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Abstract A foraminiferal proxy for seagrass abun-
dance was developed, tested and used to construct a
record of seagrass variability for Florida Bay, USA,
since its initial flooding ~ 3800 cal years BP. Of 76
species recorded in the Bay, 13 seagrass-associated
foraminifera were identified based on previously
observed occurrences in seagrass beds of the region.
Species that occurred more in seagrass beds than in
other sediments were designated seagrass-associated
foraminifera (SAF). SAF from six cores taken in four
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areas were tested against a large, well-studied seagrass
die-off that began in 1987. SAF percentages of total
foraminiferal assemblages declined in 1986 (*'°Pb
age, £+ 2 years) with no recovery as of 2001 (the
youngest core age), and discriminant analysis showed
that SAF assemblages in 1970-1985 and 1986-2001
differed significantly. Results agree with observations
of the decline in seagrass coverage, supporting SAF as
a seagrass proxy for investigating earlier assemblages
preserved in the cores. After anthropogenic influence
began ~ 1880, the largest overall decreases in SAF
percentages occurred in 1934-1940 (*'°Pb ages, & 5
years), possibly from decreased salinities due to three
intense hurricanes that hit South Florida, and in
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1987-2002 during the seagrass die-off. SAF assem-
blages in the oldest core record were significantly
different over the four intervals of (1) initial flood-
ing ~ 3800 cal years BP, (2) pristine conditions
until ~ 1880 when agriculture and canal construction
began, (3) anthropogenic and climatic influences
1880-1986, and (4) the 1987-2002 seagrass die-off.
Historically, SAF assemblages indicate that this die-
off resulted in extremely low coverage (comparable to
inundation and development of the benthic ecosystem
> 2500 cal years BP), probably a result of cumulative
anthropogenic disturbance combined with natural
events. This is the first study using foraminifera as a
proxy to reconstruct the seagrass history of an area.
The research introduced a new approach for develop-
ing a seagrass proxy: we identified species that are
more abundant in seagrass beds than in other sedi-
ments, and tested them together as a proxy against a
previously documented seagrass die-off.

Keywords Benthic foraminifera - Everglades -
Florida Bay - Seagrass - Paleoecology - >'°Pb

Introduction

In coastal areas, seagrass abundance is an indicator of
ecosystem health (Purvaja et al. 2018), which is
altered by natural events such as hurricanes and
droughts, and by anthropogenic causes such as agri-
culture and increased runoff, and storage and periodic
release of freshwater. Seagrasses contribute to pro-
ductivity and the carbon budget, stabilize seafloor
sediments, and provide critical habitat for inverte-
brates and fisheries taxa (Orth et al. 2006). Because
seagrasses are sensitive to light availability, salinity
variation, and eutrophication, indicators of seagrass
coverage can be used as a measure of water clarity and
quality (Dennison et al. 1993). Historical accounts of
water quality are useful as a calibration for assessing
ongoing changes in coastal waters, where about 29%
of the known areal extent of seagrass has disappeared
since 1879 (Waycott et al. 2009).

Current efforts to restore Everglades National Park
and the surrounding tropical wetlands of South Florida
to an approximately original state have been guided by
investigations of the natural range of ecosystem
variability. Paleoenvironmental studies such as this
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one can assess long-term environmental variability.
Beginning in the 1990s, Florida Bay, at the southern
tip of the Florida peninsula, was studied with several
environmental proxies (Wardlaw 2001). Florida Bay
contains one of the world’s largest seagrass beds of
about 1800 km? (Zieman et al. 1989) and drains the
Everglades. Herein we construct a record of seagrass
coverage for Florida Bay with foraminifera from cores
taken at four sites (Fig. 1).

Because seagrasses are rarely preserved in the
sedimentary record, we use a proxy based on benthic
foraminifera that have a strong association with
seagrass beds, termed seagrass-associated foramini-
fera (SAF). The tests of foraminifera are well-
preserved in the sedimentary record and are found in
abundance in the Florida Bay cores. Cheng et al.
(2012) studied whole assemblages of a total of 76
foraminiferal taxa from these cores and related them
primarily to natural and anthropogenic changes in
salinity, as did other studies (Brewster-Wingard and
Ishman 1999; Wachnicka et al. 2013).

This study had three parts. (1) We first tested the
SAF proxy against a large, well-documented
1987-2002 seagrass die-off to assess its validity. (2)
Changes in SAF taxa and SAF percentages of total
foraminiferal assemblages were then examined at the
decadal scale over the last 120 years, comparing their
timing to historical events such as the initiation of
agriculture and the timing of hurricanes. (3) Finally, at
the millenial scale, we analyzed levels of SAF during
initial flooding of the Bay ~ 3800 cal years BP, and
pre-and post-human intervals.

This is the first study using foraminifera as a proxy
to reconstruct a regional seagrass history. Previous
research on historical seagrass abundance was based in
Australian ecosystems using geochemical proxies
(Macreadie et al. 2012; Serrano et al. 2016), and in
the western Atlantic using fossil sirenians (Vélez-
Juarbe 2014).

