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INTRODUCTION

Florida Bay is a shallow (1−2 m depth), triangular-
shaped estuary located between the Florida main-
land and the Florida Keys, USA (Schomer & Drew
1982). Despite its large size (2200 km2) and nearly
flat limestone foundation, the bay actually consists
of a loosely connected network of 45 seagrass-
 dominated basins (sometimes referred to as ‘lakes’)
separated by shallow subtidal to intertidal carbonate

mudbanks, which cover nearly 25% of the bay
(Peterson et al. 2006, Hall et al. 2007). Wind-driven
circulation maintains vertically well-mixed water col-
umn conditions throughout most of the year (Wang et
al. 1994). However, because much of the interior bay
exhibits microtidal ranges and sheet or managed
freshwater flows from the Everglades contribute little
to basin renewal, water exchange among basins is
limited to a few narrow tidal channels (Rudnick et al.
1999, Hall et al. 2007, Lee et al. 2016). Thus, salinities
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ABSTRACT: Widespread mortality of Thalassia testudinum was first documented in Florida Bay,
USA, during the summer of 1987. This unprecedented event spanned 3 yr, affected 40 km2 of sea-
grass and resulted in more than a decade of ecological disturbances. Initial putative causes for
seagrass die-off ranged from climatic anomalies and watershed changes to wasting disease and
eutrophication. Subsequent experimental research suggested that hypoxic plant tissue, caused by
low water column oxygen content or reduced photosynthesis, allowed intrusion of sulfide leading
to plant death. Contributing factors included high temperatures, salinities and T. testudinum bio-
mass, together causing lower oxygen water solubility, higher community respiration rates and ele-
vated nighttime oxygen demand. The Fisheries Habitat Assessment Program (FHAP) has tracked
the system’s slow recovery since 1995. Recent FHAP data (2012) indicated that T. testudinum had
returned to pre-die-off densities in even the most severely affected locations. During the summer
of 2015, following several months of drought, National Park Service researchers reported hyper-
saline conditions and a recurrence of seagrass die-off in north-central Florida Bay. An interagency
effort is presently underway to document the duration, extent, impacts and possible factors
responsible for the current mortality. Initial field surveys indicate that there is high spatial coinci-
dence between the current and the 1987−1990 events and that hypersalinity, water column strat-
ification and bottom-water anoxia might have once again resulted in mass mortality of T. tes-
tudinum in Florida Bay. The goal of this report is to alert the scientific community to the
recurrence of this important ecological event.
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differ widely among basins, and they are particularly
affected by the onset and intensity of wet-season
rainfall (June through October). This results in fre-
quent, spatially restricted episodes of hypersalinity,
mostly in the spring and early summer. For north-
central basins with water residence times of 6−12 mo
(Lee et al. 2008, 2016), spring and early summer
salinities commonly exceed 40−50 PSU (Nuttle et al.
2000). On longer timescales, trends in baywide salin-
ity reflect human manage ment of south Florida
hydrology, with east−west diversion of sheetflow sig-
nificantly reducing historical freshwater delivery to
Florida Bay (Kendrick et al. 2012, Marshall et al.
2014).

Seagrass communities within Florida Bay form some
of the largest continuous meadows in the Northern
Hemisphere (approximately 2000 km2; Fourqurean &
Robblee 1999). Across the bay, patterns in seagrass
density and productivity reflect  gradients in sedi-
ment depth and macronutrient availability, increas-
ing from the northeast to the southwest (Zieman et al.
1989, Fourqurean et al. 1992). Within basins and on
bank tops, turtlegrass Thalassia testudinum is gener-
ally the dominant seagrass species; however, Halod-
ule wrightii and Syrin godium filiforme are frequently
present, forming mixed meadows with species pro-
portionality related to water quality and successional
state (Zieman et al. 1989). Primary and secondary
productivity within these meadows support econom-
ically important populations of pink shrimp Farfante-
penaeus duorarum, stone crab Menippe mercenaria
and spiny lobster Panuliris argus, as well as state and
federally protected species, such as bald eagle Hali-
aeetus leucocephalus, manatee Trichechus manatus,
American crocodile Crocodylus acutus and green sea
turtle Chelonia mydas (Robblee et al. 1991, Boesch et
al. 1993, Hall et al. 2007).

