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Abstract

Although seagrass ecosystems are valued for the services they provide, anthropogenic impacts have led to global declines in
seagrass area. South Florida harbors one of the most extensive and iconic seagrass landscapes in the world, but historic sea-
grass losses appeared to threaten their integrity. The establishment of the Florida Keys National Marine Sanctuary (FKNMS)
in 1995 created a benthic community and water quality monitoring network to aid management efforts. With this study, we
report on the status and trajectories of benthic communities in South Florida using 25 years of monitoring data. Overall,
most of our permanent monitoring sites maintained stable benthic communities over the period of observation. However,
for areas that did experience decline, we identified mechanisms for loss of the climax seagrass Thalassia testudinum in
the FKNMS with no or only partial recovery over decadal timescales. We observed a shift towards fast-growing Halodule
wrightii meadows at anthropogenically nutrient-enriched nearshore sites along the Florida Keys. In addition, we describe
almost complete loss of seagrass meadows at some exposed, back-reef sites offshore from the Florida Keys resulting from
physical disturbance by major hurricanes. This study demonstrates the utility of long-term monitoring programs for the
identification of benthic community trajectories and their putative drivers on the seascape scale, offering valuable lessons
for the design of future seagrass monitoring programs.
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Introduction

Globally, seagrass ecosystems have been in decline since
at least the early twentieth century. The current extent of
seagrasses is at most 80% of historical values, and seagrass
losses continue at rates of up to 2% year™! in most biore-
gions (Dunic et al. 2021). Seagrass losses have been primar-
ily driven by anthropogenic deterioration of water quality
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resulting in increased turbidity and nutrient pollution, as
well as destructive demersal fishing practices and coastal
urbanization (Turschwell et al. 2021). Seagrasses require
relatively high light to thrive, so they are very sensitive to
decreases in water clarity (Duarte 1995), which is often
caused by eutrophication and poor management of runoff
from urban and agricultural watersheds (Short and Wyllie-
Echeverria 1996). Seagrasses provide many ecological
goods and services, including (1) provisioning ecosystems
and human populations; (2) providing habitat for commer-
cially, ecologically important, and endangered species; (3)
regulating water quality; and (4) protecting human envi-
ronments from erosion and storm damage, making them
among the most valued and valuable of earth’s ecosystems
(Costanza et al. 1997, 2017).

South Florida harbors one of the most extensive and
iconic seagrass landscapes in the world, centered around
the Florida Keys, but historic seagrass losses appeared to
threaten their integrity (Kruczynski and Fletcher 2012).
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The Florida Keys are a chain of small islands stretching
ca. 150 km along a northeast to southwest line extend-
ing from the southern tip of the Florida Peninsula, sur-
rounded by seagrass meadows, and lined with a coral reef
to their seaward side. Archeological evidence suggests
humans first colonized the Florida Keys about 1000 BCE
(Kruczynski and Fletcher 2012). These Native American
people were hunter-gatherers who derived much of their
resources from the sea, but Europeans replaced them in
the eighteenth century through settlement and warfare.
By the late 1800s, Key West had become the largest and
richest city in the new State of Florida, with a population
of about 18,000. The construction of the overseas rail-
road and overseas highway in the early twentieth century
sets the stage for more rapid population growth, which
accelerated after World War II when aggressive devel-
opment of waterfront residential property was accom-
plished through the construction of hundreds of residen-
tial canals. By 1970, the population had grown to over
52,000 residents plus a substantial transient population
of visitors, and the toll that this rapid development was
taking on the once-clear tropical waters of the Keys was
becoming apparent.

The State of Florida stopped the construction of new
residential canal systems in the Florida Keys in 1970
because of water quality concerns (Kruczynski 1999).
In 1987, an unprecedented die-off of seagrasses began in
Florida Bay to the north of the Keys that affected over
23,000 ha of dense turtle grass (Thalassia testudinum)
meadows (Robblee et al. 1991). Subsequent to the ini-
tial die-off, the area experienced a decade of decreased
water quality and phytoplankton blooms (Fourqurean and
Robblee 1999; Hall et al. 1999, 2021). Concerns about
water quality in the region prompted the designation of
the Florida Keys National Marine Sanctuary (FKNMS)
by the US Congress (US Public Law 101-605) in 1990.
This law directed the creation of a comprehensive water
quality monitoring program to “(i) determine the sources
of pollution causing or contributing to existing or antici-
pated pollution problems in the Sanctuary, (ii) evaluate
the effectiveness of efforts to reduce or eliminate those
sources of pollution, and (iii) evaluate progress towards
achieving and maintaining water quality standards and
towards protecting and restoring the coral reefs and other
living marine resources of the Sanctuary.”

Until the turn of the twenty-first century, almost all sew-
age produced in the Florida Keys was disposed of in inef-
fective, shallow onsite sewage disposal systems (cesspits,
septic tanks or shallow injection wells), and nutrients, tox-
ins, and fecal contaminants discarded this way migrated
from the subsurface to the ocean (reviewed in Kruczynski
1999). Continued deterioration of nearshore water quality in
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the Florida Keys led to the 1999 legislation by the State of
Florida (House Bill No. 1993) mandating the replacement of
these onsite sewage disposal systems with regional sewage
collection systems and centralized treatment and disposal of
effluent. This conversion was begun in 2000 and was sub-
stantially completed in 2017.

In response to the creation of the FKNMS, a Water Qual-
ity Protection Program was established in 1995 in order to
measure water quality directly (Boyer and Jones 2002), as
well as the impacts that water quality has on the important
seagrass (Fourqurean et al. 2002; Fourqurean and Rutten
2003) and coral reef (Porter et al. 2002) habitats of the
Sanctuary. An important goal of monitoring is to gener-
ate signals useful to managers for taking action to avert
unwanted impacts. Monitoring programs that only report
on the spatial extent of a habitat may not provide the infor-
mation necessary to understand the drivers of change and
therefore to inform management action to alter the trajec-
tory of the status and health of the ecosystem.

For seagrass ecosystems, species composition, tissue ele-
mental stoichiometry, stable isotope composition, and shoot
morphology have all been identified as indicators linked
to known stressors (Fourqurean et al. 2019; Fourqurean
and Rutten 2003). Specifically, when nutrient availability
increases, (1) the species composition of seagrass meadows
shifts to faster-growing taxa; (2) seagrass plant morphol-
ogy changes as individual shoots get wider and longer; (3)
internal concentrations of important elements like N and
P increase and the stoichiometry of the elemental content
of seagrass leaves approaches a species-specific “Red-
field Ratio”; and (4) the abundance of '>C relative to '2C
(expressed as 8'°C) decreases as plants become light-limited.
Further, as nutrient sources can have distinct abundance of '
N relative to '* N (expressed as 8'°N), changes in 8'°N can
also indicate changes in the importance of different nutrient
sources for the seagrasses.