Methods

Core sites, collection and sampling

Collins, Fourqurean and others collected sediment
cores in 2002 from Trout Cove (offshore of Trout

Creek and Taylor Slough), off Russell Key, Bob Allen
Bank and Ninemile Bank (Fig. 1, Table 1). The areas
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Fig. 1 Coring sites (filled circles) in Florida Bay, showing
bathymetry of small basins separated by mud banks and
mangrove islands. Ninemile Bank has the most water exchange
with the Gulf of Mexico. Bob Allen Bank and Russell Key,
central Bay, are most influenced by runoff from the Florida

Keys, islands and Everglades, and input from the Atlantic and
Gulf of Mexico. Trout Cove, at the mouth of Trout Creek and
Taylor Slough, receives the most runoff from the Everglades.
Modified from Cheng et al. (2012)

Table 1 Core localities, Site and core #

Latitude, longitude

Water depth (cm) Core length (cm)

water depths and lengths
Bob Allen Bank

#122 25°01.670'N, 80°40.871'W 48 200

#124 25°01.731'N, 80°40.795' 48 194
Russell Key

#125 25°03.871'N, 80°37.501'W 46 170

#127 25°03.851'N, 80°37.371'W 46 170
Ninemile Bank

#134 24°57.128'N, 80°53.607W 37 244
Trout Cove

#1211 25°12.582'N, 80°31.932'W 47 96

(described in detail by Wachnicka et al. 2013) reflect
differences in sources of freshwater runoff and
external water exchange. Sites with accreting banks
were selected to maximize continuity of the sedimen-
tary record (Holmes et al. 2001). At Russell Key and

Bob Allen Bank, two cores per site were extracted
about 100 m apart to study within-area variability in
the central bay, furthest from runoff and the Gulf of
Mexico. One core per site was analyzed from
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Ninemile Bank at the edge of the Gulf of Mexico, and
from Trout Cove at the mouth of Trout Creek.

The cores were collected on a U.S. Geological
Survey barge with a mounted derrick and a PVC piston
device, following the procedures of Sansone et al.
(1994). The device was deployed through a central
hole in the deck. The core barrel was pushed through
an average of 1.5 m of greenish gray, calcareous mud
to indurated Pleistocene limestone. To prevent sedi-
ment loss from the core barrel, the bottom was capped.
The core barrels were raised with a winch. Cores were
transported to the Key Largo Multi-Agency Science
Center, Everglades National Park. All cores except the
longer, Ninemile Bank core were x-rayed before being
sliced into 2-cm-thick portions for analysis. The
sediments were mostly bioturbated with little bedding
visible by eye or x-radiograph.

Age determinations

Sample ages were determined with 2'°Pb in their upper
parts, and '*C in the lower part of the Ninemile Bank
core. An age model for each core was calculated using
the 2'°Pb radiometric method described previously for
the Florida Bay cores (Wachnicka et al. 2013). The
219pp activity was measured in consecutive samples
by alpha spectroscopy whereby >'°Pb and its decay
product *'°Po are assumed to be in secular equilib-
rium. Supported 2'°Pb activity was determined by
continuing measurements until activity became con-
stant with depth, while excess *'°Pb activity was
computed by subtracting the supported *'°Pb activity
from the total 2'°Pb activity. Comparison of interan-
nual trends was not possible due to the 21%py, age error
of approximately + 2 years for samples deposited in
the last 20 years and £ 5 years for older samples.
The longest (Ninemile Bank) core below supported
219pp activity was dated with '*C. Five samples of
mollusks were analyzed at Beta Analytic Radiocarbon
Dating Laboratory, Miami by synthesizing sample
carbon to benzene (92% C), measuring for 14C content
in one of 53 scintillation spectrometers, and then
calculating age. The marine carbonate samples were
corrected (Talma and Vogel 1993) for By 12C, and for
global and local geographic reservoir effects;
Bo2c = 1.6; local reservoir effect = — 5 £ 20;
global reservoir effect = — 200 to 500) prior to
calibration with the Marine 98 database (Stuiver
et al. 1998). Cheng et al. (2012) list the mollusks
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analyzed, measured radiocarbon ages, conventional
radiocarbon ages and two-sigma age ranges. The ages
of the 34 foraminiferal samples were interpolated
using midpoints of the two-sigma age ranges (cal
years BP) and assuming constant sediment accumu-
lation rates between the '*C ages.