In the late summer of 1987, extensive areas of dead
and dying T. testudinum were reported in north-
 central Florida Bay (Robblee et al. 1991, Fourqurean
& Robblee 1999). Unprecedented in speed (weeks to
months), species-selectivity (T. testudinum only) and
spatial scale (1000s of ha), the event was further
noted for small-scale (10s of m) patchiness, a reticu-
lated distribution and sharp transitional boundaries
with remnant beds. The die-off was initially most
prevalent in dense T. testudinum adjacent to mud
banks, but subsequently entire basins exhibited mor-
tality. By fall of 1990, approximately 9445 ha of T. tes-
tudinum were estimated to be severely affected
(Robblee et al. 1991) (Fig. 1a). A multi-year drought
(1989−1992) and widespread turbidity due to re-sus-
pended sediments and recurrent algal blooms (be -

ginning 1991) then led to secondary seagrass losses
and a cascade of ecological disturbances including a
major sponge mortality and brief reductions in F.
duorarum and P. argus fisheries (Butler et al. 1995,
Durako et al. 2002, Peterson et al. 2006). Causal fac-
tors have been much debated in the literature
(Durako & Kuss 1994, Zieman 1997, Fourqurean &
Robblee 1999, Zieman et al. 1999; but see Lapointe &
Barile 2004, Zieman et al. 2004); however, a number
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Fig. 1. Known areas of Thalassia testudinum die-off in Florida
Bay, USA, during the (a) 1987−1990 and (b) 2015 events. Panel
(a) adapted from Robblee et al. (1991). RAN: Rankin Lake; WHP:
Whipray Basin; TWN: Twin Key Basin; RKB: Rabbit Key Basin;
MOW: Man of War Basin; JON: Johnson Key Basin; PLM: Palm
Basin; PLN: Pelican Key Basin. Hatching denotes severely af-
fected areas; dashed line bounds most known occurrences.
Solid black line follows the southern boundary of Everglades
National Park. Carbonate mudbanks shown as light gray poly-
gons. Starred locations in (b) identify National Park Service
monitoring stations: BK (Buoy Key), MK (Murray Key), LR (Little 

Rabbit Key), JK (Johnson Key) and WB (Whipray Basin)
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of manipulative studies demonstrated that environ-
mental drivers (i.e. the single or multiplicative effects
of elevated summer temperatures and high spring−
summer salinities) resulting in sustained pore- and
bottom-water anoxia can lead to insufficient aeration
of roots and rhizomes, toxic levels of sulfide intrusion
and plant death (Carlson et al. 1994, Borum et al.
2005, Koch et al. 2007). Freshly dead biomass then
supports further microbial sulfate reduction, increas-
ing porewater sulfide concentrations and expanding
(and coalescing) small isolated die-off patches into
ever-larger sizes (Carlson et al. 1994, Durako et al.
2002). Implicit in this model is the presence of large,
dense beds of T. testudinum, a species with compar-
atively high ratios of below- to aboveground biomass,
to initiate and sustain large-scale die-off events (Koch
et al. 2007). These conditions were reportedly wide-
spread in the central and western portions of Florida
Bay prior to 1987 (Zieman et al. 1989).

Following more than a decade of ecological distur-
bance, turbid conditions subsided and seagrasses
began to slowly recolonize the bay in the late 1990s
(Durako et al. 2002). In 1995, the Fisheries Habitat
Assessment Program (FHAP), a benthic macrophyte
status and trends program begun by the Florida Fish
and Wildlife Conservation Commission (FWC), be -
gan systematically surveying seagrass and macro-
algae species composition, distribution and abun-
dance in 10 Florida Bay basins using a modified
Braun-Blanquet frequency abundance scale (Mueller-
Dumbois & Ellenburg 1974, Durako et al. 2002). Over
the past 20 yr, seagrass community recovery patterns
in Florida Bay have largely followed classic para-
digms of T. testudinum succession with primary colo-
nization and early increases by H. wrightii and S. fil-
iforme in affected die-off basins (Fig. 2). Recent
FHAP data indicated a near-full recovery of T. tes-
tudinum-dominated communities in the most-
affected basins of Rankin Lake and Johnson Key
Basin by 2012. T. testudinum in the north-central bay
appeared to be robust during the May 2015 survey,
and there were no signs of die-off.

