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Abstract
Large accumulations of stranded macroalgae on the beaches of Sanibel Island from 2004 to 2007 were unusual and thought to be
driven by high rainfall and river flows stemming from a high frequency of hurricanes. The southwest Florida shelf was thought to
be isolated from far-field effects such as high river flows and urbanization but field- and laboratory-based studies suggest that
nitrogen enrichment, fragmentation, and species composition of macroalgal communities on the shelf and in the estuary con-
tribute to beach stranding events. Macroalgae were sampled using a belt transect method to determine species distribution and
abundance. Macroalgae were abundant (1) in the lower estuary with abundant seagrass and (2) on limestone outcroppings in the
Gulf of Mexico. An MDS analysis of the quadrat samples indicated two distinct macroalgal community types, a BSound^
assemblage around Pine Island Sound and a BGulf^ assemblage, associated with a live bottom and patch reef in the Gulf of
Mexico. Peak abundances for the two community types differed with the Gulf having peak abundances from July to November,
while peak abundances in the Sound occurred from January to July. Sound macroalgal tissue had significantly enriched δ15N
compared to Gulf tissue when all species were combined and in five of six species collected at both locations suggesting that
stable isotope analysis could be useful in combination with species composition in determining the source of macroalgae during
stranding events. In addition, a laboratory study was conducted on four species that were sampled and frequently collected as a
result of stranding events. Laboratory growth experiments demonstrated the potential for three of four common species (Solieria
filiformis,Gracilaria tikvahiae, Agardhiella subulata) to fragment and grow significantly more under elevated nitrate conditions.
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Introduction

Beginning in the winter of 2003–2004, unusually large
stranding events of drift red macroalgae occurred on
Sanibel Island, Bonita Springs, and Fort Myers Beach
(Dawes 2004). The beaches are the major tourist attraction
to southwest Florida (Lee County Visitor and Convention
Bureau 2017). Tourism supports one out of every five people

and attracts 4.8 million visitors. During the stranding events,
resort tax collections lost $1 M dollars between 2004 and
2005 (LeeVCB 2006) in part due to the accumulations of
macroalgae. Dead biomass of macroalgae can cause hypoxia,
anoxia, and die-off of seagrasses and other benthic biota
(Valiela et al. 1997), thereby reducing habitat for sport and
commercially important fisheries. Decomposing macroalgae
deters beachgoers and local businesses suffer when people
move away from such deposits or leave the beach altogether.
While large algal strandings are considered a nuisance, de-
composition rates are relatively rapid with up to 65% of the
original algal mass degrading after 25 days (Sassi et al.
1988). Decomposition of algal biomass can provide benefits
to the shallow water and beach ecosystem as an important
supply of organic and inorganic nutrients that can be rapidly
assimilated by other macroalgae, phytoplankton, and
phytobenthos. Stranded macroalgae can also deliver small
invertebrates (Virnstein and Howard 1987) to the beach for
shorebirds (Dugan et al. 2003).
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The factors contributing to the growth and accumulation of
macroalgae on the Gulf of Mexico barrier island beaches are
poorly understood. Both the economic and ecological consid-
erations have prompted research into the factors that cause
stranding events. While nutrients from urban and agricultural
sources are a potential driver of macroalgal growth for the
Caloosahatchee Estuary and most estuaries worldwide (Bach
and Josselyn 1978; Maze et al. 1993; Valiela et al. 1997),
other factors such as community composition, fragmentation,
and isotopic composition of branching red algal species were
investigated to explain causes of future stranding events.

There exists a rich flora of tropical and subtropical
macroalgae species in the nearshore benthic habitats (Dawes
1969). A large number (greater than 100) of perennial and
tropical macroalgae were collected during the Hourglass
cruises (Joyce and Williams 1969) in the late 1960s in the
depth range of 6–20 m. Dawes (1969) described the
growth pattern as seasonal with peak biomass, maturation,
and reproduction occurring in late summer and largely
disappearing in the early winter. To our knowledge, there have
been no additional studies of macroalgal communities near
Sanibel Island since the 1960s. A more recent study linking
river flows to beach stranding events (Lapointe and Bedford
2007) suggested that more research on the distribution and
abundance of macroalgae was needed.