Because anthropogenic impacts on coastal oceans
threaten valuable seagrass ecosystems globally (Turschwell
et al. 2021), monitoring programs are needed to assess the
status and trajectories of seagrass meadows and to facili-
tate their management (Duffy et al. 2019). With this study,
we take advantage of 25 years of benthic monitoring data
from South Florida to detect habitat change and evaluate
anthropogenic and other drivers of seagrass meadow tra-
jectories. Here, we characterize the benthic communities
present in the South Florida seascape and examine their
long-term changes over the 25-year period from 1995 to
2020. We explore whether spatial or qualitative patterns of
benthic community changes exist and identify water qual-
ity metrics and benthic community parameters that predict
seagrass condition to attribute the driving forces behind
observed changes.
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Methods
Site Selection

Thirty sites within the FKNMS were originally established
in 1995 using a stratified-random approach, with two ran-
dom locations being chosen within three strata (inshore,
offshore, and intermediate) in each of the defined seg-
ments of the Sanctuary (Fourqurean et al. 2001; Klein
and Orlando 1994) to be monitored for water quality
and benthic community composition (Fig. 1). Five more
sites were established in Florida Bay in 2000 as part of
the Florida Coastal Everglades Long-term Ecological
Research (LTER) Program (https://fcelter.fiu.edu). An
additional 17 sites were established in the Dry Tortugas
National Park in 2011. In 2012, ten additional nearshore
sites were added to the program by choosing five pairs of
monitoring sites within 500 m of shoreline, one north of
the Florida Keys chain of islands and one south, from sites
that had already been monitored for water quality since
1995 (Boyer and Jones 2002). These pairs of stations were
distributed quasi-evenly along the extent of the Florida
Keys (Fig. 1). Note that our benthic monitoring sites in the
FKNMS were a subset of a larger network of water quality
monitoring sites (Boyer and Jones 2002).

Data on ambient water quality and seagrass community
characteristics were routinely collected from each site. Ben-
thic community species composition and relative abundance
of conspicuous sessile organisms and the elemental and iso-
topic composition of seagrasses at the FKNMS permanent
sites were collected four times per year during the period
December 1995-January 2011 and two times per year (win-
ter/summer) from 2011. LTER sites in Florida Bay were
sampled roughly six times per year beginning in September
2000. Sites in Dry Tortugas National Park were sampled
annually in the summer beginning in 2011.

Water Quality Sampling

Beginning in 1995, water quality samples were also col-
lected quarterly at all the seagrass monitoring sites within
the FKNMS and 6 times per year at the LTER sites (Boyer
and Jones 2002; Bricefio et al. 2013). At the Dry Tortugas,
water quality was only sampled in the vicinity of three sites
close to the park boundary. Sample analyses included field
measurements of surface and bottom salinity, temperature,
dissolved oxygen (DO), water clarity (k,), and turbidity.
Unfiltered surface water samples (10-50 cm depth) were
analyzed for total organic carbon (TOC), total nitrogen
(TN), total phosphorus (TP), and chlorophyll a (CHLa).
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Fig.1 Permanent monitoring sites in the Florida Keys National Marine Sanctuary (dashed line), Florida Bay, and the Dry Tortugas (diamonds), labeled

with site identifiers. Inset panels show A the regional context and B a larger scale map of the monitoring sites in Dry Tortugas National Park
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Additionally, filtered surface water samples were analyzed
for dissolved nutrients, including nitrate + nitrite (NO, "),
nitrite (NO,”), ammonium (NH,"), soluble reactive phos-
phate (SRP), and silica (SiO,). Some parameters were
not measured directly but were calculated by difference.
Nitrate (NO;™) was calculated as NO,~ - NO,™, and dis-
solved inorganic nitrogen (DIN) was calculated as NO, ™+
NH,"*. Details of sampling methodology and laboratory
analysis have been described elsewhere (Boyer and Jones
2002). Data were downloaded from Florida International
University’s water quality monitoring database (http://serc.
fiu.edu/wgmnetwork/).

Benthic Community Data Collection

At each monitoring site, divers stretched a 50-m transect
tape between two permanent site markers (located with per-
manent steel rods hammered into the bottom at the site). At
10 pre-determined random distances along each transect, a
0.25 m? quadrat was placed on the benthos, and all conspicu-
ous sessile taxa (including seagrasses, macroalgae, sponges,
and corals) were identified and assigned a cover-abundance
score using a modified Braun-Blanquet protocol (Braun-
Blanquet 1972; Kenworthy et al. 1993), with 0 = absent, 0.1
= less than 5% cover by a single individual or short shoot,
1 = < 5% cover with many individuals/shoots, 2 = > 5 to
25% cover, 3 = > 25 to 50% cover, 4 = > 50 to 75% cover,
and 5 = > 75 to 100% cover. Data were summarized on
each transect by calculating taxon-specific Braun-Blanquet

Fig.2 Map of all permanent
sampling sites in the FKNMS
(dashed line), Florida Bay, and
the Dry Tortugas. The benthic
community type at each site for
the majority of years is shown
by point colors. Representative

frequency, abundance, and density values, as described in
Fourqurean et al. (2001).

During each sampling visit, seagrass samples were col-
lected for the determination of plant morphology, elemental
(C, N, and P) content, and stable isotope ratios of carbon and
nitrogen. In order to provide enough biomass for chemical
analyses, 7 intact short shoots of Thalassia testudinum, 30
short shoots of Syringodium filiforme, 40 short shoots of
Halodule wrightii, and ca. 300 leaflets of any Halophila
species were haphazardly collected from a 10 m? area near
the site when the species were present. These samples were
returned to the lab, and the number of leaves per short shoot,
and the length of all leaves on each shoot, were measured
for the three dominant seagrass species (T. testudinum, S.
filiforme, and H. wrightii). For T. testudinum, leaf widths
were also measured, while leaf widths of S. filiforme and
H. wrightii were assumed to always be 1 mm. All attached
green leaves were cut from the short shoots and cleaned of
adhering epiphytes by gently scraping with a razor blade.

