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Abstract Gulf of Mexico blooms of the dinoflagellate
Karenia brevis produce neurotoxic cyclic polyethers called
brevetoxins. During and after a red tide bloom in
southwestern Florida, K. brevis cells lyse and release
brevetoxins, which then sink to the benthos and coat the
surfaces of seagrasses and their epiphytes. We tested the
possibility that these brevetoxin-laden foods alter the feeding
behavior and fitness of a common benthic herbivore
within Floridean seagrass beds, the amphipod Ampithoe
longimana. We demonstrated that coating foods with K.
brevis extracts that contain brevetoxins at post-bloom
concentrations (1 μg g−1 drymass) does not alter the
feeding rates of Florida nor North Carolina populations of
A. longimana, although a slight deterrent effect was found
at eight and ten-fold greater concentrations. During a
series of feeding choice assays, A. longimana tended not
to be deterred by foods coated with K. brevis extracts nor
with the purified brevetoxins PbTx-2 and PbTx-3. Florida
juveniles isolated with either extract-coated or control
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foods for 10 days did not differ in survivorship nor
growth. A similar lack of feeding response to brevetoxinladen foods also was exhibited by two other generalist
herbivores of the southeastern United States, the amphipod A. valida and the urchin Arbacia punctulata. Given
that benthic mesograzers constitute a significant portion of
the diet for the juvenile stage of many nearshore fishes, we
hypothesize that the ability of some mesograzers to feed
on and retain brevetoxins in their bodies indicates that
mesograzers may represent an important route of vertical
transmission of brevetoxins through higher trophic levels
within Gulf of Mexico estuaries.
Keywords Herbivory . Harmful algal bloom . Seagrass .
Epiphytic algae . Benthic food web

Introduction
Gulf of Mexico blooms of the planktonic dinoflagellate
Karenia brevis are among the oldest reported harmful algal
blooms known (Landsberg et al. 2005), and some evidence
indicates that their blooms have increased in both frequency
and severity over the past 50 years (Alcock 2007). In the
eastern Gulf of Mexico, K. brevis blooms typically
originate on the west Florida shelf and are carried into
coastal waters by prevailing wind and currents (Steidinger
et al. 1998). Coastal blooms often are maintained in
nearshore waters and shallow-water estuaries for months
before subsiding, and thus, can have extensive impact on
pelagic and benthic communities across large spatial scales
(Tester and Steidinger 1997). The primary ecological
impacts associated with K. brevis blooms are profound
mortality events involving finfish, birds, and mammals
(Van Dolah et al. 2001; Flewelling et al. 2005). The toxic
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effects of K. brevis are due largely to brevetoxins, lipophilic
cyclic polyethers that bind to and activate voltagedependent sodium channels (VDSC), and thereby disrupt
regulation of respiration and circulation (Baden 1989;
Baden et al. 2005).
Adverse effects of brevetoxins can occur after either direct
inhalation or consumption of brevetoxin-laden prey. Although
distinguishing the relative importance of inhalation vs.
consumption can be difficult, there is evidence that vertical
transmission via consumption plays a primary role (Poli et al.
2000; Tester et al. 2000; Van Dolah et al. 2001; Doucette et
al. 2005; Fire et al. 2008). In the pelagos, K. brevis cells
commonly are consumed by zooplanktivorous herbivores
(e.g., Naar et al. 2007), even though K. brevis is a relatively
poor-quality food (Turner and Tester 1997; Tester et al. 2000;
Prince et al. 2006) and alters copepod fitness (Breier and
Buskey 2007) and swimming behaviors (Cohen et al. 2007).
These zooplankton then are consumed by fishes that can
accumulate brevetoxins within their own tissues.