Contemporary nutrient loading in the region has been well-
documented (Brand and Compton 2007) given the large wa-
tershed and urbanization (Crossett et al. 2004) of the
Caloosahatchee River and unusually large freshwater flows
resulting from a highly engineered system (Doering and
Chamberlain 1999). The impacts of both high and low (or
no) flow periods have been extensively studied and continue
to be monitored within the estuary in terms of water quality
(Xia et al. 2010) and effects on valued ecosystem components,
such as seagrass, oysters, and ichthyofauna (McPherson and
Miller 1987; Bell and Hall 1997; Tolley and Volety 2005;
Barnes et al. 2007).Moreover, increased nutrient loading in shal-
low estuaries favors faster-growing macroalgae over slow-
growing seagrasses and can ultimately lead to phytoplankton
dominance under high loading (Duarte 1995; Valiela et al.
1997).

Benthic offshore habitats in southwest Florida include hard
bottom communities with a diverse epibiota (Brooks et al.
2006) that includes hard and soft corals (Hine and Locker
2009), mollusks (Haas 1940), and macroalgae. The continen-
tal shelf contains many shoal and ridge features (Scanlon
1999) with a diversity of polychaetes, bivalves, and amphi-
pods (Posey et al. 1998). Hard bottom areas are typically at
intermediate depths (9–15 m) where limestone outcroppings
occur. A thin veneer of overlying sand, when combined with
storms and waves, can cause scouring and dislodging of
epibiota and macroalgae followed by transport to barrier is-
land beaches (Perry 1936). The shallow depths are colonized

by pen shells (Munguia 2004) and quartz sands with shells
and other mollusks, such as lightning whelks (Busycon sp.)
and calico scallops (Argopectin spp.). Deeper depths contain
low relief limestone, suitable for macroalgal attachment, with
barrel sponges interspersed with areas of crushed shell and
carbonate sediments and occasional Halophila decipiens
(Fourqurean et al. 2001).

Benthic offshore habitats are generally considered to be
geographically isolated from water management practices
and river discharges and inflows (Weisberg et al. 2009).
Macroalgal stranding events may be connected to offshore
areas via fragmentation from nutrient enriched areas from
waves and storm events. However, algal overgrowth is likely
dictated by the proximity of certain habitat types to potential
loading sources (nutrient availability), grazing pressure, and
light availability. This suggests that macroalgal overgrowth
would most likely occur near the sources of nutrient loading
(inshore, closer to the mouth of the Caloosahatchee), then
dislodged and transported to the Gulf beaches. Studies of the
distribution and abundance of drift macroalgae in a subtropi-
cal environment, the Indian River Lagoon, have demonstrated
that bathymetry influences the distribution of drift macroalgae
(Reigl et al. 2005). Drift algae accumulated in shallow areas
(< 1.5 m depth) and around and within seagrass areas during
the winter. Higher algal biomass in the Sebastian Inlet was
found and situated near a major inlet with current-driven ac-
cumulations of algae.

The purpose of this study, therefore, was to determine the
factors that led to the large stranding events. A field
survey evaluated the community composition, biomass, and
δ15N of macroalgae to determine connectivity of habitats to
sources of N-loading and whether stranded algae were coming
from areas near the beach or were occurring as a result of
fragmentation, transport, and growth. A laboratory study
was used to determine the growth of four commonmacroalgae
species in order to demonstrate the potential for macroalgal
species to grow after fragmenting and during transportation as
a potential driver of drift algae stranding events.

Materials and Methods

Distribution and Abundance of Macroalgae

The study area included the Southwest Florida continental
shelf up to 30 km offshore, from Captiva Pass to Wiggins
Pass (Fig. 1) and the nearshore and inshore areas within
15 km of Sanibel Island. The source of freshwater and nutrient
loading to the region is from the Caloosahatchee River, part of
the Northern Everglades (SFWMD 2009). Thirteen stations
were established in June 2008 to determine the distribution
and abundance of attached macroalgae in the nearshore.
Stations were sampled bimonthly for a total of 12 sampling
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events from June 2008 through June 2010. Sampling sites
were designed to cover a large area with the hypothesis that
the Caloosahatchee River flows would be a primary driver for
the distribution and abundance of macroalgal species. Sites
were chosen in the nearshore Gulf of Mexico (6), offshore
Gulf of Mexico (5), and in Pine Island Sound (2). At each
station, a 100-m lead-core transect line was deployed parallel

to shore. Samples from 20 quadrats whose location was deter-
mine from a random number table were collected along each
transect. A random number table was used to assign the posi-
tion of each quadrat along the transect. At each position, a 1-
m2 quadrat was used to visually estimate percent cover within
the quadrat and subsequently all attached macroalgae was
collected and placed in a mesh bag. Macroalgae were

Fig. 1 Map of the study area
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transferred to plastic re-sealable bags at the surface and stored
on ice. Upon returning to the laboratory, samples were stored
at 4 °C and sorted and identified within 1 week of collection.
Samples from beach stranding events were haphazardly sam-
pled using a 1-m2 quadrat. Macroalgal samples were first
sorted by morphotype and then identified to the lowest taxo-
nomic level using Dawes andMathieson (2008). Species iden-
tifications were confirmed from voucher specimens by Dr.
Clinton Dawes, one of the authorities on the macroalgae spe-
cies of Florida.