All leaves from a species at a site were pooled and dried
at 60 °C. Dried leaves were ground to a fine powder using
a motorized ball mill. Powdered samples were analyzed in
duplicate for C and N content using a CHN analyzer (Fisons
NA1500 or Thermo Flash EA 1112). P content was deter-
mined by a dry oxidation, acid hydrolysis extraction fol-
lowed by a colorimetric analysis of phosphate concentra-
tion of the extract (Fourqurean et al. 1992) using Shimadzu
spectrophotometers (various models). Elemental content
was calculated on a dry weight basis, and elemental ratios
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were calculated on a mole:mole basis. Stable isotopes of C
and N were determined using standard elemental analyzer/
isotope ratio mass spectrometer (EAIRMS) procedures. The
samples’ isotopic ratios are reported in the standard delta
notation (8, %o), presented with respect to the international
standards of atmospheric N (AIR, N,) and Vienna Pee Dee
belemnite (V-PDB) for C. Analytical reproducibility of the
reported O values, based on sample replicates, was better
than 0.2%o for 8 ' N and 0.08%o for & °C.

Data Analyses

To characterize south Florida benthic communities and iden-
tify spatiotemporal patterns of change, we used spatiotem-
porally explicit data to identify groups of similar benthic
community composition. To this end, we performed cluster
analysis of datasets containing yearly mean Braun-Blanquet
density scores of seagrasses and other benthic species at
each site, as well as the abiotic site characteristics depth,
sediment type, and canopy height (for a total of 34 commu-
nity characteristics for each site per year, Table S2). After
identifying the ideal number of clusters by examining elbow

Table 1 Transition matrix of cluster identities

and silhouette plots as well as gap statistics (Figs. S1, S2,
S3), yearly site averages were assigned to seven clusters
using the “partition around medoids” clustering algorithm
implemented in the R package “cluster” (Maechler et al.
2021). These clustering procedures identified seven groups
of benthic community “archetypes.”

Next, we characterized each cluster by examining their
associated benthic vegetation densities, seagrass tissue stoi-
chiometry, seagrass morphology, and water quality param-
eters. Although Braun-Blanquet scores are inherently non-
linear, they were found to produce accurate results when
subjected to parametric statistical analysis (Furman et al.
2018). However, due to largely non-normal distributions of
predictor variables in our dataset, we used Kruskal-Wallis
tests to identify significant differences between clusters.
For post-hoc analysis, we used Dunn’s test with Bonfer-
roni adjustment of the p value for multiple comparisons.
All variable means with standard deviations, results from
multiple comparison tests, and effect sizes (eta?) are listed
in supplementary Table S1.

For each permanent monitoring site, a dominant clus-
ter identity was determined as the majority cluster identity

From
Cluster 1 © Cluster 2+  Cluster 3 Cluster 4 Cluster 5 Cluster 6 © Cluster 7 ©
Dense Tt Mixed Tt Very Very sparse  Dense Sf Dense Hw Coral +
+ CGA sparse Tt Tt + CGA Sponges
To Clusterl-
Dense Tt 270 28 16 5 5 4 0
Cluster 2
Mixed Tt + 25 165 6 17 6 0 1
CGA
Cluster 3
Very sparse 25 2 142 12 1 0 5
Tt
Cluster 4
Very sparse 3 22 11 71 1 0 0
Tt + CGA
Cluster 5
Dense Sf 5 6 2 1 134 2 0
Cluster 6 °
Dense Hw 7 O O O 2 40 O
Cluster 7 + 0 1 7 0 0 0 14
Coral +
Sponges
Dtaility 42 2.8 3.4 2.0 8.9 6.7 2.3
ndex

Every year-to-year cluster change (or lack thereof) was tallied, with the top panel indicating the starting cluster. A stability index was calculated
as the number of times a site maintained the same cluster identity, divided by the number of instances that a site changed to a different cluster.
Higher values are indicative of more stable benthic community types, while lower values indicate frequent changes in cluster identity

Tt T. testudinum, Sf S. filiforme, Hw H. wrightii, CGA calcareous green algae
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over all years of data collection at that site. The dominant
cluster identity was mapped to identify spatial pattern in the
distribution of benthic communities (Fig. 2). Furthermore,
the cluster identity of each site was plotted for subsequent
years, and a transition matrix was created to identify com-
mon trajectories of change and temporal variability of ben-
thic communities at a given site (Table 1). To compare the
tendency of clusters to transition or remain stable, we calcu-
lated a “Stability Index.” This metric was calculated as the
number of times a site maintained the same cluster identity,
divided by the number of instances that a site changed to a
different cluster (Table 1). Higher values are indicative of
more stable benthic community types, while lower values
signal frequent changes in cluster identity.

Finally, we employed random forest modeling to pre-
dict density of the three most common seagrasses of the
South Florida seascape, Thalassia testudinum, Syringodium
filiforme, and Halodule wrightii, using the full dataset of
water quality parameters, seagrass morphology, and tissue
stoichiometry, as well as benthic macroalgae abundance
and frequency scores. Using the R package “randomFor-
est” (Liaw and Wiener 2002), we generated random forest
regression models averaging the predictions of 1000 deci-
sion trees, with 10 randomly selected predictor variables
tested at each node and trained on 70% of total data. Model
performance was tested on the remaining 30% of data and
reported as RMSE of predicted BB scores as well as % vari-
ance explained (% of target variance explained by out-of-
bag predictions). To address the issue of missing data, we
excluded all predictor variables with < 50% completeness
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Fig.3 Yearly mean Braun-Blanquet density scores for the seagrasses
T. testudinum, S. filiforme, H. wrightii, and the calcareous green algae
of genera Halimeda, Udotea and Penicillus, all sponges, and octocor-
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and imputed the remaining missing values using the R pack-
age missForest (Stekhoven and Buehlmann 2012). We did
not perform additional pre-processing steps such as feature
selection or feature engineering, because random forest
methods are relatively robust towards redundancy of pre-
dictor variables since feature selection is inherent in its
architecture, and because we do not aim to generate predic-
tions outside our dataset. To identify the drivers of seagrass
density, we assessed the relative importance of predictors for
model performance as the average increase in squared out-
of-bag residuals when the predictor variable was permuted.
All data analyses were performed in the computational envi-
ronment R version 4.1.1.

Results
Benthic Community Types

We identified seven clusters representative of distinct ben-
thic community types (Fig. 2). By assessing water quality,
community composition, seagrass tissue nutrient, and mor-
phological data for each cluster, we characterized the benthic
community types to aid interpretation of any spatiotemporal
trends in cluster identity over the course of the monitoring
program (Figs. 3, 4, and 5).