On the benthos, brevetoxins are known to pass through
benthic food webs via two trophic pathways (see reviews
by Van Dolah et al. 2001; Doucette et al. 2005). Filterfeeding bivalves readily consume K. brevis cells and
accumulate brevetoxins without increasing their mortality
rates, thereby facilitating transmission to bivalve consumers
such as omnivorous gastropods, fishes, and crabs. In
addition, herbivorous fishes and manatees directly consume
seagrasses and epiphytes that are coated with brevetoxins as
dying cells sink to the benthos, break open, and release
brevetoxins. Brevetoxin loads on these benthic plants can
be substantial. For example, after a 2002 bloom in
southwestern Florida, brevetoxin loads on seagrasses
averaged approximately 1 μg g−1 drymass, and reached
3.1 μg g−1 drymass (Flewelling et al. 2005). The majority
of this brevetoxin (~85%) coated epiphytic algae and
persisted for more than ten weeks after K. brevis cells
disappeared. Brevetoxin accumulation on seagrasses and
their epiphytes subsequently has been found to be a
widespread and common occurrence in southwest Florida
during and after K. brevis blooms (Flewelling 2008; L.
Flewelling, personal communication).
We propose a third pathway by which brevetoxins may
be transmitted through benthic food webs, but that has
received relatively little attention. Small benthic herbivores
known collectively as mesograzers (e.g., amphipods, isopods, and polychaetes; cf. Brawley 1992) live and feed on
brevetoxin-laden seagrass and epiphyte tissue, accumulate
the toxins, and subsequently transfer brevetoxins to their
own predators. Mesograzers are the primary consumers of
seagrass epiphytes in many estuarine systems (Jernakoff et
al. 1996; Hughes et al. 2004), tend to live several months
during which they could potentially accumulate brevetoxin
after a bloom relaxes, and are among the predominant prey
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items of omnivorous and carnivorous fishes, crabs, and
shrimps in seagrass beds proximal to the Gulf of Mexico
(e.g., Darnell 1961; Virnstein 1987; Motta et al. 1993;
Luczkovich et al. 2002). Importantly, juvenile stages of
several fish species depend almost entirely on a mesograzer
diet (Stoner 1979), thus increasing the likelihood that
mesograzers may serve as an important brevetoxin vector
in estuarine food webs.
An untested assumption underlying this hypothesis is
that benthic herbivores are willing to consume brevetoxinladen foods. To address this, we pursued a series of feeding
and performance assays with the herbivorous amphipod
Ampithoe longimana, one of the most common herbivores
in seagrass beds of the southeastern United States (Nelson
1980; Brooks and Bell 2001; A. McCarty and E. Sotka,
personal observation), and we focused on the following
questions: First, do amphipods alter their feeding behavior
when offered foods coated with K. brevis chemical extracts
or purified brevetoxin? Second, is amphipod survivorship
or growth altered when isolated with foods coated with
brevetoxin-laden extracts or with seawater containing
solubilized brevetoxins? Third, do amphipods that are
continuously fed brevetoxin-laden tissues for days contain
measurable levels of toxin? Finally, do other benthic
herbivores (the amphipod Ampithoe valida and the purple
sea urchin Arbacia punctulata) show similar feeding
responses toward K. brevis extracts similar to A. longimana ? Our results generally support the notion that
benthic herbivores like A. longimana readily consume
brevetoxin-laden foods, and indicate that benthic mesograzers could serve as important vectors for brevetoxin
transmission through estuarine food webs.

Methods and Materials
Collection and Preparation We collected the amphipod A.
longimana on the west coast of Florida (Tampa Bay 27°
45′ N, 82° 36′ W), the east coast of Florida (Fort Pierce
27° 28′ N, 80° 17′ W), and Bogue Sound, North Carolina
(34° 41′ N, 76° 41′ W). In Tampa Bay, amphipods were
collected at Lassing Park within seagrass beds of Thalassia
testudinum and Halodule wrightii. Fort Pierce amphipods
were collected on the seaweeds Caulerpa sertulariodes,
Padina gymnospora, and Hincksia feldmania or in
seagrass beds of Thalassia testudinum and Halodule
wrightii at Stan Blum Boat Launch or Jaycee Park. In
Bogue Sound, A. longimana and A. valida were collected
at Radio Island Jetty largely from the seaweed Sargassum
filipendula. The urchin Arbacia punctulata was collected
from floating docks within Bogue Sound.