In mid-July 2015, National Park Service (NPS) re -
searchers reported (1) elevated salinities, (2) 2 major
fish kills: Gulf toadfish Opsanus beta and pinfish
Lagodon rhomboides, (3) signs of renewed T. tes-
tudinum die-off and (4) a bright yellow, sulfur-rich,
anoxic brine, resembling a ‘yellow fog’, present
within die-off patches and tidal channels in the
north-central portion of the bay (V. McGee-Absten
pers. comm.; Fig. 3 and Fig. S1 in the Supplement at
www. int-res. com/ articles/ suppl/ m560 p243 _ supp. pdf).
Although bottom-water temperatures were season-
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Fig. 2. Time-series of Braun-Blanquet scores for Thalassia
testudinum (T.t.), Halodule wrightii (H.w.) and Syringodium
filiforme (S.f.) by basin, 1995−2015. Data are expressed as
means ±1 SD. RAN: Rankin Lake; JON: Johnson Key Basin;
RKB: Rabbit Key Basin; WHP: Whipray Basin; TWN: Twin
Key Basin. Note precipitous declines in T. testudinum
Braun-Blanquet densities in RAN and JON in fall 2015
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ally high, salinities in Rankin Lake, Johnson Key and
Whipray Basins reached 15 yr highs (exceeding
50−60 PSU) and were sustained at these levels over
multi-week periods during the late summer. The area
where fish kills were observed exhibited a highly
stratified water column with bottom salinities and
water temperatures exceeding 65 PSU and 38°C,
respectively, compared to 50 PSU and 35°C at the
surface (C. Kelble, NOAA, pers. comm.).

In response to this major seagrass die-off, FWC biol-
ogists surveyed Florida Bay 3 times between July
2015 and January 2016. Our intention was to provide
spatially explicit information regarding the recurrence
of a major ecological event in Florida Bay so that in -
vestigators interested in issues such as climate change,
Everglades restoration, sulfide toxicity, ecosystem re-
silience and recovery would have the opportunity to
plan work in the area before the occurrence of antici-
pated cascading disturbances (e.g. algal blooms, sedi-
ment re-suspension and sponge die-offs).

METHODS AND RESULTS

In August 2015, we conducted an exploratory sur-
vey throughout north-central Florida Bay to estimate
the spatial extent, severity and physical appearance
of the current mortality as compared to the 1987
event. Remaining pockets of ‘yellow fog’ were ob -
served in small depressions within large swaths of
dead Thalassia testudinum in Garfield Bight, Rankin
Lake and Johnson Key Basins (Fig. 1a). Affected
beds exhibited a range of conditions from ‘standing
dead’, where leaf material appeared green despite
having dead meristematic tissue, to stands of heavily
bleached aboveground biomass, to large areas of
‘stubble’ comprised of only basal leaf sheaths (Fig. S2
in the Supplement at www. int-res. com/ articles/ suppl/

