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Seagrasses are threatened worldwide due to anthropogenic and natural disturbances
disrupting the multiple feedbacks needed to maintain these ecosystems. If the
disturbance is severe enough, seagrass systems may undergo a regime shift to a
degraded system state that is resistant to recovery. In Florida Bay, Florida, United States,
two recent, large-scale disturbances (a drought-induced seagrass die-off in 2015 and
Hurricane Irma in 2017) have caused 8,777 ha of seagrass beds to degrade into a
turbid, unvegetated state, causing a large sediment plume. Using satellite imagery
digitization and long-term seagrass cover data, we investigate the expansion of this
sediment plume between 2008 and 2020 and the potential interaction of this sediment
plume with seagrass recovery in two focal basins in Florida Bay affected by the die-
off, Johnson and Rankin. The average size of the sediment plume increased by 37%
due to the die-off and Hurricane Irma, increasing from an average of 163.5 km? before
the disturbances to an average of 223.5 km?. The expansion of the plume was basin-
specific, expanding into Johnson after the 2015 seagrass die-off with expansive and
long-lasting effects, but only expanding into Rankin after Hurricane Irma with less severe
and short-term effects. Furthermore, the sediment plume was negatively correlated with
seagrass cover in Johnson, but held no relationship with seagrass cover in Rankin.
Thus, different disturbances can act upon seagrass ecosystems at varying scales
with varying consequences. This study illustrates the advantage of combining satellite
imagery with field data to monitor disturbances as well as highlights the importance of
investigating disturbances of seagrass ecosystems at various scales to comprehend
seagrass resilience in the context of future extreme events.

Keywords: seagrass, suspended sediment, disturbance, resilience, Florida Bay, Everglades, seagrass die-off,
Hurricane Irma
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INTRODUCTION

Seagrass communities are a vital part of coastal ecosystems
worldwide, providing many ecosystem services such as carbon
storage (Mcleod et al., 2011; Fourqurean et al., 2012; Duarte
et al., 2013), habitat for fish and other fauna (Gillanders, 2006;
Unsworth et al., 2019), sediment stabilization (Bos et al., 2007),
and primary production (Duarte and Chiscano, 1999). However,
seagrasses around the world are declining due to anthropogenic
and natural disturbances, threatening the balance of these shallow
water ecosystems (Orth et al., 2006; Waycott et al., 2009). One of
the main causes of seagrass decline is the disruption of natural
feedbacks that promote seagrass growth and sustenance (Duarte,
2002; Orth et al., 2006). Stabilizing feedbacks (i.e., negative
feedback loops) control seagrass ecosystems at multiple scales
(Maxwell et al, 2017; O’Brien et al, 2017), from supporting
mesograzer populations at the meter scale (Valentine and Duffy,
2006; Duffy et al.,, 2015) to genetic diversity at the ecosystem
scale (Procaccini et al., 2007; Reynolds et al., 2013). For example,
grazing by sea urchins results in the reduction of aboveground
seagrass biomass, which increases the predation pressure on sea
urchins. The predation pressure leads to a decrease in urchin
population, thus allowing for the seagrass to recover (Heck
and Valentine, 1995). External disturbances can result in the
disruption of one or more of these stabilizing feedbacks, creating
destabilizing feedbacks (i.e., positive feedback loops) that drive
seagrass decline (Nystrom et al., 2012; Maxwell et al., 2017;
O’Brien et al,, 2017). An example of a destabilizing feedback is
the decline of seagrass, which increases sediment resuspension
events. The water column becomes more turbid, which in turn
lowers the light available for photosynthesis and leads to further
seagrass loss and further sediment resuspension (Nystrom et al.,
2012; Maxwell et al., 2017; O’Brien et al., 2017; Figure 1).

How seagrass ecosystems respond to these external
disturbances is dependent upon the frequency and severity
of the disturbance (O’Brien et al, 2017). Strong, or frequent
disturbances can result in regime shifts, or a change from one
ecosystem state to another, at the spatial scale of the disturbance
(Nystrom et al., 2012; O’Brien et al., 2017). For example, removal
of seagrass due to propeller scarring changes the ecosystem state
within the width of the scar (often <1 m) from vegetated to
unvegetated. Without further disturbance, the seagrass recovers
within a year and reaches the original ecosystem state within
6 years (Dawes et al., 1997; Kenworthy et al., 2002). However,
if the disturbance is severe or frequent enough, ecosystems can
become locked into a degraded state through the creation of
new stabilizing feedbacks. If the destabilizing feedback loops are
strong enough, the system will experience a lag in recovery (i.e.,
hysteresis) and may enter an alternative stable state (Scheffer
et al., 2001; Beisner et al., 2003; Petraitis et al., 2009; Nystrom
etal., 2012).