The fresh weights (FW) and dry weights (DW) of each spe-
cies were determined to the nearest 0.0001 g (Mettler-Toledo
Analytical balance; Model AG204). Samples were dried to
constant weight at 60 °C (Fisher Isotemp 500 Series) and results
are reported in g DW. The cumulative abundance of all species
was plotted over time to determine the peak period of abun-
dance (g DW, n = 20). Dry weights (g DW m−2) of each indi-
vidual species collected from a given location were used to
conduct a multivariate analysis using PRIMER (Ver. 6). A
Bray-Curtis similarity analysis was performed using species
and abundance and was projected into two-dimensional space
using multidimensional scaling (Clarke and Warwick 1998).
Data were not transformed as the results from the cluster anal-
ysis did not differ after log transformation. Since many of the
sites had no or only a few pieces of algae, only the four sites
with abundant macroalgae were used in the analysis (Table 1)
along with the beach stranding events. The sites were assigned
to a group in PRIMER, a designation based on location (e.g.,
Sound, Gulf, Beach).

Tissue samples were prepared for stable isotope analysis by
the Colorado Plateau Stable Isotope Laboratory (Northern
Arizona University). Samples were ground in a mortar and

pestle and encapsulated in tin. Samples were run using an
isotope-ratio mass spectrometer (Thermo Fisher Scientific)
that was calibrated to a standard from the National Institute
for Standards and Technology (NIST). Isotopic ratios for N
were grouped by location and by species. A Kruskal-Wallis
test was used to compare mean δ15N (‰) values between
Sound and Gulf locations for all species combine, then for a
selection of species found in both locations.

Laboratory Experiments

Several common species were selected for laboratory experi-
ments to investigate growth rates following fragmentation un-
der different nutrient enrichment treatments. Four algal spe-
cies, Solieria filiformis, Agardhiella subulata, Gracilaria
tikvahiae, and Eucheuma isiforme, were collected in January
2014 from the beach from the Northwest region of Sanibel
Island, Florida (26.452593 N, − 82.013601W). These species
were commonly collected in the belt transect surveys and were
used for the lab experiment. The algae were collected in plas-
tic bags, immediately returned to the lab, and the species iden-
tifications were made using Dawes and Mathieson (2008).
Similarly sized algal fragments were gently rinsed with sea-
water and weighed (1.19 ± 0.41 g) before being placed in 1-L
glass containers for acclimation to lab conditions for 72 h.
Seawater was obtained from polyhaline waters in the receiv-
ing water body of the Calooshatchee, less than 2 km from the
Gulf of Mexico. The glass containers were kept in a 25 °C
water bath with 50 μmol m−2 s−1 PAR on a 12-h light:12-h
dark cycle. Fragments were grown under ambient (5.8 ±
0.5 μM nitrate) and enriched (22.3 ± 3.7 μM nitrate) treat-
ments for 8 weeks (n = 3) under aforementioned conditions.

Table 1 Benthic sampling sites
Station Macroalgae Mean depth (m) Prominent benthic feature Lat. (N) Long. (W)

CES11 Abundant 3.7 Diopatra cuprea 26.4989 − 82.0456

GOM16 Abundant 2 Patchy seagrass 26.4660 − 82.0998

GOM11 Abundant 11.3 Live bottom 26.3091 − 82.0973
GOM12 Abundant 13.5 Live bottom 26.5545 − 82.2860