Benthic foraminifera

Two hundred and three sediment samples were
disaggregated by soaking in water and sieved to
obtain specimens > 63 pm, which should include all
adult and nearly all juvenile foraminifera. Dried
residues were successively halved with a Gilson
microsplitter to produce representative samples of
> 300 specimens, generally sufficient to accurately
represent species’ proportions (Buzas 1990). Forami-
nifera were removed onto cardboard slides and
identified mostly to the species level with taxonomic
literature on the tropical to subtropical, western North
Atlantic (Bock 1969; Bock et al. 1971; Rose and Lidz
1977, Wantland 1967; Buzas and Severin 1982).
Questionable identifications were checked against
type specimens in the Cushman Collection of
Foraminifera, U.S. National Museum of Natural
History, and The Catalogue of Foraminifera (Ellis
and Messina, 1941-2009). Abundances of all identi-
fied foraminifera and their full taxonomic names were
presented by Cheng et al. (2012).

Species were identified as seagrass-associated
foraminifera (SAF) from their ecologies as compiled
from literature of the region (Table 2). SAF taxa were
those found more in seagrass beds than in other
sediments. Variations in species’ relative abundance
distributions and the percentage of SAF throughout the
cores were used to interpret fluctuations in seagrass
abundance.

Data analysis

Discriminant analysis showed how well time intervals
were distinguished by the relative abundances of SAF
taxa, where the SAF species for which the locations
differ most are more heavily weighted. Proportions of
species in an assemblages were first transformed using
the relationship arcsin p'/?, where p is the percentage
(Hayek and Buzas 1997). Fisher’s classification func-
tion coefficients were used directly for classification.
A separate set of classification function coefficients



J Paleolimnol

Table 2 General ecology of predominantly seagrass-associated foraminifera preserved in the six cores

Species Ecology References
Articulina High frequency in shallow mud flats towards center of Florida Bock (1967)
mucronata Bay, abundant on seagrass through entire year

(d’Orbigny)
Biloculina eburnea
(d’Orbigny)
Cyclogyra involvens
(Reuss)

Discorbis mira
Cushman,

Miliolinella
fichtelliana
(d’Orbigny)

Pyrgo denticulata
Brady

Quinqueloculina
agglutinans
(d’Orbigny)

Quinqueloculina
polygona
(d’Orbigny)

Rosalina floridana
(Cushman)

Sorites marginalis
(Lamarck)

Spirillina vivipara
Ehrenberg

Triloculina
linneiana
d’Orbigny

Triloculina rotunda
(d’Orbigny)

Primary weed fauna, more important on seagrass than in
sediments

Low frequency, abundant on seagrass

Medium frequency, most common in shallow waters adjacent to
lower Florida Keys, found living on Thalassia in small
populations

Random distribution with low-medium frequency, abundant on
seagrass through entire year

Low frequency, limited to waters adjacent to lower Keys,
cOmmon on seagrass

Frequent in Florida Bay, highest frequencies with coarsest
sediment suggest sorting by wave action, dissappears in
brackish and deeper waters

Limited to carbonate platform and shoals associated with high-
diversity, miliolid-dominated enviroments; medium
frequencies in Florida Bay, appears mainly restricted to
shallow waters

Primary weed fauna, more important on seagrass than in
sediments

Commonly adheres flush to blades of seagrass
Low frequency, common on seagrass

Restricted to carbonate platform and shoals associated with
high-diversity, miliolid-dominated assemblages

Primary weed fauna, more important on seagrass than in
sediments

Bock (1967), Brasier (1975b)
Bock (1967), Brasier (1975b)

Brasier (1975a), Grant et al. (1973), Martin
and Wright (1988), Steinker and Raynor
(1987)

Bock (1967), Brasier (1975b)
Bock (1967), Grant et al. (1973)

Bock (1967)

Bock (1967)

Bock (1967), Brasier (1975a, b), Steinker
and Raynor (1987)

Bock (1967), Brasier (1975b), Martin and
Wright (1988), Steinker and Raynor
(1987), Steinker and Steinker (1976)

Bock (1967), Brasier (1975a)

Bock (1967)

Brasier (1975a, b), Grant et al. (1973)

was obtained for each group using the discriminant
model developed, as well as under a jackknife
procedure. This procedure, although biased, does
provide some information for future sampling results.

The Assemblage Turnover Index (ATI) measured
the percent turnover, or change in SAF as a commu-
nity, from one foraminiferal assemblage to the next
youngest. The ATI quantifies the percentage of change
overall in species’ proportions to identify the times of
greatest community change (Hayek and Wilson 2013).

ATI:Z|P1‘2*P;‘1| (1)

in which p;; and p;, are the proportional abundances of
the ith species, i=1,..., s, in the samples or
assmblages on either side of a predetermined cutpoint
or boundary. Note that although for each sample

2pi=1 (2)

the measure ATI can be > 1.
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Results

The proxy for seagrass abundance was based on
seagrass-associated foraminifera (SAF) in South
Florida and the Caribbean (Table 2). To test the set
of 13 SAF species selected for the proxy from 76 taxa
previously enumerated in Florida Bay (Cheng et al.
2012), we compared their relative abundances during
the intervals (1) before the seagrass-die-off,
1970-1986; (2) the seagrass die-off’s first phase in
1987-1991; and (3) the second phase in 1992-2002.
219ph ages from ~ 1970 to 2001 (Fig. 2, ESM1) have
an error range of < &£ 2 years.