Seagrass ecosystems are particularly vulnerable to changes
into alternative stable states due to the number and strength
of feedbacks within these systems (Maxwell et al., 2017). One
example of the long-term impact that hysteresis can have on
a seagrass ecosystem is the Dutch Wadden Sea (Schefter et al,,
2001; van der Heide et al., 2007). The construction of a large

dam and a seagrass wasting disease in the 1930s resulted in the
collapse of large eelgrass (Zostera marina) meadows, which led
to an unvegetated, turbid alternative stable state that still persists
despite restoration efforts (van Katwijk and Hermus, 2000; van
Katwijk et al., 2000; van der Heide et al., 2007). Unfortunately,
the number of coastal ecosystems experiencing shifts to degraded
alternative stable states has risen since the mid 20th century
(Duarte et al., 2009; Carstensen et al., 2011; Maxwell et al., 2017).
Proper management of coastal ecosystems, specifically seagrass
ecosystems, requires more information on the causes and impacts
of such regime shifts.

Florida Bay, the estuary between the Florida mainland and the
Florida Keys, has a long history of anthropogenic and natural
disturbances, including the reduction of freshwater inputs from
water management practices, altered water circulation associated
with the completion of the Flagler Over-Sea Railroad in 1912,
and a number of hurricanes and tropical storms (Fourqurean
and Robblee, 1999). Such disturbances have resulted in a reduced
exchange between Florida Bay and the Atlantic Ocean, increased
water residence time, changes in water circulation patterns,
higher salinities, more frequent algal blooms, and decreased
seagrass diversity (i.e., an increase in Thalassia testudinum-
dominated communities, Rudnick et al., 2005; Madden et al.,
2009). A combination of high bottom water temperatures,
hypersalinity and prolonged bottom water anoxia caused a large-
scale seagrass die-off between 1987 and 1991 that affected 27,000
ha of T. testudinum, and led to loss of submerged aquatic
vegetation (SAV) coverage, increased water column production
and turbidity, and trophic shifts (Robblee et al., 1991; Fourqurean
and Robblee, 1999). After nearly a decade of persistent algal
blooms, the system required an additional 6-10 years to return
to pre-die-off levels of T. testudinum coverage (Hall et al., 2016).
However, a second drought-induced seagrass die-off occurred
in 2015, leading to another potential regime shift (Hall et al,
2016; Figure 2). The region was disturbed again in 2017, when
Hurricane Irma passed through Florida Bay as a category 4
hurricane, impacting areas of Florida Bay and the Florida Keys
(Wilson et al., 2020; Figure 2). Large and frequent disturbance
events such as these could induce a state of turbidity that
influences the growth and stability of seagrass habitats (Figure 1).

In this article, we describe the expansion of a heretofore
undocumented sediment plume in the western region of Florida
Bay in relation to these two recent disturbances: the 2015
seagrass die-off and Hurricane Irma in 2017. Furthermore,
we investigate the potential interaction of the sediment plume
with seagrass recovery. Using a remote sensing approach, we
addressed the following questions: (a) To what extent did the
sediment plume expand after each of the two disturbances (pre
vs. post comparisons)? (b) Which disturbance had a greater effect
on the expanse of the plume? and (c) Is there an interaction
between sediment plume coverage and changes in seagrass cover?
We addressed these questions by delineating changes in plume
extent over 2008-2020 and in relation to the timing of the two
disturbances using satellite imagery. We then compared changes
in plume extent relative to long term seagrass cover data across
two focal basins of interest, Johnson and Rankin, both affected
and undergoing recovery from the 2015 seagrass event. Based
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FIGURE 1 | Conceptual diagram illustrating the turbidity feedback loop within Florida Bay seagrass ecosystems. Two large disturbances (a 2015 seagrass die-off
and the 2017 Hurricane Irma) caused a reduction in seagrass cover, which increased sediment mobility and thus, the amount of sediment in the water column,
which in turn decreased light penetration while increasing turbidity and burial (Figure adapted from Nystrom et al., 2012).

on these data, we discuss the potential impact of this expanding
sediment plume on seagrass communities throughout Florida
Bay and what to expect in the future.

MATERIALS AND METHODS

Study Site

Florida Bay is the largest estuary in Florida (2,200 km?), located
at the southern end of the Florida peninsula and of Everglades
National Park (ENP, Figure 2). The bay consists of a patchwork
of shallow interconnected basins (1-2 m depth), mud banks
(<0.5 m depth), seagrass meadows, mangrove islands, and
narrow tidal channels. Florida Bay has restricted water exchange
and high residence time, which can make regions of the bay
prone to hypersalinity (Nuttle et al., 2000; Rudnick et al., 2005).
Importantly, Florida Bay has undergone major changes over the
past century as a result of anthropogenic impacts associated with
the construction of the railroad across the Florida Keys and
drainage and impoundment of freshwater wetlands upstream
(Fourqurean and Robblee, 1999), resulting in increased salinity,
decreased water exchange, and changes in benthic macrophyte
communities (Rudnick et al., 2005; Madden et al., 2009).