Cluster 1 (“Dense T. testudinum’) was characterized
by dense T. testudinum cover (mean BB density score of
2.88), but sparse S. filiforme may occur (Fig. 3). Calcareous
green algae (CGA), sponges, and coral were largely absent
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lin plots) are shown. Letters indicate homogenous subsets of clusters
derived from Dunn’s post-hoc test



Estuaries and Coasts

aba aabb b

a ab b cdb 100+
—_ 754
E o
~ ° o]
< ° =
= 50 -
% of® °\°
o
olo 25 -
b °
0.
6 7 12 3 4 5 6
0.0204 a b abab c c
~
€
Q
(=}
~—
=2
©
° o
|_

45 6
luster

O
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(Fig. 3). Water quality of this cluster was characterized by
low CHLa levels (0.38 ppb, Fig. 5) and irradiance at the
top of the seagrass canopy (34%, Fig. 4). Some cluster 1
sites experienced occasional freshwater runoff as indicated
by reduced salinity at times (Fig. 5). The sediment grain
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size was typically between muddy sand and sandy mud. The
average depth was 4.29 m. This community type was found
throughout the monitoring network, with locations on the
reef side of the Upper and Middle Keys, in Florida Bay, and
at the Dry Tortugas (Fig. 2).
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Cluster 2 (“Mixed T. testudinum + Calcareous green
algae”) typically featured T. testudinum at moderate density
(mean BB score of 2.1) and CGA of the genera Halimeda,
Udotea, and Penicillus, among others (Fig. 3). Sparse S. fili-
forme occurred at some sites (Fig. 3). Sediment grain size
was between muddy sand and sandy mud, and the average
depth was 3.64 m. Turbidity and irradiance at the top of
the seagrass canopy were varied, but Secchi depth did not
exceed 5.5 m. T. testudinum tissue 8'°N was never larger
than 4%o (Fig. 5). Typical sites were located close to shore
from the Upper to the Lower Florida Keys (Fig. 2).

Cluster 3 (“Very sparse T. testudinum’) was characterized
by largely absent seagrass cover; however, short (Fig. 5) and
sparse T. testudinum and S. filiforme may occur (BB score
of 0.39 and 0.34, respectively) (Fig. 3). Sites of this clus-
ter also featured the lowest densities of CGA and sponges
(Fig. 3). Low turbidity (0.71 NTU) and high Secchi depths
(3.79 m) indicated high levels of light penetration, but the
relatively large water depths (2 to 12 m, 7.25 m on average)
resulted in one of the lowest irradiances of all clusters (31%,
Fig. 4). CGA were typically absent (Fig. 3), and the seagrass
canopy height was lower than at sites of other clusters (41
mm, Fig. 5). Typical sites were located farthest from shore
in the FKNMS, with most sites in the Lower Keys (Fig. 2).

Cluster 4 (“Very sparse T. testudinum + Calcareous green
algae”) had very sparse cover of T. testudinum (BB score of
1.18) but among the highest densities of CGA, sponges, and
octocoral (Fig. 3). Depths ranged from 2 to 10 m. Here, the
overall canopy height was low (50 mm), and T. festudinum
leaves were particularly short (114 mm) (Fig. 4). Only four
sites were assigned this community type consistently through-
out the monitoring period, and they were scattered along the
FKNMS, with additional sites at the Dry Tortugas (Fig. 2).

Cluster 5 (“Dense S. filiforme”) featured dense S. filiforme
(BB score of 3.45) co-occurring with CGA belonging to the
genera Penicillus and Halimeda, as well as sparse T. testudi-
num (1.23, Fig. 3). Here, T. testudinum leaves were almost
twice as long compared to other clusters (217 mm), contrib-
uting to the largest canopy height of all clusters (101 mm)
(Fig. 5). Water quality was characterized by higher TP (84
ppb) and TN (230 ppb) with a smaller range (Fig. 4), and
the sediments were muddy. Despite their low Secchi depth
(2.05 m), irradiance at the top of the seagrass canopy at these
sites was typically higher compared to sites of other benthic
community types (40%) (Fig. 4), likely due to their shallow
position with a mean depth of 2.23 m. Here, T. Testudinum
tissue showed the lowest 8 '° N (1.12%o, Fig. 5), and S. fili-
forme tissue had the highest N:P and most depleted §'°N
values (data not shown). Sites typical for this cluster were all
located in the backcountry, west of the Middle Keys (Fig. 2).

Cluster 6 (“Dense H. wrightii”’) was characterized by
the presence of H. wrightii (2.13), and sparse T. testudi-
num typically also occurred (1.3) (Fig. 3). Water quality was
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characterized by the highest nutrient concentrations in form
of TP (86 ppb), TN (370 ppb), and DIN (297 ppb) (Fig. 4).
Water temperature was typically higher than at other clus-
ters, and freshwater inputs could reduce the salinity consid-
erably (Fig. 5). Sediments were mostly muddy. Sites were
very shallow (average 0.88 m), and consequently, irradiance
at the top of the seagrass canopy was relatively high (Fig. 4).
This cluster showed the highest CHL a levels (0.8 ppb) and
turbidity (2.52 NTU) of all clusters (Figs. 4, 5). Here, T. tes-
tudinum tissues were depleted in 8!3C (- 10.67%0) and N:P
was elevated (81, Fig. 5). These sites were located closest to
shore in the Keys and in Florida Bay (Fig. 2).

Cluster 7 (“Coral + sponges”) was distinguished from the
other groups by a benthic community dominated by coral
and sponges instead of seagrasses or CGA (Fig. 3). It had
the largest sediment grain size and an average depth of 9.69
m. The only sites of the monitoring network featuring this
benthic community type were found exclusively in the Dry
Tortugas (Fig. 2).

Temporal Benthic Community Trajectories

As each combination of monitoring site and year was
assigned to one of the seven clusters, long-term change in
benthic community assemblage could be discerned by track-
ing the cluster identity of each site over time (Fig. 6). While
some sites were consistently assigned to the same cluster,
other sites changed cluster identity over time. Common clus-
ter transitions were identified by use of a transition matrix
(Table 1). Overall, it was most common for benthic com-
munities at a given site to remain similar from year to year.
However, if changes did occur, they followed one of several
trajectories. For example, a dense 7. festudinum meadow
(cluster 1) commonly transitioned to mixed 7. testudinum
with CGA (cluster 2) and vice versa (Table 1). However,
a near-total loss of 7. testudinum (cluster 3 following an
assignment of cluster 1) was observed just as frequently
(Fig. 6, Table 1). The opposite direction of change, from
very sparse to dense T. testudinum (cluster 3 to 1), did not
occur as often.