The most abundant SAF taxa in the six cores
(Cheng et al. 2012) were Biloculina eburnea (d’Or-
bigny), Quinqueloculina polygona d’Orbigny, Ros-
alina floridana (Cushman) and Triloculina rotunda
(d’Orbigny). Percentages of SAF in all cores (Fig. 3)
declined from the early 1970s to mid-1980s, before the
seagrass die-off, and, with the exception of Trout
Cove, reached even lower values during the die-off. A
discriminant analysis of SAF in the three intervals
shows only the pre-die-off interval 1970-1985 to be
significantly distinct (Fig. 4). Although SAF percent-
ages in the five cores from Bob Allen Bank, Russell
Key and Ninemile Bank were higher after the first die-
off phase, the first and second die-off phases were not
significantly different. Miliolinella fichtelliana (d’Or-
bigny), R. floridana and T. rotunda were significant in
separating the pre-die-off from the die-off phases, and
Fisher’s classification functions and the jackknife
estimates classified correctly 66.1% of the originally
grouped cases. In contrast, a discriminant analysis of
the total assemblages of all 76 foraminiferal taxa
shows no significant differences between the pre-die-
off and die-off intervals, and T. rotunda was the only
taxon that separated the pre-die-off from the two die-
off phases. The Assemblage Turnover Index (ATI)
also indicates larger turnovers in SAF assemblages
around 1986 + 2 years, because the turnover or
change per sample for each core is about 2%
maximum, compared to much higher values between
the pre-die-off interval and beginning of the die-off
(Table 3). In addition, although the discriminant
analysis showed differences between the two die-off
phases to be nonsignificant, the ATI indicated a high
SAF assemblage turnover between the two phases.

Beginning with permanent human settlement in
South Florida in the late 1880s, the 2!°Pb-dated record
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of seagrass abundance using the SAF proxy (with age
error of £ 5 years before ~ 1970) shows much vari-
ation in trends (Fig. 5). In addition to the mostly lower
values during the seagrass die-off, other trends seen in
five of six cores are a substantial increase
1919-1925 £ 5 years, and a large drop between
1934 and 1940 +£ 5 years with a subsequent rise.

To analyze SAF assemblages in relation to docu-
mented anthropogenic and climatic influences, the
1880-2001 record was divided into five intervals
defined by land use and, for comparison, the seagrass
die-off (Table 4). Percentages of SAF during the die-
off (Interval 5) were lowest with a mean of 11%,
compared with 17-20% for other intervals. A dis-
criminant model to test differences between intervals
(Fig. 6) excluded Trout Cove, at the mouth of Trout
Creek, because it contains sparse seagrass beds due to
long-term low salinities. The discriminant analysis of
SAF assemblages significantly separated the seagrass
die-off from the other four time intervals. Interval 1,
initial permanent settlement, and Interval 2, agricul-
tural buildup and construction of canals, roads and a
coastal railroad, were also significantly different from
Interval 4, the period of intensification of agriculture
and water management. Classification of the original
grouped cases for the five cores was 39-79%, as
compared to 28% for the Trout Cove cases using the
five-core model.

The longest core, from Ninemile Bank, contained
the oldest sediments and was examined with 2'°Pb and
'C ages (Fig. 7). The mollusk samples analyzed for
14C produced conventional radiocarbon ages (% 40,
YBP) sequentially downcore of 2750, 3210, 3400,
3590 and 3720 YBP, with no reversals. Two-sigma
age ranges are 2660-2340, 3150-2920, 3360-3200,
3580-3390, and 3800-3530 cal years BP.

Over the past ~ 3800 years, SAF increased
rapidly during initial inundation by seawater, attained
a relatively low abundance from ~ 3600 to
2300 cal years BP, and increased to a high ~ 1919
A.D. before gradually decreasing to relatively low
percentages again during the 1987-2001 seagrass die-
off. We conducted analyses on four intervals over
which we suspected SAF would have changed: (1)
initial flooding, (2) pristine conditions before
~ 1880, when humans permanently settled South
Florida and began constructing canals in central
Florida to divert freshwater, (3) anthropogenically-
influenced coastal conditions 1880-1986, and (4) the
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Fig. 2 Ages determined with 2!°Pb (six plots at top, and broad line with error at bottom) and '*C for Ninemile Bank (at bottom, open
squares, error within lines, break in scale between older '*C and younger >'°Pb ages)

recent seagrass die-off. A discriminant analysis
(Fig. 8) clearly separates the two SAF assemblages
in Group 1 (initial flooding of the bay, marked by

mangrove peat) from the rest, and although assem-
blages in the other three groups overlap on the first two
canonical axes, each of the four defined groups
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in the six cores, 1970-2001. 2'°Pb ages, + ~ 2 years. Note
decreasing trend preceding seagrass die-off that began in 1987,
and generally lower values afterward, except for Trout Cove site

separated significantly (p < 0.01). In all, 70.7% of the
original grouped cases were correctly classified. The
ATTI shows that across the boundaries between each
two successive intervals, the greatest difference was a
62% change in species between initial flooding and
more normal, pristine conditions, with the other
boundary changes only ~ 2%.
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proxy