Today, a large portion of Florida Bay functions as a reverse
estuary with chronic hypersalinity conditions prevailing in the
north-central part of the bay during the low precipitation and
freshwater inflow periods of the dry season (December-May;

Kelble et al., 2007). Relative to historical conditions, freshwater
flows have been reduced by 60%, with nearshore present-day
salinities being 5-20 ppt higher than pre-drainage (Marshall et al.,
2009). These conditions make the bay vulnerable to drought
events, which in 1987 and 2015 resulted in massive seagrass
die-off events, affecting approximately 30% of the bay (Zieman
et al., 1999; Hall et al., 2016). Two basins, Johnson and Rankin,
were chosen as focal basins for this study because they are
located in the north-central part of the bay affected by the 2015
die-off, and because long long-term seagrass cover monitoring
data exists, which are useful to examine recovery trends (Hall
et al., 2016; Figure 2). Additionally, the basins were affected by
Hurricane Irma, which passed through Florida Bay as a category
4 hurricane in September 2017, disturbing benthic communities
and significantly altering the circulation of water in the bay
(Liu et al., 2020).

Satellite Imagery Processing

LandSat imagery from three LandSat missions (LandSat 5,
LandSat 7, and LandSat 8)' were used to map the sediment plume.
LandSat satellites are a very popular tool in coastal mapping
due to a relatively short revisit rate (2 weeks), high resolution
(30 m), long time series (LandSat 5 was launched in 1985), and
availability. LandSat satellites collect data in 7 bands across the
visible and infrared spectrums. Two LandSat images per year

Thttps://landsat.gsfc.nasa.gov
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FIGURE 2 | (A) Map of Florida Bay showing the location of our two study basins (Rankin and Johnson), the extent of the 2015 seagrass die-off, and the track of
Hurricane Irma in 2017. Everglades National Park is denoted by green shading. Extent of the sediment plume overlaid over satellite imagery shows the (B) smallest
(119.6 km?; 10/03/2009), and (C) largest plume areas (249.2 km?; 11/29/2018) observed in the study.

from 2008 to 2020 were used to map the plume expansion
for a total of 24 images. 2008 was chosen as the early cutoff
since it matches the time series of total seagrass cover data
provided by the Florida Fish and Wildlife Commission Fish and
Wildlife Research Institute (FWC-FWRI). Google Earth Engine,
an online coding platform, was used to process each satellite
image (Gorelick et al., 2017). Google Earth Engine is a popular
tool for seagrass mapping at regional scales due to its availability,
ease of use, and batch processing that allows multiple satellite
images to be analyzed at once (Lyons et al., 2012; Zhang et al,,
2019; Wang et al., 2020).

Atmospherically and geometrically corrected LandSat images
(courtesy of the U.S. Geological Survey) were loaded into Google
Earth Engine to mask clouds, land, and shallow banks. Masking
each image removes the areas of the satellite image that are not
the focus of the study. Images were chosen based on a visual
inspection of cloud cover, where images needed to have less
than 10% cloud cover to be considered. Clouds were masked via
the U.S. Geological Survey (USGS) quality assessment algorithm,
which uses the CFMask algorithm (Foga et al., 2017) to calculate
pixels with cloud cover and shadow. Land and shallow banks
were masked using a Florida Bay Basin shapefile provided by
FWC-FWRI (Figure 3A). Banks were masked due to the lack
of seagrass data and difficulty of differentiating sediment plume
from bottom. Masked LandSat images were downloaded from

Google Earth Engine, keeping the bands in the visible and near-
infrared spectrums.

Sediment Plume Delineation
The areal extent of the sediment plume was delineated using
manual digitalization. Manual digitization, also known as photo
interpretation, has been used in coastal mapping for many
decades (Roelfsema et al., 2009) and continues to be a popular
method of coastal ecosystem mapping (Sherwood et al., 2017).
Manual delineation was used in this study due to a lack of field
training data as well as the presence of optically similar areas
(i.e., sandy bottom vs. sediment plume). Two image interpreters
were trained to delineate two classes: sediment plume with no
light penetration (i.e., the bottom was not visible) and sediment
plume with some light penetration (i.e., the bottom was visible;
Figure 3B). Algal blooms within our area of study were not
delineated. Accuracy assessment was performed by comparing
delineations from 2017 to 2020 with turbidity measured from
grab samples taken within the area of the plume by ENP.
A turbidity measurement of >8 NTU was considered turbid,
corresponding to an average Secchi depth of less than 1 m (Effler,
1988).

To aid in delineation, approximate suspended sediment
concentration (SSC) was mapped using the algorithm developed
in Islam et al. (2001). This algorithm assumes a linear relationship
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FIGURE 3 | lllustration of the methods employed in this study. LandSat images were loaded into Google Earth Engine and (A) masked to remove clouds, land, and
shallow banks. (B) The masked satellite images and an approximate suspended sediment concentration (SSC) map were downloaded used for sediment plume
delineation. (C) A total of 24 images were delineated from 2008 to 2020, GAMs were used to model the expansion of the plume, breakpoint analysis was used to
determine a significant change in sediment plume size while ANOVAs and correlation analysis were used to determine the impact of the sediment plume on seagrass

2008

GAM
Breakpoint analysis
ANOVA
Correlation

between the red band and the sediment concentration and was
chosen because it best visually represented the sediment plume in
Florida Bay out of several algorithms considered by Pereira et al.
(2019). This study utilized delineation instead of an algorithm
derived from satellite data to map the sediment plume because
the goal of this study was to map the extent of the plume, not SSC.
Furthermore, the shallow waters and algal blooms within Florida
Bay make isolating a sediment plume difficult and require an
algorithm to be derived from extensive field sampling, which was
not available for this study. Future work will focus on building
upon the work done by Hajigholizadeh and Melesse (2017) to
create an algorithm and threshold that maps the sediment plume
within Florida Bay.