GOM01 Rare 6 Pen shells, urchins 26.4187 − 82.0179

GOM02 Rare 8 Pen shells, urchins 26.5546 − 82.2380

GOM03 Rare 5.7 Live bottom 26.4163 − 82.2067

GOM04 Not observed 8 Pen shells, urchins 26.4507 − 82.2060

GOM05 Not observed 7.6 Featureless 26.3046 − 81.9545

GOM06 Rare 5.5 Pen shells, urchins 26.3049 − 81.9540

GOM07 Rare 5 Pen shells, urchins 26.3277 − 81.8832

GOM08 Rare 10 Featureless 26.3628 − 82.1644

GOM09 (discontinued) 13.9 Halophila decipiens 26.2525 − 82.1463

GOM10 Rare 9.7 Large sand waves 26.4839 − 82.2710

Sites were chosen to cover a large geographic area from the lower estuary to the continental shelf. Many sites
sampled had little to no macroalgae while others yielded abundant macroalgae. The depth, prominent benthic
feature, latitude, and longitude are provided along with site names
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Treatments and controls were assigned a random position in
the water bath and moved to new positions after each water
change. Enrichments were made by adding granulated sodium
nitrate to filtered seawater to a target nitrate concentration of
25μM.Nitrate wasmeasured in each sample using a benchtop
ISUS (Satlantic) UV-Nitrate sensor (Johnson and Coletti
2002). Seawater and enriched seawater in the containers were
replaced every second day to replenish nutrients and the jars
were gently cleaned once per week to remove the growth of a
biofilm on the surface of the containers.

Fresh weights were measured weekly and the relative
growth rate (RGR) was calculated using the following formula:

Relative growth rate ¼ ln WT0þΔTð Þ−ln WT0ð Þ
ΔTð Þ

where T is number of days, WT0þΔT is the fresh weight of
the fragment after ΔT, and WT0 is the initial fresh weight.

A three-way ANOVAwith the factors species, nutrient, and
weeks was used to test for differences in growth rates. The
data were tested for normality using a Shapiro-Wilk test of
normality and homogeneity of variances. Statistical analysis
was done using MINITAB (ver. 13).

Results

Macroalgae Distribution and Abundance

Discrete temperature data from the sampling events indicated
that temperature explained most of the variation in biomass, but
correlations were low (i.e., Pearson correlation between dry
weight biomass and temperature was 0.113). There were sig-
nificant differences in salinity at the inshore stations, as expect-
ed, given the proximity to freshwater sources in the
Caloosahatchee Estuary. However, neither salinity nor flow ex-
plained variation inmacroalgal biomass or percent cover during
the study period. Daily flow from the Caloosahatchee River at
the S-79 structure shows distinct wet and dry seasons typical of
south Florida (Fig. 2). A high volume event associated with
Tropical Storm Faye produced a high flow event during 2008.
Flows during the wet period in 2009 were more typical.

Stations where belt transects were deployed varied in
depth, sediment character, biology, distance from the
Caloosahatchee, and the macroalgal species composition
(Table 1). While only a small percentage of the total seafloor
was sampled relative to the total nearshore benthic area, a
diversity of habitats was sampled. There were 96 macroalgal
species collected and identified during the 2-year study. Most
of these species are branching red algae (Division
Rhodophyta), with 12 species of brown algae (Division
Phaeophyta), 14 total species of green algae (Division
Chlorophyta), and 1 common cyanobacteria (Division
Cyanophyta). For comparison, during this study or in previous
studies (Dawes 2004; Lapointe and Bedford 2007), a total of
20 macroalgal species were collected and identified during
stranding events from 2003 to 2005. Most of the common
stranding species were branching red algae; however, there
were brown and green algae collected. Attached macroalgae
were consistently found at stations CES11 and GOM16 and at
stations GOM12 and GOM11 and were rarely found at the
other sites (Table 2).

There were two distinct macroalgal species assemblages as
determined from a multivariate analysis of species richness
and abundances (Fig. 3) at the four sites where algae were
abundant and frequently present. A unique assemblage was
found inshore, around Pine Island Sound (BSound^) and the
Sanibel Causeway. The other unique assemblage was found
offshore (BGulf^), associated with a live bottom and patch reef
seafloor. The results of a one-way ANOSIM (Primer ver. 6.0)
indicated significant differences (Global R = 0.241) between
assemblages: inshore, offshore (R = 0.357, p = 0.01). These
differences can be explained, in part, by differences in
macroalgal species composition at the sites (Table 3). The
percent compositions of the species contributing to the
BSound^ assemblage were G. tikvahiae (65%) and
Acanthophora spicifera (13%), while Botryocladia
occidentalis (37%) and Solieria filiforme (10%) contributed
to the BGulf^ type assemblage.

Percent cover estimates were significantly and positively
correlated with both fresh weight biomass (R2 = 0.852) and
dry weight biomass (R2 = 0.879). The temporal patterns of
biomass were reflected in the total cumulative abundance at
each site. At stations with algal cover, there was an early
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spring and summer growth period followed by an early winter
decline.