Discussion

Seagrass-associated foraminifera, 1987-2002
seagrass die-off

Seagrass-associated foraminifera (SAF) in Florida
Bay and the Keys (Table 2) typically occur on the
broad blades of Thalassia testudinum Banks ex Konig,
by far the most widespread and abundant local
seagrass, which provides a larger substratum than
thinner types and local algae (Bock 1969; Fujita and
Hallock 1999). Over 95% of foraminiferal species
living in seagrass or macroalgal substrates are perma-
nently or temporarily motile (Langer 1993), so the
criterion used was for SAF taxa found more often in
seagrass beds or on seagrass than in sediments. A
preliminary study (Collins et al. 2004) indicated that
foraminifera found on seagrass could distinguish
between dense and sparse seagrass beds, but most of
the living taxa were delicate forms and less useful
because of their poor chance of preservation in
sediments over time.

The SAF proxy was tested against the well-
documented 1987-2002 seagrass die-off. Prior to the
die-off, the seagrasses Syringodium filiforme Kuetz,
Halodule wrightii Asch and T. testudinum
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Table 3 Assemblage Core Pre-die-off to Die-off Phase 1 Die-off Phase 1 to Phase 2
Turnover Index (ATI)
percentages for 1970-2001 No. of samples ATI% No. of samples ATI%
seagrass-associated
foraminifera BA122 3-3 31 3-3 23
BAI124 3-1 12 - -
RK125 4-4 8? 4-5 30
RK 127 5-6 47 6-5 47
“If cutpoint moved to NM134 3-2 38 2-3 33
1989-1991, ATI = 73%; ~ TCI211 30 20 _ _
indicates truncation of core
BT T T T T T T oAz seagrass beds were denuded and another 240 km?
30f o were also affected (Fourqurean and Robblee 1999).
251 TR No pronounced decreases in water clarity or increases
20- +TC1211 in algal abundance were observed before the 1987 die-
151 7 off, which was caused by chronic hypersalinity,
1o 7 probably hypoxia and sulfide toxicity, and possibly
5r 7 high temperature, and the combined effects of multi-
g 42 i i i i # # # # # # # # # ple stressors such as a multiyear, late-1980s drought
T 40 - and long-term water management (Borum et al. 2005;
g 35 . Koch et al. 2007). Initial losses resulted in sediment
&£ 30 - resuspension and phytoplankton blooms leading to
B o5t - extensive, persistent water turbidity, declines in water
'§ 20+ - clarity, and thus, pronounced light attenuation that
ﬁ 151 8 threatened more seagrass habitat (Fourqurean and
% 10F . Robblee 1999; Fourqurean et al. 2002). From 1991 to
@ 51 8 1994, a second phase of the die-off resulted from
@ e ———————— i widespread declines in water clarity due to erosion of
* a0k i the seafloor left bare by the first phase, and from
35 i nutrients released from the decaying seagrass biomass,
30 i which may, in turn, have led to decreased light
25k 4 attenuation and two interrelated consequences: algal
20k 4 blooms and sediment resuspension (Butler et al. 1995;
151 i Zieman et al. 1999; Hall et al. 1999; Durako et al.
10k i 2002). From 1995 to 1998, western basins exhibited
5 - great losses in biomass, although other parts period-
Y Y ically subjected to low salinities changed little (Du-
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Fig. 5 Percentages of seagrass-associated benthic foraminifera
in the six cores, 1885-2001. The largest decreases observed for
all sites is for 1934-1940 (& ~ 5 years, 210py, ages), corre-
sponding to an intense hurrican interval, and in 1987-2002,
during the seagrass die-off

covered > 80% of Florida Bay’s seafloor (Zieman
et al. 1989; Hall et al. 1999). From 1987 to 1991, an
initial die-off phase extended from the west to the
southeast central bay and only T. festudinum experi-
enced significant decline, but by 1991, over 40 km? of

rako et al. 2002). Finally, from 1999 to 2002, declines
in overall abundance slowed, and seagrass coverage
began to increase afterwards (Hall 2012).