Seagrass Cover

Seagrass data was obtained from the Fish Habitat Assessment
Program (FHAP), established through the Comprehensive
Everglades Restoration Plan’s (CERP) Restoration, Coordination
and Verification (RECOVER) program to “provide information
for the spatial assessment and resolution of inter-annual
variability in seagrass communities, and to establish a baseline
to monitor responses of seagrass communities to water
management alterations associated with CERP activities” (Hall
et al., 2016; Hall and Durako, 2019). Monitoring for FHAP is
conducted once a year in May-June (with the exception of 2015
when monitoring occurred after the die-off in November) at
30 sites within 17 basins across Florida Bay. At each site, eight
0.5 x 0.5 m quadrats are deployed and benthic macrophyte cover
is quantified using the Braun-Blanquet (BB) method (Hall et al.,

2016). The BB method is a rapid and highly repeatable visual
assessment technique that has been employed in Florida Bay for
over two decades (Fourqurean et al., 2001; Furman et al., 2018).
The scoring system is as follows: 0 = no presence, 0.1 = 1 shoot,
0.5 = less than 5 shoots, 1 = many shoots but <5% cover, 2 = 5-
25% cover, 3 = 25-50% cover, 4 = 50-75% cover, 5 = 75-100%
cover. The BB score for total seagrass is then averaged for each
site. Our study utilized 30 sites in Johnson Basin and 30 sites
in Rankin Basin surveyed each year for a total of 720 seagrass
measurements. To determine the relationship between seagrass
cover and sediment plume extent, the total seagrass cover from
the 30 sites within each basin was averaged to create one BB score
per year for each basin.

Data Analyses

To determine the extent of the sediment plume and how it
changed over time, the two classes were combined and the area
of the plume was calculated for each time step (Figure 3C).
A Generalized Additive Model (GAM) was used to model plume
size across years using the R package “mgcv” (Wood, 2017). Two
models were run in preliminary analyses: one with seasonality
and one without seasonality to determine whether seasonality
was a significant driver of plume size. A breakpoint analysis was
run to determine years in which plume size significantly changed
over the 12 years.

In order to relate plume extent to changes in seagrass cover,
plume expansion and contraction within Johnson and Rankin
Basins were investigated. Shapefiles of Rankin and Johnson were
used to determine the proportion of each basin the plume covered
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within each image. A breakpoint analysis was also run on the
Rankin and Johnson Basin time series individually to identify the
years in which the plume coverage within each basin significantly
changed. For all of the breakpoint analyses, the optimal number
of breakpoints in the data was determined by the minimum
Bayesian Information Criterion (BIC; Bai and Perron, 2003).
Breakpoint analyses were done with the R package “strucchange”
(Zeileis et al., 2002, 2003).

In order to examine the interaction of plume expansion and
seagrass cover, an analysis of variance (ANOVA) was used to
test for differences in the proportion of each basin covered
by the sediment plume and seagrass cover before and after
the breakpoints between each basin. A Tukey’s HSD was run
to identify which time periods significantly differed. Pearson’s
correlation tests were run to test the relationship between
the proportion of each basin covered by the sediment plume
and seagrass cover. Only spring images (n = 12, includes the
November measurement after the seagrass die-off) were included
in the seagrass ANOVA and correlation analyses since seagrass
cover was only monitored once a year in May-June. ANOVA and
correlation analyses were done in R v 4.0.3 (R Core Team, 2020).

RESULTS

Accuracy of Sediment Plume Delineation
The areal extent of the sediment plume in western Florida Bay
increased over the period of the study (2008-2020). At its largest,
the sediment plume covered an area of 249.2 km?, increasing
108% from a minimum of 119.6 km? during the period of
observation (Supplementary Table 1). The overall accuracy of
satellite imagery plume delineations tested with grab samples
over 2017-2020 was 80.5% (Table 1). However, the majority
(69.2%) of that error was due to lower turbidity measurements
in the deeper, southern portion of our study area (around
Rabbit Key Basin), where the bottom can be obscured by lighter
sediment loads due to depth. The overall accuracy increased to
93.1% when the deeper, southern area was excluded from the
accuracy assessment.

Sediment Plume Expansion Across the
Study Area

When considering the full spatial extent of the study, we
observed a significant, non-linear increase of the plume over the
period examined. The GAM results found that yearly variation

TABLE 1 | Summary of accuracy assessment of images from 2017 until 2020
using grab sample data provided by ENP.