When the starting benthic community was that of a mixed
T. testudinum meadow with CGA (cluster 2), a transition
to sparse T. testudinum and CGA (cluster 4) occurred fre-
quently. This trajectory also represents a loss of seagrass and
occurred more often over the period of monitoring compared
to a T. testudinum density increase (cluster 4 to 2) (Table 1).

A transition of the benthic community towards H. wrightii
dominance (cluster 6) was observed only rarely, but once this
type of benthic community was established, it was unlikely
to change. This is illustrated by a high “stability index” for
cluster 6 (Table 1). The most stable benthic community type
was the dense S. filiforme meadow (cluster 5), which rarely
changed to a different community type. At the other extreme
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Fig.6 Benthic community type at each permanent monitoring site over
the 25-year period of monitoring. Each colored dot indicates the cluster
identity for a given site and year. Sites are first sorted by region, and
within region, from east (E) to west (W) or nearshore (N) to oceanside
(O). Site identifiers are listed on the right. Figure 1 provides a reference
for the location of each site within the monitoring network

were the very sparse T. testudinum + CGA communities
(cluster 4), which tended not to persist over multiple years
and instead transitioned to either denser 7. festudinum (clus-
ter 2) or a further loss of CGA (cluster 3) (Table 1).

Predictors of Seagrass Density
We used random forest modeling to predict the density of

seagrass species T. testudinum, S. filiforme, and H. wrightii
and determined the relative importance of water quality,

seagrass morphology, tissue stoichiometry, and benthic spe-
cies density metrics for model performance (Fig. 7). Overall,
the machine learning method employed herein allowed for
the prediction of seagrass density, explaining 52-71% of the
variability in the data with root mean squared errors of 0.35
to 0.85 (BB score) (Table 2).

The most successful model predicted H. wrightii density
(RMSE = 0.35, 63% var.). The best predictors of H. wrightii
density were water quality parameters DIN, NO;, and NH,,
as well as salinity and irradiance (Fig. 7). The model pre-
dicting S. filiforme density captured most of the variability
in the data (RMSE = 0.64, 71% var.) (Table 2). Important
predictors were overall canopy height and T. testudinum leaf
length. In contrast to the other two seagrasses, S. filiforme
density was predicted by silicate concentrations in the water
(Fig. 7). Lastly, T. testudinum density was predicted with
least accuracy (RMSE = 0.85, 52% var.) (Table 2). The most
important predictors were related to the density of other ben-
thic species, with CGA featuring prominently (Fig. 7).

Discussion

This study synthesized data from 25 years of soft-bottom
benthic community and water quality monitoring to describe
the status and trends of seagrasses and other macrophytes
in the South Florida seascape. The monitoring program was
established in response to the perceived threat that deterio-
rating water quality could pose to the health of an iconic
seagrass landscape and its associated ecosystem services.
Although we did identify shifts in benthic community
assemblages, it is notable that most sites showed remarkable
stability over the entire 25-year monitoring period, despite
increasing anthropogenic pressures on the system. However,
we acknowledge that changes might have occurred prior to
the monitoring period, and these would not be covered in
this study. In the following paragraphs, we discuss instances
of nutrient enrichment that led to shifts in benthic commu-
nity assemblages. We further report observations of instan-
taneous seagrass loss from physical disturbance following
the passage of major hurricanes and the associated impact
to benthic communities at over 10% of our monitoring sites.
We close with recommendations for future monitoring-based
evaluations of benthic communities globally and provide les-
sons for the design of seagrass monitoring programs more
broadly.

Intra-Site Benthic Community Transitions
Associated with Changes in Nutrient Availability

In the largely oligotrophic South Florida seascape, T. fes-

tudinum is considered the successional endpoint and domi-
nant primary producer in climax seagrass communities (den
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Fig.7 The most important predictor variables for each of the three
random forest models. Point fill color indicates predictor variable type
(blue = water quality, pink = seagrass morphology, yellow = benthic
cover BB scores, dark green = seagrass tissue stoichiometry). Vari-

Hartog 1967). We found dense T. testudinum meadows to be
widespread throughout the monitoring network and preva-
lent over the 25-year monitoring period at sites in Florida
Bay, the Dry Tortugas, as well as the Upper and Middle
Keys (Fig. 5). Even though this benthic community type was
relatively stable in the South Florida seascape, we frequently
observed transitions towards either mixed 7. testudinum and
CGA, very sparse T. testudinum, or less frequently to dense
H. wrightii meadows (Table 1).

In the oligotrophic waters of the region, growth rates and
therefore competitive potential of benthic primary producers
are limited by the availability of light, nitrogen, or phospho-
rus, depending on location within the seascape (Fourqurean
and Rutten 2003; Fourqurean and Zieman 2002; Ferdie and
Fourqurean 2004). Macroalgae, which have higher rela-
tive growth rates than seagrasses, can outcompete slower-
growing seagrasses when nutrient supply is relatively high
(Davis and Fourqurean 2001). Further, increased densities
of CGA are associated with areas of higher water column

able importance was assessed by calculating the increase in root mean
squared error of the model if a particular variable was removed from

the model, all else equal

concentrations of nutrients, and especially N, in the FKNMS
(Collado-Vides et al. 2007). However, the simple correlation
between macroalgal abundance and water column N concen-
tration does not prove that water column N concentrations
drive increases in abundance, especially at nearshore sites
since they tend to be areas of severe P-limitation (Fourqurean
and Zieman 2002). Rather, the rapid assimilation of any P
in nutrient loadings into primary producers and biofilms in
these P-limited environments strips P out of the water column
(Frankovich and Fourqurean 1997), driving correlations of
the residual water-column N with CGA abundances.
Nonetheless, it is clear that increased nutrient supply can
favor macroalgal dominance over seagrasses. This competi-
tive dynamic may be reflected in the transitions at some
sites through time between dense 7. testudinum and mixed
T. testudinum and CGA meadows. We found the latter ben-
thic community type to occur predominantly at nearshore
sites (Figs. 2, 6), which receive higher overall nutrient inputs
(Ferdie and Fourqurean 2004). Further, CGA densities were