The decline in SAF percentages during the 1970s to
mid-1980s in all cores except Trout Cove (Fig. 3)
suggests that environmental stresses on seagrasses had
increased prior to the 1987 die-off. (Trout Cove
contains sparse seagrass beds due to long-term low
salinity, and SAF percentages conformed less to those
in the other five cores throughout the study.) It may be
that water allocation plans and drought in the 1970s,
and droughts in 1980-1982 and 1985 (Nuttle et al.
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Table 4 Time intervals defined by land-use activities and
recent seagrass die-off, used in discriminant analysis

Time Events

Interval 1~ 1880-905 Initial permanent settlement; pre-

agricultural buildup

Interval 2 1906-1930  Agricultural buildup; Flagler
Railroad, Tamiami Trail and

canal construction

Interval 3 1931-1950  Agriculture without additional

construction of canals

Interval 4  1951-1986  Agriculture intensification with
construction of more canals,
Water Retention Areas, and a
series of water management

plans

Interval 5 1987-2001  Seagrass dieoff phase 1
(1986-1991) and phase 2

(1992-2001)

4 11880-1905
21906-1930
31931-1950
41951-1985
13 5 1986-2001
W Group centroid

2] 4

Canonical Discriminant Function 2
o
1
(4]
&7
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44

4 2 0 2 4
Canonical Discriminant Function 1

Fig. 6 Plot of discriminant analysis scores on first two axes for
seagrass-associated foraminifera excluding Trout Cove site,
1885-2001. Time intervals (Table 4) defined by land-use
activities (Intervals 1-4) and recent seagrass die-off (Interval
5). Interval 5 was significantly different from the others.
Intervals 1 and 2 differed significantly from Interval 4

2000), possible precursors of the 1987 seagrass die-
off, began the decline in SAF before the larger die-off
was observed.

Between 1987 and 1994, seagrass abundance
dramatically decreased in the central bay (Hall et al.
1999). During this time, three of the four central bay
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cores (BA122, BA124, RK127) show mostly contin-
ued decreases in SAF percentages; the fourth (RK125)
shows an increase in the late 1980s before dropping to
its lowest value in 1991 (Fig. 3). SAF percentages also
decreased in the late 1980s—early 1990s at Ninemile
Bank, where water is exchanged with the Gulf of
Mexico (Stumpf et al. 1999). In contrast, seagrass
surveys between 1984 and 1994 in that area showed
stable standing crops with only a few stations record-
ing a slight decrease, although in some nearby areas
such as Rabbit Key, a great amount of seagrass died
between 1987 and 1994 (Hall et al. 1999). The
Ninemile Bank record of SAF suggests that even if
local seagrass loss was minimal, severe SAF losses in
other parts of the bay were felt by SAF beyond the
locally affected area.

During the seagrass die-off, SAF in the Trout Cove
core had a trajectory opposite to those in the other five
cores, showing higher SAF percentages in the late
1980s to early 1990s compared with the 1970s to early
1980s (Fig. 3). Trout Cove receives much freshwater
runoff from Trout Creek and Taylor Slough (Fig. 1)
and its lower salinity results in a sparse stand of
seagrass, possibly due to the interaction of phosphorus
and salinity in controlling seagrass density in that area
(Herbert and Fourqurean 2009). No seagrass die-off
was observed at nearby Duck Key, either (Zieman
et al. 1999). A seagrass biomarker study (Xu et al.
2007) also suggested less effect of the seagrass dieoff
in this area relative to other Florida Bay sites.

Around 1995, some recovery in seagrass occurred
in the central bay, but from 1995 to 1998 western
basins exhibited great losses in biomass while other
parts periodically experiencing low salinities changed
little (Durako et al. 2002). In three of the four cores
covering post-1995 (RK 125, RK 127, NM 134), SAF
percentages were higher after 1995 than during the
die-off’s first phase (1987-1991), but still lower than
values prior to the die-off.

Similar to post-1991 periods of partial seagrass
recovery in some areas combined with severe losses in
others, statistical measures of the timing of SAF
changes are a bit mixed. The greatest amount of
turnover in SAF between the first die-off phase (1993/
1994 samples) and the second phase (1995/1996
samples) indicated by the Assemblage Turnover Index
(Table 3) suggests substantial changes to SAF assem-
blages, but discriminant analysis showed no signifi-
cant difference between SAF assemblages 1986-1991
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Fig. 7 Percentages of seagrass-associated benthic foraminifera
(SAF) at Ninemile Bank, ~ 3800 cal years YBP—2001 A.D.
The 'C ages shown are (except for the base) interpolations
between midpoints of two-sigma age ranges (e.g. 2660-2340,
cal years BP) of five dated samples of molluscan material. '*C
ages younger than 2500 cal years BP were interpolated between

1 Initial flooding ~3,800 YBP
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Fig. 8 Plot of discriminant analysis scores on first two axes for
seagrass-associated foraminifera at Ninemile Bank, ~ 3800
YBP—2001 A.D. SAF assemblages were significantly different
over the four intervals of (1) initial flooding, (2) pristine
conditions before human occupation, (3) anthropogenic influ-
ences after the beginning of agriculture and canal construction,
and (4) the seagrass die-off
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last 2'°Pb age of 1885 cal years and youngest '“C age of
2500 cal years BP. SAF assemblages indicate the 1987 die-off
resulted in extremely low coverage that was comparable to
inundation and development of the benthic ecosystem > 2500
YBP