Date Correct Total Accuracy
11/26/2017 13 15 86.6%
2/14/2018 10 13 76.9%
2/17/2019 1 13 84.6%
6/25/2019 11 13 84.6%
2/4/2020 9 13 69.2%
Total 54 67 80.6%

significantly affected the size of the plume, explaining 63% of
the deviance, and found no evidence of variation as a function
of season (e.g., fall vs. spring satellite images; Figure 4 and
Table 2). We detected a breakpoint in the sediment plume
coverage of the region in November 2016 (95% CI: September
2015-February 2018; Table 3). This date straddled the Fall 2015
seagrass die-off and the Fall 2017 hurricane Irma. The average
size of the sediment plume before the breakpoint was 163.5 km?
(£26.8 km?), which increased to 223.5 km? (£19.9 km?) post-
breakpoint-a 37% increase in area.

Basin Specific Responses to
Disturbances and Sediment Plume
Coverage

When considering our focal basins, Johnson and Rankin, we
found differences in the magnitude, timing and duration of effects
of the sediment plume. Both basins exhibited breakpoints, but
the breakpoint was earlier, and resulted in more severe and
longer lasting effects in the western basin, Johnson (Figure 5). An
ANOVA conducted on the proportion of the basins covered by
the plume, showed a significant basin and breakpoint interaction,
with both Johnson and Rankin having a significantly higher
proportion of basin covered by the plume after the change
point compared to before (Tukeys HSD < 0.05; Figure 6A
and Table 4). In Johnson, there was a breakpoint in March
2015 (95% CI: October 2014-September 2015; Figure 5 and
Table 3), and sustained high sediment coverage through the last
data point in the time series. Before the breakpoint, an average
of 11.6% (£10.8%) of Johnson was covered by the sediment
plume while 78.6% (£13.4%) of Johnson was covered by the
plume after the breakpoint (Figure 6A). In contrast, for Rankin,
there were two breakpoints. The first breakpoint was February
2017 (95% CI September 2015-November 2017), and the second
was November 2018 (95% CI February 2018-February 2020;
Figure 5 and Table 4). Here, 0% of Rankin was covered by
the plume before the first breakpoint, while 22% (£21%) was
covered by the plume after the first breakpoint (Figure 6A). The
second breakpoint in Rankin represents a sediment contraction,
indicating the short term effects in this basin, and thus, was not
considered in further analyses.

Interaction Between Sediment Plume
Coverage and Changes in Seagrass
Cover

Along with differences in the extent of the sediment plume,
we also found differences in seagrass cover between basins, and
a basin-specific interaction between plume extent and seagrass
cover. For seagrass cover, the interaction between basin and
before and after the change point was significant (Table 4).
Seagrass cover in Johnson basin decreased significantly after its
March 2015 breakpoint (Tukey’s HSD < 0.05; Figure 6B and
Table 4). The average BB score in Johnson dropped from 3.6
(£0.34; approximately 60% cover) to 2.5 (40.38; approximately
35% cover) after the breakpoint. In contrast, we found no
change in seagrass cover as a function of its February 2017
breakpoint in Rankin. The average BB score of Rankin before
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FIGURE 4 | Temporal trend in the sediment plume size in Florida Bay between 2008 and 2020. The black line shows the fitted GAM model and 95% confidence
interval (gray shaded area). The vertical red line shows the breakpoint in sediment plume size, with its 95% confidence interval (red shaded area). The vertical green
line represents the 2015 seagrass die-off and the vertical blue line represents Hurricane Irma.

the breakpoint was 2.7 (£0.61; approximately 40% cover) and
was 2.8 (£0.05; approximately 45% cover) after the breakpoint.
Further, in Johnson, there was a negative correlation between the
proportion of basin covered by the sediment plume and seagrass
cover (r = —0.75, p = 0.005; Figure 6C). There was no correlation
between the proportion of basin covered by the sediment plume
and seagrass cover in Rankin (r = 0.05, p = 0.88; Figure 6C).

DISCUSSION

Anthropogenic and natural disturbances have jointly contributed
to the degradation of seagrass habitats worldwide, including
in Florida Bay, which have resulted in two drought-induced
seagrass die-offs (Fourqurean and Robblee, 1999; Hall et al.,

TABLE 2 | Generalized additive models (GAM) used for the temporal assessment
of sediment plume size.

Term edf Ref.df F p Deviance AIC
explained
(a) Date Date 43 53 5.8 0.002* 62.8 229.8
(o) Date and ~ Date*Fall 22 28 7.3 0.002* 59.5 230.5
Season
Date*Spring 1.4 1.7 3.5 0.04*

Two models were fitted: (a) without seasonality and (b) with seasonality. Models
were based on a log link function. Shown are the smooth term effective degrees
of freedom (edff), the test statistic of the model smooth terms (F), and the p-values
for the null hypotheses that each smooth term is zero (p). Percentage deviance
explained and Akaike information criterion (AIC) of the GAMS were used to
determine the best model.