Table 2 Random Forest model

Thalassia model

Syringodium model Halodule model

characteristics for three models

predicting the density of 7. Response
tesfudnfum, S. filiforme, and H. % var 52
wrightii
RMSE (training) 0.34
RMSE (validation) 0.85

T. testudinum density

S. filiforme density H. wrightii density

71 63
0.29 0.12
0.64 0.35

Root mean squared error of model prediction (RMSE) was computed over the training dataset (70% of
data) and validation dataset (the remaining 30%)
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among the best predictors of 7. festudinum density across the
entire monitoring network (Fig. 7), highlighting the impor-
tance of their competitive relationship. Occasionally, CGA
appear to outcompete 7. festudinum, indicated by a collapse
of seagrass densities, coinciding with the benthic commu-
nity becoming dominated by CGA. This is illustrated by
transitions from mixed 7. testudinum and CGA communi-
ties to very sparse 7. testudinum and CGA (Table 1, Fig. 6).
However, this benthic community type does not typically
persist over several years and frequently transitions back
to a mixed community with moderate seagrass densities
(Table 1, Fig. 6); this could be interpreted as interannual
variation in the nutrient supply at sites that support near
competitive balance between T. testudinum and CGA.
Previous investigations suggested that the slow-growing
T. testudinum outcompetes normal early-successional sea-
grasses H. wrightii and S. filiforme in nutrient-limited condi-
tions (Fourqurean et al. 1995). Fertilization experiments in
Florida Bay demonstrate that, if nutrient limitation is lifted,
normal early-successional seagrass species can dominate even
decades after nutrient addition ceased (Fourqurean et al. 1995;
Herbert and Fourqurean 2008, Howard et al. 2016). Therefore,
changes in the dominant seagrass species at a given site can
be indicative of historic nutrient loadings as well as current
nutrient enrichment. Our results suggest that a replacement
of dense T. testudinum by dense H. wrightii meadows has
occurred in nearshore sites in the FKNMS (Fig. 6). Specifi-
cally at sites immediately abutting the shoreline, a replace-
ment of T. testudinum by H. wrightii coincided with increases
in TP concentrations in the water column (Fig. 8). We found
that H. wrightii-dominated sites have elevated TN, TP, and
DIN concentrations compared to other benthic communities
(Fig. 4), and across the entire monitoring network, water DIN
was the best predictor of H. wrightii density (Fig. 7). However,
similar to our conclusions for macroalgae and water column
TN above, the simple correlation between H. wrightii abun-
dance and water column TN does not imply that N-loading

is driving the replacement of 7. testudinum by H. wrightii in
the very nearshore regions of our study area. These sites are
found in areas of severe P-limitation (Fourqurean and Zieman
2002), and it is therefore likely that increased availability of
P drives the observed changes in benthic community com-
position. Dense H. wrightii meadows were found in places
that experience freshwater runoff (Fig. 4) and likely nutrient
loading, as indicated by increased concentrations of TN and
TP in the water column. These sites exhibited seagrass N:P
ratios well above 30:1 (Fig. 5), indicative of P-limitation, not
N-limitation (Fourqurean and Rutten 2003). At these sites,
water clarity is reduced, Secchi depth is low, and turbidity
as well as chlorophyll a concentrations are elevated relative to
other sites, indicating increased productivity in the water col-
umn (Fig. 4). However, irradiance reaching the top of the sea-
grass canopy remains high due to the shallow depth of these
sites (Fig. 4). Nevertheless, T. testudinum appears to be light
limited, as indicated by reduced tissue 813 (Fig. 5), which
might be caused by self-shading in very dense meadows or by
competition for light with H. wrightii. Corroborating earlier
reports of nutrient enrichment promoting long-lasting changes
in benthic community composition (Howard et al. 2016), we
found dense H. wrightii meadows to persist, once established
at our monitoring sites (Table 1, Fig. 6). Considering that the
efforts to reduce nutrient inputs to the FKNMS by upgrading
wastewater treatment were largely completed in 2017, it is
concerning that several of our nearshore monitoring sites tran-
sitioned towards a nutrient-enriched, H. wrightii-dominated
state in recent years (Fig. 8).

Intra-Site Benthic Community Transitions
Associated with Hurricane Disturbance

An alternative trajectory of dense 7. testudinum meadows
that occurs independently of competition with other mac-
rophytes is that of catastrophic seagrass loss, where sites

EEREEEREXEX) 000000 00 EEEEEEEXKXK
5 501 L0.025 51 0 503 L0025 5{ o @ 507 F0.025 &
. t
Q
44 L0.020 41 L0.020 44° 10020
P g
%3- L0.015 3 L0.015 31 ® = 10015 @
c /\ \ av SN L -g-
82{ , ron tooto 29 1ML __.tooto 24 ~ L0010 2
|2 /AN~ J w - &
i r /N looos 11 7~ ) 10,005 1 0,005
0d’ }0.000 0 F0.000 OF © 10.000 3

2012 2014 2016 2018 2020

2012 2014 2016 2018 2020

Year

2012 2014 2016 2018 2020

Fig.8 Timeseries of T. testudinum (green) and H. wrightii (yellow)
densities (BB score) at nearshore monitoring sites that transitioned
to become H. wrightii-dominated. Blue, dashed lines are total phos-

phorus concentrations (ppm) in instantaneous water samples. Colored
dots on top of each panel indicate cluster membership for each year
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transition towards very sparse 7. testudinum meadows in
the wake of major hurricanes. Previous research described
direct physical damage to the benthos of the FKNMS in the
wake of hurricanes Irma in 2017 (Wilson et al. 2020) and
George in 1998 (Fourqurean and Rutten 2004), emphasiz-
ing the spatial heterogeneity of seagrass loss. We report
the loss of dense T. testudinum meadows at several of our
more exposed monitoring sites near the Florida reef tract
(Figs. 6 and 9). These declines in seagrass cover occur sud-
denly after major storm events and are believed to be the
direct result of wave-induced erosion of the surface sedi-
ment layer including seagrass rhizomes, leaving unveg-
etated depressions in the seascape. These bare patches
are termed “blowouts” and were previously reported from
Barbados and Carriacou (Patriquin 1975) and Western
Australia (Kirkman and Kirkman 2000). It was posited that
blowouts migrate through a continuous process of erosion
and infill, promoting revegetation by fast-growing pioneer
species and increasing overall species diversity in the sea-
grass landscape (Kirkman 1985). These primary succes-
sional dynamics were found to unfold over time periods
from a few years to decades, depending on the blowout
size and the disturbance regime (Bell et al. 2007; Walker
et al. 2007; Duarte et al. 2007). At the FKNMS however,
we did not find evidence for succession of seagrass species
at sites of blowouts. If fast-growing pioneering seagrasses
were to capitalize on a competitive advantage over the slow-
growing climax species T. testudinum in blowout areas, we
would expect to see increases in H. wrightii or S. filiforme
post-disturbance at these sites, which is not the case. To the