and 1992-2001 (Fig. 4), which agrees with the general
pattern that seagrass recovery post-1991 was neither
strong nor sustained. Overall, the conclusion from
testing the seagrass abundance proxy is that the
initiation of a large seagrass die-off is detectable in
the sedimentary record of Florida Bay using the SAF

proxy.
Seagrass-associated foraminifera, 1880-2002

At the centennial scale, the 1987 seagrass die-off was
truly deleterious to SAF, as seen in their lower
percentages (Fig. 5). Results of the discriminant
analysis (Fig. 6) also showed that only the
1986-2001 time interval was different from the other
four anthropogenically defined intervals (Table 4).
However, most SAF assemblages were correctly
classified by the five time intervals for the four Bob
Allen Bank and Russell Key cores (53-71%), so
changes in central bay SAF were detectable if not
significantly separable. Correct classification of Nine-
mile Bank SAF at 39% and Trout Cove at 28% reflect
damped effects, probably due to their proximity to the
Gulf of Mexico and Taylor Slough, respectively. We
should note that classification is not part of the
discriminant analysis model and is biased because the
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same species that are used to develop the model are
being classified, but it is standard practice to run ad-
hoc classifications.

Besides the severe decrease in SAF during the
seagrass die-off, two other times of larger change
occurred (Fig. 5). A large increase
1919-1925 £ 5 years is seen at Ninemile Bank and
Russell Key, with moderate increases in the Bob Allen
Bank #122 and Trout Cove cores. During that period,
there occurred so many overlapping climatic and
meteorologic events (e.g., Atlantic Multidecadal
Oscillation cool phase, ENSO cycle of higher precip-
itation, strong hurricanes, droughts), and construction
that blocked freshwater flow to the Bay (e.g., Tamiami
Trail road, Tamiami Canal, Lake Okeechobee Levee
and other canals in central Florida), that they cannot be
isolated and related chronologically to SAF changes. It
may also be that there is no single, bay-wide cause of a
decrease at any one time, but rather, random variation
and localized changes.

From 1934 to 1940 + 5 years, a large decrease in
SAF percentages to low points is seen in all cores
except BA124. During this period there were no major
natural events or anthropogenic changes other than a
series of three powerful, relatively wet hurricanes in
1926, 1928 and 1935 that hit South Florida. Seagrass
biomarkers from the same cores suggested decreased
abundance from 1932 to 1949 (Xu et al. 2007), which
agrees in part with our SAF pattern. From 1928 to
1938 £ 5 years, concurrent peaks of the brackish
Ammonia foraminiferal association in these cores may
reflect temporary freshening of the bay by the
hurricanes (Cheng et al. 2012). Thalassia thrives in a
fairly narrow salinity range with maximal productivity
at 28-30 psu (Zieman 1975; Lirman and Cropper
2003), so the SAF decrease may be a lagged response
to decreased salinity and, subsequently, seagrass
cover.

In the 1940s, SAF percentages returned to higher
levels in all cores except BA124, then generally
decreased to the end of all core records except those of
BA124 and RK127, which recorded higher values in
the 1960s to early 1980s. Salinity proxies of ostracod
taxa and stable isotopes of oxygen indicated that a
multiyear drought in the early 1940s led to hyper-
salinity in the central bay (Dwyer and Cronin 2001;
Swart et al. 1999), which would have decreased
seagrass abundance, not in agreement with the SAF
data. Additionally, the 1940s-2001 SAF pattern of
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decline is opposite to that shown by epiphytal
ostracods that suggested a higher abundance of aquatic
vegetation after 1950 in central and eastern Florida
Bay (Cronin et al. 2001). Although ostracods have
potential as seagrass indicators (Forsey 2016), this
study of seagrass and macroalgal variability did not
show a decline in epiphytal taxa during the large
1987-2002 seagrass die-off, as the SAF taxa did.

Decreases of SAF in most cores during the 1960s to
early 1980s were concurrent with a period of droughts,
in 1961-1963, 1971-1974, 1980-1982 and 1985.
These SAF decreases might have resulted from
intensified freshwater management that included
completion of the Water Retention Areas in the
Everglades in 1960-1963, the Everglades National
Park-South Dade Conveyance System in 1968, the
South Florida Water Management District’s
(SFWMD) Minimum Allocation Plan for freshwater
flow in 1965-1970, the SFWMD’s Monthly Alloca-
tion Plan for flow to Taylor Slough in 1970 to early
1980s, and the SFWMD’s Rainfall Plan for flow to
Shark River and Taylor sloughs in the mid-1980s
(Light and Dineen 1994).

A pattern seen across all six cores is the degree of
variability in total foraminiferal assemblages (Cheng
et al. 2012) and SAF assemblages within the two
central bay areas of coring that is as great as that
between the four cored areas. This large variability at
any one time can be explained by localized habitat
differences and subsequent bioturbation, as well as age
error. Sediment accumulation rates were also differ-
ent; for example, one Bob Allen Bank core reflected
rates twice as high as the other (Cheng et al. 2012). All
of this variability emphasizes the need for multiple
cores and sites in studies of shallow coastal waters,
which reflect highly localized conditions.