m560 p243 _ supp. pdf). These conditions coincided
with large (100s of m2) floating mats of freshly
sloughed aboveground biomass (Fig. S3 in the Sup-
plement). This floating detritus was unusual in hav-
ing a high proportion of leaves still connected to
dead shoot meristems. This is normally not observed
during seasonal leaf senescence or defoliation, which
follows brief periods of sub-lethal stress. In late Sep-
tember–early October 2015, FHAP locations from the
previous May were resampled in Whipray, Twin Key
and Rabbit Key Basins (29−31 sites basin−1, Fig. 1a)
and from the previous 2 springs (60 sites basin−1) in
Rankin Lake and Johnson Key Basin (the most im -
pacted areas during the 1987 event, Fig. 1a). These
stations were originally selected by partitioning each
basin into 29−31 tessellated hexagonal grid cells and
randomly selecting 1 location per cell. At each sta-
tion, seagrass and macroalgal coverage were visually
quantified within each of 8 haphazardly distributed
0.25 m2 quadrats using a modified Braun-Blanquet
frequency abundance scale  (Mueller-Dumbois &
Ellenburg 1974, Durako et al. 2002). We also deter-
mined the presence or absence of T. testudinum
 mortality within the vicinity of the boat. During the
late September–early October 2015 sampling, con-
siderably more floating detritus was observed than
during the August survey (Fig. S4 in the Supple-
ment); however, it appeared more degraded and
seemed to be undergoing diurnal vertical move-
ments to and from the sediment surface, as detritus
buoyed by attached bubbles was noted at multiple
levels in the water column (Fig. S5 in the Supple-
ment). In January 2016, systematic visual surveys of
die-off were conducted in what were operationally
called Pelican, Palm and Man-of-War Basins (Fig. 1a).
These additional locations are not included in FHAP
surveys, but are areas where die-off was suspected.
The presence of well-defined areas of re cently dead
seagrass shoots was assessed from the boat (height of
2 m) every 100 m where the bottom remained visible
and every 500 m by diver when it was not. By Janu-
ary, areas of dead seagrass shoots were observed at
spatial scales from patches <1 m2 to the complete loss
of entire basins (10s of km2). At some locations, rem-
nant surviving patches of various sizes were inter-
spersed within once continuous meadows. As was
noted during the 1987 event, many of the die-off
boundaries were sharply delineated. Although this
gave the impression of an ongoing event, early win-
ter rains had reduced salinities and no fresh or float-
ing detritus was observed. Unattached aboveground
biomass not flushed from the system by wind and
tidal currents was now distributed on the benthos in
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Fig. 3. Time-series of bottom-water salinity (shaded peaks)
and temperature (solid black line) data obtained from the
National Park Service long-term monitoring stations: BK
(Buoy Key), WB (Whipray Basin), JK (Johnson Key), MK
(Murray Key), and LR (Little Rabbit Key). Salinity data ex-
pressed as the number of days per month that the daily
mean salinity exceeded each of 3 thresholds: 40 (light gray),
50 (medium gray) and 60 (dark gray). Months with >5 miss-
ing daily means were excluded from analysis. Temperature
data were plotted as monthly means. Monthly mean salinity
(tick marks on the upper x-axis) and temperature (D) anom-
alies of >2 (PSU or °C, respectively) were determined rela-
tive to mean monthly normals calculated across the avail-
able times-series per station. Shaded bars denote the annual 

wet season, June through October
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dense mats of 10−20 cm (in some places >50 cm)
thickness (Fig. S6 in the Supplement). In northern
Rankin Lake Basin and several other locations, ex -
pansive beds (100s to 1000s of m2) of the green
macroalgae Batophora sp. had recently recruited to
the surface of the detrital layer. This species was also
reported as an early colonizer following the previous
die-off event (Thayer et al. 1994).

DISCUSSION

Using the spatial data gathered during site visits,
polygons representing areas of severe seagrass mor-
tality were developed using ArcGIS (Fig. 1b). Esti-
mated at 8777 ha and concentrated in north-central
Florida Bay, the current die-off is nearly equivalent to
the 1987 event in terms of its size, location, seasonal-
ity, speed, species specificity and gross appearance.
A lack of continuous environmental data prevents
direct comparison of bottom-water conditions be tween
the 2 die-offs; however, ecophysiological stress re -
sulting from high pore- and bottom-water sulfide lev-
els may be common to both events (P. Carlson unpubl.
data). Less clear are the climatic conditions needed to
precipitate hypoxic stress within the densest mead-
ows, as prolonged drought preceded the most recent
die-off, yet mainly followed the 1987 occurrence. It
may well be that a combination of several meteoro-
logical events during the warmer seasons can lead to
excessive evaporation (lack of rain, reduced fresh-
water inflow and low cloud cover) or stratification
(low wind velocities) in this portion of the bay, com-
plicating long-term predictions of die-off risk and
upstream water management. Recent work by Lee et
al. (2016) suggests that minor modifications of fresh-
water water delivery to McCormick Creek during the
dry season may alleviate hypersalinity in the north-
central region of Florida Bay; however, temperature
stress and in situ (i.e. bank top) brine production dur-
ing drought years or during delayed wet seasons may
still negatively impact seagrass communities. The
unique combination of very dense T. testudinum and
sustained, 15 yr high salinities coincident with ele-
vated and increasing summertime water tempera-
tures may have resulted in a tipping point that ex -
ceeded the physiological tolerances of this species
(Figs. 2 & 3).
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