Espino, F., & Haroun, R. (2013). Drastic decadal decline of the
seagrass Cymodocea nodosa at Gran Canaria (eastern Atlantic): Interactions with the
green algae Caulerpa prolifera. Aquatic Botany 105, 1-6.
https://doi.org/10.1016/j.aquabot.2012.10.006

Utermohl, H. (1958). Zur Vervollkommnung der quantitativen phytoplankton-methodik.
Mitteilungen Internationale Vereinigung fur Theoretische und Angewandte Limnologie 9,
1-38.

Verity, P., Robertson, C., Tronzo, C., Andrews, M., Nelson, J., & Stieracki, M. (1992).
Relationships between cell volume and the carbon and nitrogen content of marine
photosynthetic nanoplankton. Limnology and Oceanography 37, 1434-1446.

Valiela, 1., McClelland, J., Hauxwell, J., Behr, P., Hersh, D., & Foreman, K. (1997). Macroalgal
blooms in shallow estuaries: controls and ecophysiological and ecosystem consequences.
Limnology and Oceanography 42, 1105-1118.

Viaroli, P., Bartoli, M., Giordani, G., Naldi, M., Orfanidis, S., & Zaldivar, J. (2008). Community
shifts, alternative stable states, biogeochemical controls and feed backs in eutrophic
coastal lagoons: A brief overview. Aquatic Conservation in Marine and Freshwater
Ecosystems 18, S105-S117.

Virnstein, R., Nelson, W., Lewis III, F., & Howard, R. (1984). Latitudinal patterns in seagrass
epifauna: Do patterns exist, and can they be explained? Estuaries 7, 310-330.

Virnstein, R. (1995). Seagrass landscape diversity in the Indian River Lagoon, Florida: the
importance of geographic scale and pattern. Bulletin of Marine Science 57, 67-74.

Waycott, M., Duarte, C., Carruthers, T., Orth, R., Dennison, W., Olyarnik, S., et al. (2009).
Accelerating loss of seagrasses across the globe threatens coastal ecosystems.
Proceedings. National Academy of Science 106, 12377-12381.

Weisberg, R., & Zheng, L. (2006). Circulation of Tampa Bay driven by buoyancy, tides, and
winds, as simulated using a finite volume coastal ocean model. Journal of Geophysical
Research: Oceans. https://do1.org/10.1029/2005;c003067.

Wetz, M., Cira, E., Sterba-Boatwright, B., Montagna, P., Palmer, T., & Hayes, K. (2017).
Exceptionally high organic nitrogen concentrations in a semi-arid South Texas estuary
susceptible to brown tide blooms. Estuarine, Coastal and Shelf Science 188, 27-37.

Wetz, M., & Yoskowitz, D. (2013). An ‘extreme’ future for estuaries? Effects of extreme climate
events on estuarine water quality and ecology. Marine Pollution Bulletin 69, 7-18.
https://dx.doi.org/10.1016/j;.marpolbul.2013.01.020

White, C., & Snodgrass, J. (1990). Recent changes in the distribution of Caulerpa prolifera in
the Indian River Lagoon, Florida. Florida Scientist, 85—88.

Work, K., Havens, K., Sharfstein, B., & East, T. (2005). How important is carbon to planktonic
grazers in a turbid, subtropical lake? Journal of Plankton Research 27, 357-372.

47



1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261

Xu, H., McCarthy, M., Paerl, H., Brookes, J., Zhu, G. Hall, H., et al. (2021), Contributions of
external nutrient loading and internal cycling to cyanobacterial bloom dynamics in Lake
Taihu, China: Implications for nutrient management. Limnology and Oceanography 66,
1492-1509. https://doi.org/10.1002/Ino.11700

Xue, J., Yao, X., Zhao, Z., He, C., Shi, Q., & Zhang, L. (2021). Internal loop sustains
cyanobacterial blooms in eutrophic lakes: evidence from organic nitrogen and ammonium
regeneration. Water Research 206, 117724. https://doi.org/10.1016/j.watres.2021.117724.

Yuan, X., Glibert, P., Xu, J., Liu, H., Chen, M., Yin, K., & Harrison, P. (2012). Inorganic and
organic nitrogen uptake by phytoplankton and bacteria in Hong Kong waters. Estuaries
and Coasts 35, 325-334.

Zhang, W., Zhu, X., Jin, X., Meng, X., Tang, W., & Shan, B. (2017). Evidence for organic
phosphorus activation and transformation at the sediment—water interface during plant
debris decomposition. Science of the Total Environment 583, 458—465.
https://doi.org/10.1016/j.scitotenv.2017.01.103

Zhao, M., & Held, I. (2010). An analysis of the effect of global warming on the intensity of
Atlantic hurricanes using a GCM with statistical refinements. Journal of Climate 23,
6382-6393. https://doi.org/10.1175/2010JCL13837.1

Zuo, Z., Chen, L., Zhu, Y., Huang, Y., Li, F., & Xiao, X. (2025). Emerging threats of harmful
algal blooms to Seagrass blue carbon resources: Mechanism, ecological interactions, and
adaptive management strategies. Current Pollution Reports 11, 40.
https://doi.org/10.1007/s40726-025-00367-5

48



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

» PhlipsetallRLSupplementallnformation.docx


https://assets-eu.researchsquare.com/files/rs-11251382/v1/3240d943d3938582868c94a8.docx


  𝜙


  𝜈