Seagrass abundance over ~ 3800 years

Approximately 3800 cal years BP, when seawater
initially flooded Florida Bay (Wanless et al. 1994),
mangroves were replaced by seagrass beds. At Nine-
mile Bank, the brackish Ammonia foraminiferal
association dominated the basal sediments that
included mangrove peats (Cheng et al. 2012), and
the extremely low percentages of SAF (Fig. 7) indi-
cate that seagrass abundance was near zero for the two
bottom core samples. During the subsequent sea level
rise, Florida Bay gradually became a more
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hospitable habitat for seagrass as indicated by a trend
of increasing SAF percentages until the very high peak
at ~ 1919 A.D., a high also seen in most of the other
cores. It may be that during initial inundation, severe
phosphorus limitation minimized seagrass biomass,
and benthic systems did not accumulate phosphorus
from the Gulf of Mexico source for millennia.
Although sea level rise was probably not a generally
smooth rise as is often shown (Robbin 1984), and the
sedimentology of archeological sites in southwest
Florida even suggests a highstand ~ 1.2 m higher
than today ~ 1750-1450 cal years BP (Walker et al.
1995), the effect of that difference in water depth on
seagrass abundance would be minimal (as compared
to phosphorus accumulation) in determining seagrass
abundance.

Ninemile Bank SAF assemblages were signifi-
cantly different between periods of the initial flooding,
pristine  conditions ~ 3665-414 cal years  BP,
anthropogenic influence 1885-1986 + 5 years, and
the 1987-2001 =+ 2 years seagrass die-off (Fig. 8).
Percentages of SAF during the die-off were as low as
values > 2500 cal years BP, suggesting that sea-
grasses had not yet become well established. The
much greater difference in SAF assemblage compo-
sition between initial flooding and pristine conditions
than with the other boundary changes, as shown by the
Assemblage Turnover Index values, supports the
mangrove peat-marine sediment transition as a far
greater change in seagrass abundance than any sub-
sequent fluctuations.

Conclusions

A foraminiferal proxy for regional seagrass abundance
was developed from the literature, tested successfully
against the large seagrass die-off that began in 1987,
and used to construct a record of seagrass variabil-
ity for Florida Bay since initial flooding
~ 3800 cal years BP. Total percentages of seagrass-
associated foraminifera (SAF) responded to the die-off
with significant decreases in five of six sediment cores.
The sixth (Trout Cove) core, from a low-salinity area
with sparse seagrass beds, is more influenced by
freshwater runoff than typical bay-wide conditions.
The SAF proxy performed well for the seagrass die-
off, so we applied it to the 1880-2001 record in detail

(£ 5 years), and to the ~ 3800-year record at a larger
scale.

From 1880 to 2001, the largest overall decrease in
SAF occurred during the seagrass die-off that began in
1987. Discriminant analysis showed that SAF assem-
blages beginning in 1987 were significantly different
from the previous four anthropogenically defined
intervals back to 1880. There are two other large
SAF changes in most of the cores: (1) Between 1919
and 1925 £ 5 years, a large increase in SAF percent-
ages in three cores and a moderate increase in two
other cores occurred during a time interval that
included so many anthropogenic, climatic and mete-
orologic events that any correspondence in timing
cannot be disentangled. (2) From 1934 to
1940 +£ 5 years, a large decrease in SAF percentages
to relative lows in all cores except one occurred during
a time of three powerful, wet hurricanes in South
Florida that may have caused freshening and lower
salinities (Cheng et al. 2012) that, in turn, could have
diminished seagrass abundance and coverage.

Over the time of Florida Bay’s existence, seagrass
at Ninemile Bank replaced mangroves ~ 3800-
3530 cal years BP. The SAF indicate gradually
increasing seagrass until the early 1900s when, except
for an anomalous peak in 1919, abundance started to
decline until the record’s end at the 1987-2002
seagrass die-off. Assemblages of SAF during the four
intervals of initial marine flooding, pre-anthropogenic
times, anthropogenic times, and the seagrass die-off
were significantly different, with basal samples
reflecting lower-salinity, transitional peat-to-marine
sediments being most different.

This is the first study using foraminifera as a proxy
to reconstruct the seagrass history of an area. It should
be emphasized that when using shallow-water for-
aminiferal ecologies to develop proxies, regions can
be different in the species that are most useful.
Because of local environmental controls, common,
seagrass-associated foraminifera in one region may
not be as common in another region, which may have
others that are better seagrass markers. It is most
expedient to study the local to regional patterns in the
area in which a paleoenvironmental analysis is
planned. This research introduced a new approach
for developing a seagrass proxy: we identified species
that are more abundant in seagrass beds than in other
sediments, and tested them together as a proxy against
a previously documented seagrass die-off, a method
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that may be useful for future micropaleontological
studies based in other regions.
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