Fig.9 Timeseries of T. testudi-
num density at seven monitor-
ing sites that were classified

as very sparse T. testudinum
meadows for most monitoring 4
years. Vertical dashed lines

indicate the occurrence of major

51 Georges

hurricanes that impacted the 2
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contrary, at hurricane-impacted sites with presence of S. fil-
iforme, this seagrass was impacted much like 7. testudinum,
with similar magnitude and rate of decline and only partial
recovery of the two seagrass species. This finding supports
earlier research reporting higher loss rates of lightly-rooted
CGA, S. filiforme and H. wrightii following the passage of
hurricane George in the Florida Keys, where recolonization
was driven by CGA instead of supposed “pioneering” sea-
grasses (Fourqurean and Rutten 2004). In fact, none of our
permanent monitoring sites impacted by hurricane-induced
erosion showed a full revegetation with seagrasses over the
25-year period of this study (Figs. 6 and 9).

Several factors may explain the lack of revegetation and
succession in our observations. First, the size of blowouts
was previously related to their likelihood of revegetation,
with bare patches larger than 20 m remaining unvegetated
for over 50 years at Rottnest Island, Western Australia
(Hastings et al. 1995). The blowouts we describe in the
FKNMS are typically larger than 20 m, often exceeding the
length of our 50-m transects, which may preclude a com-
prehensive re-establishment of seagrass meadows. Second,
the period of monitoring post-disturbance may be insuffi-
cient to capture revegetation dynamics. Although Patriquin
(1975) estimates revegetation after 5 to 15 years in Barbados
and Carter et al. (2022) found 10-year cycles of loss and
recovery at the Great Barrier Reef, other studies suggest
this process can take considerably longer (Hastings et al.
1995; Kirkman and Kirkman 2000). Third, our fixed tran-
sects may not intersect the location of the blowout at which
revegetation occurs. This last point portraits an important

Wilma / Katrina Irma
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limitation of this monitoring program regarding the detec-
tion of post-disturbance recovery dynamics. Since the main
motivation for the program was to monitor the status of
soft-bottom benthic communities in relation to water qual-
ity, all permanent monitoring sites were set up in existing
seagrass meadows. Therefore, we can detect the loss of such
meadows and changes towards benthic communities not
dominated by seagrasses. However, the lack of monitoring
transects established at sites where seagrasses were absent
limits our ability to describe recovery dynamics, which we
can only describe for our sites that lost seagrass cover over
the 25-year monitoring period. In either case, this study
documents catastrophic and enduring loss of seagrass cover
at our fixed monitoring sites furthest offshore, highlighting
the importance of storm events for the distribution of ben-
thic community types in the south Florida seascape.

The most stable benthic community type throughout our
monitoring network was characterized by dense S. filiforme
cover (Table 1). Monitoring sites with dense S. filiforme
meadows are largely constrained to the backcountry and
sluiceway north of the Middle and Lower Keys (Fig. 2).
Here, the concentrations of TN and TP are elevated com-
pared to T. testudinum-dominated sites (Fig. 4), and the
density of S. filiforme is well-predicted by water SiO,
concentrations and the Si:DIN ratio (Fig. 7), suggesting
the influence of a distant, riverine water source supplying
nutrient-replete waters to this part of the FKNMS. These
dense S. filiforme meadows are located adjacent to the West
Florida shelf, where episodic upwelling supplies nutrient-
rich waters from the Gulf of Mexico (Weisberg et al. 2016).
Ferdie and Fourqurean (2004) propose a mode of compe-
tition where fast-growing S. filiforme assimilates nutrients
quickly and maintains a competitive advantage over 7. fes-
tudinum through shading. Accordingly, we found the longest
S. filiforme and T. testudinum leaves, as well as the tallest
seagrass canopy heights at these sites with dense S. filiforme
communities (Fig. 5). However, growth rates of T. testudi-
num may be reduced compared to sites without dense S.
filiforme, as indicated by more depleted T. festudinum tis-
sue 81°N (Fig. 5) and T. testudinum densities remain low
(Fig. 3). This competition between the two seagrass species
is also illustrated by the importance of canopy height as a
predictor of both T. testudinum and S. filiforme densities, as
well as the importance of S. filiforme density as a predictor
of T. testudinum density (Fig. 7). Even though these find-
ings indicate ongoing competition for available nutrients,
the conditions favoring S. filiforme appear to be largely con-
sistent over the 25-year monitoring period, resulting in few
changes of benthic community assemblage in this part of the
FKNMS (Figs. 1 and 5). The exception may be sites adja-
cent to the backcountry, such as the Florida Bay site “SB”
and the Lower Keys sites “305” and “307,” which occa-
sionally become dominated by dense S. filiforme (Fig. 5).

This could be explained by stochastic effects of sampling 10
random quadrats along particularly heterogenous transects.
Alternatively, these benthic community changes may be
caused by temporal variability in the delivery of the nutrient-
rich waters described above and potentially point towards
regional climatic patterns driving benthic community com-
position in the backcountry region of the FKNMS. Future
studies should evaluate these hypotheses by investigating
synchronicity of water column nutrient concentrations and
seagrass abundance.

Lessons Learned

This study demonstrates the value of long-term benthic mon-
itoring programs because succession and recovery dynam-
ics in seagrass meadows can operate on decadal timescales
(Walker et al. 2007; Carter et al. 2022). For example, at
sites impacted by disturbance events such as hurricanes, T.
testudinum density recovers only slowly, typically remaining
below pre-disturbance levels over our 25-year monitoring
period (Fig. 9). We found other inter-species dynamics to
occur on somewhat shorter timescales, with a replacement of
T. testudinum by H. wrightii at sites with rising nutrient con-
centrations over the course of 3 to 5 years (Fig. 8). However,
decadal timescales for T. testudinum to H. wrightii transition
were recently reported for Florida Bay (Hall et al. 2021).