During the 2-year study, the peak biomass at inshore site
CES11 occurred earlier in the year (January to July). The
earlier peak inshore can be seen in the cumulative biomass
time series plot (Fig. 4). Peak biomass at offshore stations
GOM11 and GOM12 occurred later (Fig. 5). The species with
peak biomass during this period included A. subulata,
B. occidentalis, Hypnea spinella, G. tikvahiae, Sargassum
spp., and S. filiformis. Peak biomass at offshore site GOM12
also occurred in July through November, later than the periods
of peak inshore biomass. A. subulata, B. occidentalis,
Champia parvula, Gracilaria spp., H. spinella, Sargassum
spp., and S. filiformis had peak biomass in mid to late summer,
suggesting a timing offset separating the Sound habitats from
the Gulf study sites.

Stable isotope analysis of the dried macroalgal tissue indi-
cated that the δ15N (‰) was significantly higher at Sound sites
than Gulf sites (F = 21.35, p < 0.000). The mean δ15N at the
Gulf sites was 4.68‰ (n = 118), while the mean at the Sound
sites was 6.12‰ (n = 63). For those species that were collect-
ed in both Sound and Gulf sites, five of six species had

significantly higher δ15N (Fig. 6 and Table 4). The mean N
(%w/w) in all tissues was 1.65 and mean C/Nwas 14.3. These
parameters did not differ significantly during the study or
between Gulf and Sound sites.

Laboratory Experiment

S. filiformis, G. tikvahiae, and A. sublata maintained positive
growth rates during the 8-week growth experiment.
Fragments that lost more than 50% of their original fresh
weight, lost their pigments, and lacked thallus structure were
considered non-viable for continuation in the growth experi-
ment. By week 6, nearly all fragments were considered non-
viable within the species E. isiforme (Fig. 7), likely due to a
seasonal reduction in growth during the winter as found in
previous studies (Dawes et al. 1974). Therefore, this species
was excluded from the final analysis.

Growth rates were significantly different among species
with S. filiformis growth being greater thanG. tikvahiaewhich
was greater than A. subulata (three-way ANOVA F2, 96 =
180.893, p < 0.001, Table 5). The nutrient enrichment treat-
ment caused significantly higher growth rates (three-way
ANOVA F1, 96 = 52.164, p < 0.001, Table 5), but the effect
of nutrient enrichment depended on the number of days of
the experiment (three-way ANOVA F7, 96 = 3.059, p =
0.006, Table 5). A Holm-Sidak post hoc pairwise multiple
comparison showed that nutrient enrichment did not signifi-
cantly increase growth rates during the first week (p = 0.154),
but algae from the enriched treatments maintained significant-
ly higher growth rates during the last 7 weeks (p < 0.05).

Discussion

The nearshore Gulf of Mexico with numerous barrier islands
from Tampa Bay to Marco Island has long been considered to
be isolated from far-field effects, such as freshwater flows
from the Caloosahatchee River (Weisberg et al. 2009). In other

Table 2 Macroalgal species contributing to a Bray-Curtis similarity
index from BSound^ sites (CES11, GOM16)

Species Av.Abund Contribution (%)

Gracilaria tikvahiae 15.75 62.5

Acanthophora spicifera 14.83 13.62

Spyridia filamentosa 11.56 4.49

Lomentaria baileyana 1.06 3.41

Sargassum filipendula 2.02 2.35

Dasya crouaniana 0.72 2.29

Dictyota cervicornis 0.6 1.8

Location
Gulf

Sound

Beach

2D Stress: 0.18

Fig. 3 Non-metric multidimensional scaling analysis (MDS) for
macroalgal species during the study period at Gulf of Mexico sites
(BGulf^; GOM11, GOM12) and sites in Pine Island Sound (BSound^;
CES11 and GOM16). The third location labeled BBeach^ was
macroalgae sampled during stranding events. Other sites were not
included because macroalgae was frequently not present

Table 3 Macroalgal species contributing to a Bray-Curtis similarity
index from BGulf^ sites (CES11, GOM16)

Species Av.Abund Contribution (%)

Botryocladia occidentalis 9.86 35.16

Solieria filiformis 9.05 10.2

Gracilaria mammillaris 6.55 10.15

Hypnea spinella 9.67 9.72

Sargassum filipendula 1.32 7.92

Gracilaria blodgettii 7.91 7.4

Gracilaria tikvahiae 1.47 4.92

Agardhiella subulata 1.92 3.25

Dictyota cervicornis 11.24 2.24
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parts of the Gulf of Mexico, nutrient loading and coastal de-
velopment can have large impacts on the shelf (Rabalais et al.
1994). A period of high flows and frequent hurricanes from
2003 to 2006 coincided with several large-scale macroalgal
stranding events on the beaches of Sanibel, FL (Dawes 2004;
Lapointe and Bedford 2007). While inshore effects of high
flow have been shown to negatively affect oysters (Volety
et al. 2009), seagrass (Milbrandt and Siwicke 2016), and water
quality (Booth et al. 2016; Milbrandt et al. 2016), the far-field
effects on the shelf were thought to be minimal.