Significant values are denoted with *.

2016). The most recent seagrass die-off occurred in 2015, causing
a potential localized regime shift from a densely vegetated
state to a turbid, non-vegetated state (Hall et al., 2016; Hall
and Durako, 2019). The system was further perturbed when
Hurricane Irma passed over Florida Bay in 2017. In this paper,
we describe evidence based on remote sensing and field data
of how an expansion of a sediment plume in the western
region of Florida Bay resulted from these two disturbances.
Overall, we saw a 37% average increase in sediment plume area
as the plume expanded eastward post the 2015 die-off (time
series breakpoint is November 2016), with peak sediment values
reached post Hurricane Irma. The expansion of the plume into
individual basins was dependent on the scale and location of
the disturbance, expanding in Johnson soon after the die-off but
only expanding into Rankin after Hurricane Irma. Further, the
effect of the plume in Rankin was smaller and shorter lasting
than the more expansive and persistent effects in Johnson. We
also investigate the potential interaction of this sediment plume
expansion with seagrass, which we found to be basin specific.
The sediment plume was negatively related to seagrass cover
in the more and earlier impacted Johnson basin while had no
relationship in Rankin due to the recovery of seagrass before the
sediment plume reached Rankin.

How a system responds to a disturbance is spatially explicit,
dependent on the spatial scale (Norkko et al., 2006; Dumbrell
et al., 2008) and intensity of a disturbance event (Platt and
Connell, 2003; Miller et al., 2011). This is especially true in coastal
ecosystems, where different levels of exposure to a disturbance
result in a spatial gradient of effects on community composition
and function (Fonseca and Bell, 1998; Fonseca et al., 2008; Santos
and Lirman, 2012). For example, Stipek et al. (2020) found
that seagrass beds closer to pulses of freshwater experienced
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TABLE 3 | Breakpoint analysis used to determine significant changes in sediment plume size.

F P 1st breakpoint (95% CI) 2nd breakpoint (95% ClI) BIC 1 break BIC 2 breaks BIC 3 breaks
(a) Sediment plume area 27.7 <0.001*  11/2016 (09/2015-02/2018) NA 60.2 63.2 65.5
(b) Proportion of Johnson covered  161.55 <0.001*  03/2015 (10/2014-09/2015) NA 28.9 33.4 38.2
(c) Proportion of Rankin covered 171 <0.001*  02/2017 (09/2015-11/2017)  02/2017 (09/2015-11/2017) 66.0 54.6 60.1

Three analyses were run: (a) the whole sediment plume area, (b) the proportion of Johnson Basin covered by the sediment plume, and (c) the proportion of Rankin Basin
covered by the sediment plume. Shown are the test statistic of the significance of the breakpoint (F), the approximate p-values for the null hypothesis that there is no
breakpoint (p), and the location of the breakpoint(s). Bayesian information criterion (BIC) was used to determine the number of significant breakpoints.

Significant values are denoted with *.
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FIGURE 5 | Temporal trend in the proportion of (A) Johnson, and (B) Rankin basins covered by the sediment plume. The blue lines represent the trend before the
breakpoint while the red lines represent the trend after the first breakpoint. Breakpoints are shown by vertical black lines with 95% confidence interval in gray shading.

higher fragmentation rates and higher mortality of small seagrass
patches. In our study, the expansion of the sediment plume in
response to the seagrass die-off and Hurricane Irma was also
spatially explicit due to the unique hydrological dynamics of
Florida Bay. Both disturbances contributed to the expansion of
the sediment plume, but at different spatial scales. We expected
high sediment mobilization after the seagrass die-off due to
the loss of the mechanisms that promote sediment stabilization
in densely covered SAV habitats (Fonseca and Fisher, 1986;
Nystrom et al., 2012). Even though the sediment was more easily
mobilized after the seagrass die-off, the low water movement
within the system, due to restricted water exchange and high
residence time (Nuttle et al., 2000; Rudnick et al., 2005), may
explain why the plume did not expand immediately after the
die-off into certain areas of the Bay, such as in Rankin.
Hurricane Irma was a bay-scale disturbance that drastically
moved water throughout the estuary, and the combination of the
water movement and increased sediment mobility likely led to the
expansion of the sediment plume to its largest extent (Liu et al.,
2020). The different spatial extent and location at which the two
disturbances acted created a spatially explicit gradient in their
effects, as seen by the differences in the timing of breakpoints
between basins. Early during the study period, Johnson was on