This monitoring program was designed to make use of
permanent, fixed transects. While this design facilitates
detailed studies of the benthic community composition and
condition at specific sites, the methodology does not nec-
essarily allow for the evaluation of seagrass condition in a
spatially comprehensive way. For example, even though we
describe seagrass loss from storm impacts at several of our
monitoring sites (Fig. 9), we cannot confidently report on
the net balance of localized seagrass loss and potential (re)
vegetation of bare sediment elsewhere. To evaluate how well
our monitoring sites represent seagrass cover trends of the
entire system, future studies should contrast transect-derived
trends with remote sensing products. This issue is of par-
ticular concern when fixed transects were established only
at locations where seagrass meadows were in good state at
the beginning of the monitoring period, because the result-
ing trends in seagrass cover can be expected to be biased
towards decline. We therefore recommend complementing
in situ benthic monitoring at specific sites with remote sens-
ing techniques that enable spatially comprehensive assess-
ments on the seascape scale where feasible, following the
hierarchical system of tiered monitoring outlined in Neckles
et al. (2012).

It is notable that our monitoring network did not detect
the kinds of massive (ca. 40 km?) seagrass die-offs that
were documented in Florida Bay in 1987-1991 (Robblee
et al. 1991; Fourqurean and Robblee 1999; Hall et al. 2021)
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before the program was established or that re-occurred in
Florida Bay in 2015 (Hall et al. 2016). These events were
ultimately caused by sulfide toxicity driven by water col-
umn hypoxia (Borum et al. 2005) as a result of multi-year
droughts and above normal temperatures (Hall et al. 2021).
Our program had very few monitoring sites in Florida Bay,
and none in the subbasins affected by the 2015 seagrass die-
off event (see Fredley et al. 2019), largely because Florida
Bay is well-covered by another monitoring program (Hall
et al. 2021). Further, since the impetus of our monitoring
program was to detect nutrient-driven water quality changes
and their effect on the region’s seagrasses, the largely oli-
gotrophic Florida Bay region, which receives very little
anthropogenically influenced runoff (Nuttle et al. 2000;
Fourqurean et al. 1993), was not the focus of our program.
This underscores an important limitation of any monitoring
program: its design in anticipation of specific conditions and
stressors determines the scope of insights that can be gained
from monitoring. While the perceived value of monitoring
datasets increases the longer the monitoring period lasts, it
can be beneficial to re-evaluate and adapt monitoring loca-
tions and protocols to accommodate shifting priorities. This
is illustrated by the 2012 addition of nearshore sites to this
monitoring program, facilitating the observation of second-
ary succession dynamics that were not captured by the initial
monitoring network.

Future Outlook

We demonstrate that benthic communities typical of South
Florida and other tropical shallow seascapes are dynamic and
can change on timescales from years to decades. The sea-
grass trajectories we describe are likely the result of distur-
bance and recovery dynamics, with both press (e.g., nutrient
enrichment) and pulse disturbances (e.g., hurricane impacts)
causing long-term change in seagrass density and meadow
composition. The likelihood of extreme Atlantic hurricane
seasons is increasing with climate change (Pfleiderer et al.
2022). Already, the periodicity of hurricane impacts can
be shorter than recovery time, preventing the revegetation
of T. testudinum at some of our monitoring sites (273 and
305, Fig. 9). In the future, reduced intervals between erosion
events could further hinder seagrass revegetation and prevent
seagrass meadow recovery, particularly at exposed sites near
the reef tract. For seagrass meadows in these locations, long
recovery times after perturbations may signal that the system
is close to a “bifurcation point”; i.e., the system may be close
to a shift to an alternative stable state (Scheffer et al. 2009). It
is conceivable that the back-reef environment at the FKNMS,
which was historically dominated by 7. testudinum mead-
ows, will not sustain climax seagrass meadows in a future
with more frequent high-intensity storm events. However,
as noted above, monitoring data from fixed transects do not
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necessarily represent the net balance of seagrass loss and
recovery for the entire FKNMS.

While storm severity cannot be directly reduced through
management action, it may be possible to counteract the
impact of nutrient pollution on South Florida seagrass
meadows. We demonstrate that the composition of seagrass
meadows exposed to high nutrient concentrations shifted
from T. testudinum towards dominance of H. wrightii at
nearshore sites in the FKNMS. Once this shift occurred, the
H. wrightii communities were relatively stable (Table 1), and
a reduction in nutrient delivery is unlikely to have immedi-
ate effects on benthic community composition since P, the
limiting nutrient, is efficiently retained within the benthos
(Herbert and Fourqurean 2008; Howard et al. 2016). There-
fore, it is paramount that nutrient concentrations are man-
aged before this shift occurs at sites where 7. festudinum
meadows are the target community of management actions.
However, targeted management in form of the conversion
of the geographically expansive and modestly populated
Florida Keys municipalities from septic to centralized sewer
has not appeared to yield substantive results to date, perhaps
indicating a slow response of the system to reductions in
nutrient delivery. It is also possible that the current sewage
disposal wells do not effectively remove sewage nutrients
from the nearshore marine system.

What are the consequences of changes in the benthic
community composition and dominance of different sea-
grass species for the ecosystem services provided by South
Florida seagrass meadows? For example, the ecosystem
service of sedimentary carbon storage may be unaffected
by shifts from 7. testudinum to H. wrightii (Howard et al.
2016), but commercially valuable fish are thought to prefer
mixed-species meadows over monospecific T. testudinum
(Chester and Thayer 1990). In an expert and literature-driven
review, seagrasses of the genus Thalassia were found to pro-
vide more ecosystem services than seagrasses belonging to
Halodule and Syringodium (Mtwana Nordlund et al. 2016).
Several ecosystem services appear to vary with the size of
seagrass shoots, so that larger genera such as Thalassia are
more effective at sediment stabilization, shoreline protection,
and food provisioning than small seagrass genera like Hal-
odule (Mtwana Nordlund et al. 2016). However, we found
that nutrient-enriched waters not only support the growth
of Halodule and Syringodium, but can also be associated
with increased canopy height and leaf length of Thalassia
in our study system, thereby potentially enhancing ecosys-
tem services associated with seagrass size and density. From
this service-centered perspective, there is still much to be
learned about the consequences of shifts in the dominance
of specific seagrass species in South Florida and beyond.
Ultimately, management and potential restoration targets
are set by governmental agencies, and in the case of South
Florida, the current policy prescribes that all change from
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the historic baseline be avoided. Our findings of changes to
benthic communities therefore represent needs for manage-
ment action and call for efforts to minimize nutrient enrich-
ment of nearshore sites within the FKNMS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12237-022-01158-7.
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