Nutrient concentrations and loading in this region have
been well-documented previously (SFWMD 2009), yet the
initiation of macroalgal blooms that could cause large-scale
beach stranding events described by Dawes (2004) and
Lapointe and Bedford (2007) remains poorly understood.
The distribution and abundances of macroalgae were not cor-
related to nitrogen concentrations collected in discrete sam-
ples at the study sites (Loh et al. 2011), and nitrogen concen-
trations were mostly undetectable. Other physical parameters
related the condition of the Caloosahatchee Estuary, including
flow and salinity, were only weakly correlated (not signifi-
cant) to macroalgal biomass.

A temporal disconnect between nitrogen concentration and
accumulation ofmacroalgal biomass (attached or drifting) was
evident. High flows during year 1 related to tropical storm
Faye from the Caloosahatchee likely contributed highN loads.

The ability and efficiency of macroalgae to uptake nitrogen
(Lobban and Wynne 1981) may have led to undetectable ni-
trogen concentrations in discrete samples at the study sites.
This has been observed in New England (Valiela et al.
1997), where the high uptake rates and growth of macroalgae
correspond with low nutrients and high transparency.

Macroalgal tissue δ15N was enriched in samples collected
in the Sound compared to the Gulf locations. While the mag-
nitude of the enrichment was low, it was persistent for all but
one of the species analyzed.With enrichment at 6–7‰, source
identification (e.g., wastewater versus fertilizer) was not pos-
sible. The enrichment of δ15N indicates that the agricultural
and urbanized watershed of the Caloosahatchee is a source of
N-loading to locations in the Sound (Fry 2006). Previously
sampled macroalgal tissues demonstrated a gradient from the
Caloosahatchee River to the Gulf ranging from 12‰ at the
Franklin lock to 3‰ from tissue collected from Gulf artificial
reefs (Lapointe and Bedford 2007).

Significant differences were found in the δ15N between
Gulf and Sound tissues in five of six species collected at both
BSound^ and BGulf^ locations. This finding is important for
determining the source areas of algae during stranding events
when used in combination with species composition. The sta-
ble isotope gradient observed for the Caloosahatchee is likely
similar to other rivers with agricultural land uses. Therefore,
the approach described here should be applied to other rivers
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with beaches that have recurring macroalgal beach stranding
events.

While neither dissolved inorganic nitrogen or dissolved
inorganic phosphorus concentrations were detectable, the sites
with abundant macroalgae had live bottom, seagrass, tube
dwellingworms, and patch reef habitat. Other sites where little
to no macroalgae was found were either featureless or had
abundant pen shells (Pinnidae) and variegated sea urchins
(Lytechinus variegatus). Grazing could control macroalgal
growth in sites with little to no algae and fragments of algae
were not ensnared by abundant biota (McGlathery 1995;
Valentine et al. 2000). In contrast, sites with abundant
macroalgae also had abundant biota (e.g., soft corals, and
seagrass) suggesting that attached algae to grow and accumu-
late without physical disturbance or that drift macroalgae were
trapped and possibly leading to greater abundances (Bell and
Hall 1997).

There were two main macroalgal species assemblages in
this study evident in the species composition and abundances.
The BSound^ assemblage was comprised of species more typ-
ical of the estuarine environment (Dawes and Mathieson
2008). The BGulf^ type assemblage contained species associ-
atedwith reefs and hard bottom. Peak abundances between the
two assemblage types occurred during different months of the
year. The BGulf^ assemblage had peak abundances in July to

November (Fig. 4), while the BSound^ assemblage had peak
abundances in January to July (Fig. 5). Patterns of peak abun-
dances in the Indian River Lagoon, a subtropical estuary on
Florida’s east coast, suggest that inshore peaks occur in
months with relatively cooler temperatures in shallow water
(Reigl et al. 2005). In warmer months, the abundance of drift
algae declined and accumulations were found in deeper water
suggesting that temperature, in part, was responsible for
changes in abundance in shallow water. This variation in peak
abundances, species composition, and the stable isotopic com-
position is important for understanding when and where large-
scale stranding events occur.