the eastern border of the sediment plume (Figure 2). There was
a breakpoint in the proportion of Johnson covered with the
sediment plume that corresponded with the seagrass die-oft. This
was not the case for Rankin, which is located east of Johnson,
where the sediment concentration before the disturbances was
zero. The sediment plume in Rankin was ephemeral, increasing
in size after Hurricane Irma in 2017 but exiting Rankin in 2019.
The timing of disturbances also plays a role in determining
effects on an ecosystem (Miller et al., 2011; Santillan et al.,
2019). In Florida Bay, Johnson Basin became turbid due to the
sediment plume right after the 2015 seagrass die-off while the
sediment plume did not migrate to Rankin Basin until 2017.
The difference in timing between when each basin experienced
the sediment plume may have affected seagrass recovery. Both
Johnson and Rankin lost most of their T. testudinum cover in
the drought-induced seagrass die-off in 2015 (Hall et al., 2016;
Hall and Durako, 2019). Since both systems were T. testudinum-
dominated before the die-off, the loss of this species resulted in
a severe reduction to the total seagrass cover as well. However,
recovery trajectories differ between the two basins (Hall and
Durako, 2019; McDonald et al.,, 2020). Total seagrass cover,
dominated by Halodule wrightii (a pioneer species), recovered
to near pre-die-off levels in Rankin within 2 years, whereas
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the following equation: y = —1.4x + 3.7.

A 1.001 B
4.0

8 0
2 3 35
- m
£ m
b2 =
5 0.501 © 30
"6 . 8 —
C
.0 7 25
= g
80.25 . ®

0}
a . 20

° L]
0.001 15 .
Before After Before After
B8 Johnson E3 Rankin
C
°
40
o
o
o
»n 3.5
om
o
© 3.0
>
o
o
925
g
o
3
] 2.0
A °
1.5 -
0.00 0.25 0.50 0.75 1.00

Proportion of basin covered
® Johnson £ Rankin

FIGURE 6 | Summary of ANOVA and correlation analyses. (A) Mean proportions (and 95% confidence intervals) of Johnson and Rankin Basins covered by the
sediment plume before and after the breakpoints. (B) Mean (and 95% confidence interval) Braun-Blanquet seagrass cover in Johnson and Rankin before and after
the breakpoints. (C) Relationship between the proportion of each basin covered by the sediment plume and the mean seagrass cover of each basin shown
separately by basin, showing the significant regression line for Johnson Basin. Linear regression model shown for Johnson Basin has an R? value of 0.55 following

Johnson continues to lose T. testudinum and was not being
recolonized by H. wrightii until 2020 (McDonald et al., 2020).
This difference in seagrass recovery may be due to the high
proportion of the Johnson covered by the sediment plume that
occurred immediately after the die-off.

Several factors acting at various spatial and temporal scales
influence seagrass recovery after a disturbance. In Tampa Bay,
water clarity was the main driver preventing seagrass recovery
(Greening et al,, 2011), while genetic material was the limiting
factor in the recovery of seagrass in Shark Bay, Australia
(Nowicki et al., 2017). The sequence of events (die-off > plume
extent > lack of SAV recovery) in Johnson suggests that the

seagrass seascape in Johnson entered into a feedback cycle of
degradation between seagrass cover and turbidity, preventing
recovery (Figure 1). This cycle is common within degraded
seagrass habitats and does not allow for seagrass to recover,
which is evident in Johnson. A similar pattern occurred in
seagrass beds near the Great Barrier Reef, where sediment
plumes from dredging prevented the establishment of seagrass
(York et al., 2015).

Persistent algal blooms and proximity to freshwater
inflows may also play a factor in reducing light penetration
and preventing seagrass recovery in Florida Bay. Central
Florida Bay experiences seasonal algal blooms originating
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from  anthropogenically altered freshwater  deliveries
(Boyer et al., 2009; Briceno and Boyer, 2010) and large-scale algal
blooms brought on by tropical storms and hurricanes (Glibert
et al., 2009; Wahl, 2019). The seagrass die-off in the late 1980’
exacerbated algal blooms in this region, leading to negative
effects on seagrass recovery (Robblee et al., 1991; Fourqurean and
Robblee, 1999). However, Hall et al. (2021) found no evidence of
algal blooms depleting sources of seagrass recruits after the 1980’s
die-off. Furthermore, freshwater inflows may be affecting the
recovery of seagrass within Florida Bay. H. wrightii, the pioneer
seagrass species, is favored over T. testudinum in lower salinity
conditions (Herbert et al., 2011). Rankin Basin is located closer
to freshwater inflows than Johnson Basin. Therefore, higher
freshwater inflows and lower salinities in Rankin Basin may have
contributed to a more rapid recovery. Further research is needed
to determine the variables affecting seagrass recovery within
Florida Bay, especially considering the hydrodynamics drivers
that interactively influenced seagrass physiology, productivity
and patch formation.

While Johnson Basin experienced high turbidity from the
sediment plume right after the die-off, suspended sediment
associated with the sediment plume did not reach Rankin until
2 years later. This delay in disturbance may have allowed Rankin
to begin recolonizing the benthos as illustrated by the recovery of
seagrass cover (by mostly H. wrightii) to a BB score of 2.5 before
the sediment plume entered Rankin. Recolonization followed
traditional models of SAV succession, wherein macroalgae
colonize the bare sediment and then H. wrightii replaces the
macroalgae (Den Hartog, 1979; Zieman, 1982). Due to the
known function of seagrass habitats for sediment stabilization
and deposition in coastal environments (Bos et al., 2007), we
hypothesize that the establishment of H. wrightii within Rankin
helped stabilize the sediment. Therefore, when Hurricane Irma
expanded the plume into Rankin, the system exhibited resistance
to the increase in turbidity and prevented the shift into the
degrading feedback loop shown in Figure 1. Furthermore, the
wind may have played a role in reducing the impact of the
sediment plume in Rankin. Southern Florida experiences strong
easterly winds in fall and winter (Klink, 1999), which may have
aided in removing the plume from Rankin after a couple of years.