By analyzing the beach stranded species with the two type
assemblages established with MDS, the BBeach^ assemblage
was a combination of BSound^ and BGulf^ types but differed
from other BBeach^ samples based on the date the stranding
and sampling occurred.When used in combination with stable
isotope analysis, the species composition of macroalgae
stranded on the beach and the level of δ15N enrichment in
combination may allow for the identification of source areas
of macroalgae stranded on the beach.

The laboratory experiment investigated the potential for
far-field macroalgae to fragment and grow while adrift before
becoming beached. Dense source populations, nutrient enrich-
ment, and frequent storms which dislodge macroalgae from
hard bottom habitats (i.e., causing fragmentation) can lead to
problematic macroalgae stranding events. S. filiformis,
A. sublata, G. tikvahiae, and E. isiforme are commonly found
during Sanibel stranding events, and the ability of these spe-
cies to fragment and grow was not known prior to this study.
Two of the species (G. tikvahiae and E. isiforme) were sub-
jects for aquaculture research in Florida in the 1980s (Dawes
et al. 1974; Lapointe and Ryther 1978). Algal fragments were
expected to demonstrate higher growth rates in the nitrate-
enriched treatment because nitrogen plays an important role
in supporting the growth of macroalgae (Carpenter and
Capone 1983). Additionally, uptake rates during N-
saturation periods can directly correspond to macroalgal de-
mand for proteins used for the growth of new tissues
(McGlathery 1995).

Three of the four species in the experiment were able to
maintain positive growth rates during the experiment, with
E. isiforme showing no growth or negative growth rates from
the first week. S. filiformis, A. sublata, and G. tikvahiae

Combined A. subulata D. cervicornis Gracilaria spp. Hypnea spp. L. baileyana S. filiformis

• N
15

0

2

4

6

8

10

12
Gulf
Sound

* * * * * *

Fig. 6 Tissue δ15N of combine
macroalgal tissues and selected
species found in both locations. A
Kruskal-Wallis nonparametric
test compared the BSound^ to
BGulf^ sites. Asterisk denotes
significance at p < 0.05

Table 4 Statistical comparison of stable isotope δ15N (‰) from
macroalgal tissues collected at study sites and compared by location

Type μ Sound μ Gulf p

Combined tissue 4.68 6.12 0.015a

A. subulata 3.94 7.12 0.005a

D. cervicornis 3.41 4.05 0.210

Gracilaria spp. 4.62 6.47 0.015a

Hypnea spp. 4.50 7.16 0.010a

L. baileyana 2.61 6.91 0.040a

S. filiformis 4.39 6.97 0.015a

Mean values for BSound^ and BGulf^ study sites and the results of a
Kruskal-Wallis nonparametric analysis. Combined tissue is the result
using all species. Individual species were those found in both Gulf and
Sound areas. Enriched δN15 was found in the Sound tissue compared to
the Gulf samples for all species and combinations except Dictyota
cervicornis
a Significance
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exhibited enhanced growth rates under nitrate-enriched con-
ditions. This demonstrated the potential for these species to
opportunistically scavenge nitrogen during episodic events or
during periods of high nitrogen loading after detaching from
the seafloor or when drifting with tides and currents.

S. filiformis exhibited the greatest potential for enhanced
growth rates under nutrient enrichment, but differences in re-
sponses among species may vary seasonally. It is likely that
opportunistic macroalgal species exhibit responses to nutrient
enrichment due to resource competition. However, this study
showed that three out of four (75%) common beach stranded

species have the ability to fragment and grow. Given the gen-
erally oligotrophic conditions on the shelf, coupled with epi-
sodic pulses of nitrogen, this life history strategy can be suc-
cessful and contributed to the large stranding events.

S. filiformis was commonly found in the Gulf of Mexico dur-
ing the benthic sampling offshore locations (147 quadrats) and
fragments have frequently been found on Sanibel beaches during
stranding events, including stranding events occurring in February
2014. The firm, thin, and mostly hollow thallus of this algae
predisposes it to fragmentation. It exhibited the highest growth
rate in the lab experiment under elevated nitrate conditions and
therefore may be worth further study as an indicator of the con-
nectivity between nitrogen loading and habitats on the shelf.

While direct evidence is lacking (e.g., correlations between
river flow and macroalgal biomass), indirect evidence from
field and laboratory based data indicate the potential influence
of far-field drivers such as river flow and urbanization on the
ecology of the shelf. The abundance of macroalgae, enrich-
ment of tissue 15N in the Sound, and the potential for these
species to fragment and continue to grow under high nitrogen
conditions suggest that there is a greater connectivity between
far-field drivers and the habitats of the continental shelf than
previously thought.

Beach stranding events are a nuisance to bathers and busi-
nesses in a tourism-based economy. However, the answer to,
Bwhere are the algae coming from,^ is complex because of the
high species diversity of branching red macroalgae in the

Solieria filiformis
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Fig. 7 Mean relative growth rates
of Solieria filiformis, Agardhiella
subulata, Gracilaria tikvahiae,
and Eucheuma isiforme in
ambient and enriched nitrogen
treatments over a period of
56 days. Error bars represent ± 1
SEM. Filled-in circles represent
the enriched nitrogen treatment
and empty circles represent the
ambient nitrogen treatment. n = 3,
except in E. isiforme, where
mortality after day 28 decreased
replication

Table 5 Three-way ANOVA representing three factors (species,
nutrients, and day) and their interactions during an 8-week growth
experiment with ambient and enriched nitrate levels

Factor DF MS F p

Species 2 114.554 180.893 < 0.001

Nutrient 1 33.034 52.164 < 0.001

Day 7 6.262 9.889 < 0.001

Species × nutrient 2 1.09 1.72 0.184

Species × day 14 0.401 0.633 0.831

Nutrient × day 7 1.937 3.059 0.006

Species × nutrient × day 14 0.752 1.188 0.297

Residual 96 0.633

Total 143 2.788

Significant values are in bold (p < 0.05) n = 3
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Gulf, their life history characteristics, and the complex nature
of ocean and tidal currents and their interaction with the bar-
rier islands. There is evidence presented here that species com-
position, stable isotope analysis, and an understanding of frag-
mentation and growth rates of commonly stranded species
could help determine the sources and causes of future beach
stranding events.
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Appendix 1

Table 6 Macroalgae species
collected Acanthophora muscoides Eucheuma denudatum Polysiphonia spp.

Acanthophora spicifera Eucheuma isiforme var. denudatum Polysiphonia subtilissima

Acetabularia polyphysiodes Gelidiella sanctarum Sargassum filipendula

Acetabularia spp. Gelidiopsis variabilis Sargassum fluitans

Agardhiella ramosissima Gracilaria armata Sargassum hystrix

Agardhiella subulata Gracilaria blodgettii Sargassum natans

Botryocladia occidentalis Gracilaria bursa-pastoris Sargassum spp.

Caulerpa ashmeadii Gracilaria cervicornis Sargassum vulgare

Caulerpa brachypus Gracilaria cylindrica Schiziothrix calciola

Caulerpa mexicana Gracilaria damaecornis Scinaia halliae

Caulerpa racemosa Gracilaria flabelliformis Sebdenia flabellata

Caulerpa racemosa var. peltata Gracilaria intermedia Solieria filiformis

Caulerpa sertularioides Gracilaria mammillaris Spyridia filamentosa

Caulerpa sertularioides f. longiseta Gracilaria spp. Udotea abbottiorum

Chaetomorpha linum Gracilaria tikvahiae Udotea looensis

Champia parvula Gracilaria venezuelensis Ulva flexuosa

Chondria capillaris Gracilariopsis lemaneiformis Ulva intestinalis

Chondria collinsiana Gymnogongrous griffishsiae Ulva lactuca

Chondria leptacremon Halymenia floresia Ulva spp.

Chondria littoralis Halymenia pseudofloresia Wurdemania miniata

Chondria sedifolia Halymenia spp.

Cladosiphon occidentalis Heterosiphonia gibbesii

Codium isthmocladium Hincksia mitchelliae

Codium spp. Hincksia onslowensis

Codium taylorii Hydropuntia caudata

Dasya antillarum Hypnea cornuta

Dasya baillouviana Hypnea musciformis

Dasya collinsiana Hypnea spinella

Dasya crouaniana Hypnea valentiae

Dasya ocellata Jania rubens

Dasya ramosissima Laurencia chondrioides

Dasya rigidula Laurencia filiformis

Dasya spp. Laurencia intricata

Dictyopteris polypodioides Lomentaria baileyana

Dictyota cervicornis Lomentaria occidentalis

Dictyota cilidata Lyngbya majuscula

Dictyota pulchella Polysiphonia flaccidissima

Ectocarpus spp. Polysiphonia ramentacea
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