Western Florida Bay, including Johnson, faces a more difficult
road to recovery. The sediment plume expanded into this region

TABLE 4 | Analysis of variance (ANOVA) used to determine significant differences
in (a) proportion of basin covered and (b) seagrass cover between basin and
before and after the breakpoint.

Variable F1 144 P
(a) Proportion of basin covered Basin 73.2 <0.001*
Break 150.8 <0.001*
Basin*Break 32.8 <0.001*
(b) Seagrass cover Basin 4.3 0.051
Break 6.7 0.018*
Basin*Break 7.2 0.014*

Shown are the variable tested (Variable), test statistic of the significance (F), the
approximate p-values for the null hypotheses that there is no difference (p).
Significant values are denoted with *.

right after the 2015 die-off, preventing any SAV recovery and
driving the system into a turbid alternative state that persisted
through 2020 in our study. Recovery of seagrass after the die-
off in the late 1980’ might present a solution that includes
light availability and time. Stumpf et al. (1999) mapped albedo
throughout Florida Bay before and after the first seagrass die-
off. They found that sediment expanded into the western region
starting in 1988 and persisted through 1997 (the duration of
their time series), but lost intensity beginning in 1996. Once
this loss in intensity (reduction in turbidity) reaches a certain
threshold, benthic macroalgae can start recolonizing an area.
Benthic macroalgae only need approximately 8-10% of surface
irradiance to grow (Choice et al.,, 2014). Therefore, time may
be the only factor required for sediment settlement to occur,
reducing turbidity and increasing benthic light intensity to the 8-
10% threshold needed for macroalgae recolonization. Macroalgae
recolonization then has the potential to create a beneficial
feedback loop, leading to increased sediment stabilization.
If there is a source of seagrass genetic material available
(seed reserve or connectivity to clonal sources), the sediment
stabilization may result in seagrass recovery in Johnson and the
rest of western Florida Bay (Austin et al., 2017). Florida Bay
returned to pre-die-off conditions by 2012 (Hall et al., 2016),
illustrating that the system can undergo the lengthy (15 years)
recovery process. But it is unknown whether there are enough
sources of seagrass, and instead active restoration techniques
may be required.

Climate change presents seagrass meadows with an additional
set of disturbances, which have various impacts on seagrass
distribution and productivity (Short and Neckles, 1999; Duarte
et al, 2018). Increased temperature will lead to species
distribution changes (Carlson et al., 2018; Duarte et al., 2018),
ocean acidification will impact seagrass metabolism (Apostolaki
et al., 2014; Zimmerman, 2020), and sea level rise will cause
dynamic changes in seagrass areal extent (Albert et al., 2017).
How these factors will interact with the current conditions
within Florida Bay and the impact climate change will have
on seagrass ecosystems is unknown (but see Browder et al,
2002; Carlson et al., 2018; Penalver et al., 2020). Therefore, it
is vital to focus on the resilience (the ability to persist after
external disturbances; Holling, 1973; Coté and Darling, 2010)
of seagrass within Florida Bay. A healthy ecosystem requires
conditions that build resilience in order to withstand multiple
disturbances at different spatial scales (Costanza and Mageau,
1999; Standish et al., 2014; Gladstone-Gallagher et al., 2019).
Considering recent events, increased resilience of Florida Bay
seagrasses is vital to maintain the various ecosystems services
that they provide. However, increasing resilience within seagrass
systems requires knowledge of parameters, such as genetic
and species diversity, trophic interactions, water quality, and
connectivity with other coastal systems that drive habitat stability
and the ability to recover from compounded disturbance effects
(Unsworth et al., 2015). Therefore, further monitoring of how
extreme disturbances impact the structure and function of
seagrass ecosystems is needed.

Seagrasses around the world are declining due to
anthropogenic and natural disturbances disrupting natural
feedbacks that promote seagrass growth and sustenance. Our
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study demonstrates the usage of long-term seagrass monitoring
and remote sensing to investigate how two disturbances may
interact to impact seagrass ecosystems at multiple scales. We
found that a sediment plume may be a contributing factor in
preventing seagrass recovery in Florida Bay after a large-scale
seagrass die-off and a hurricane. Given that seagrass beds provide
many ecosystem services such as carbon sequestration, habitat for
fish and other fauna, and sediment stabilization (Bos et al., 2007;
Fourqurean et al., 2012; Unsworth et al., 2019), more information
is needed to increase seagrass resilience against impacts of future
extreme events such as hurricanes and droughts.
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