All animals were brought to the Grice Marine Laboratory in Charleston, SC, and kept in plastic tubs that
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contained unfiltered seawater from Charleston Harbor at
~20°C with a salinity of 26–30 ppt. The water was aerated
constantly, and changed approximately once a week. All
amphipods were raised on a varied diet of the seaweeds
Sargassum filipendula, Hypnea musciformis, Gracilaria
tikvahiae, and Ulva (syn. Enteromorpha) intestinalis collected from Bogue Sound, NC. All seaweeds were washed
in freshwater for at least two 30 s intervals in order to
eliminate any Ampithoe longimana existing on the plants.
Cultures were allowed to breed for one to several
generations before the experiments began.
The Ulva intestinalis tissues used in feeding assays were
collected at Radio Island Jetty. The seaweed was rinsed,
cleaned of all other biota, and frozen. The frozen alga then was
lyophilized at Hollings Marine Laboratory in Charleston, SC,
ground into a fine powder with a Wiley mini-mill, and stored
at −20°C until use.
A crude brevetoxin extract was prepared from a K.
brevis Wilson isolate by using a standard solid-phase SPEC
extraction (Twiner et al. 2007). In brief, 200 ml of K. brevis
culture were applied to a pretreated SPEC C18SAR disc
(Varian Chromatography, Lake Forest, CA, USA). After a
wash with 60 ml of Milli-Q water and 5 min of drying,
brevetoxins were eluted from the discs with 20 ml
methanol. A total of four extracts were produced from the
same culture. The solution concentrations were quantified
by using mass spectrometry (Twiner et al. 2007) and an
ELISA antibody protocol (Maucher et al. 2007), which has
an estimated detection limit of 100 pg / ml. Approximately
97% of the brevetoxins within these extracts was PbTx-1
and PbTx-2, as identified by liquid chromatography / mass
spectrometry (following Wang et al. 2004; Zhihong Wang,
unpublished data). Purified PbTx-2 and PbTx-3 were
obtained from World Ocean Solutions, Wilmington, NC,
USA; PbTx-1 was unavailable.
Feeding Assays Assays were performed with K. brevis
lipophilic extracts that contained brevetoxins or purified
brevetoxins. We never offered live K. brevis cells because
to our knowledge, the cells rarely, if ever, accumulate on
seagrass and its epiphytes. We assessed whether K. brevis
extracts altered herbivore feeding rates by isolating Ampithoe longimana individuals on a single food (i.e., a nochoice assay) that was coated with extracts at known
concentrations of crude brevetoxin (0.1, 1, and either 8 or
10 μg g−1 drymass, depending on the assay) or with ether
only. To prepare the brevetoxin-laden food, the correct
volume of brevetoxin in methanol was dried by using
nitrogen gas, then dissolved in 20 ml of anhydrous ethyl
ether and mixed with 1 g of freeze-dried and powdered
Ulva intestinalis. Ether was removed under rotary evaporation. A solution of 0.18 g agar in 5 ml distilled water was
heated to boiling in a microwave oven, cooled, and mixed
with 1 g of brevetoxin-coated Ulva powder added to 4 ml
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water. The 10 ml mixture then was poured over window
screen and flattened between two pieces of wax paper.
After cooling for 30–60 min, the mesh was cut into grids of
6X10 cells (approximately 2 cm2) and offered to individual
amphipods in plastic cups that contained 50 ml of seawater.
Ether-only control foods were prepared by rotaryevaporating 20 ml of anhydrous ethyl ether from 1 g of
Ulva tissue as above. Twenty amphipods from each
population were isolated individually with each treatment
or control, and placed in the dark at 25°C for approximately
48 h. Previous work had indicated that feeding rates in the
dark were higher relative to daytime feeding rates (Amanda
McCarty, unpublished data). The number of squares
consumed was recorded for all replicates, and a series of
nonparametric Kruskal-Wallis tests were performed by
using R (http://www.r-project.org/) to assess overall differences in feeding rate between control and brevetoxin-coated
foods. Post-hoc differences were assessed with a series of
nonparametric pairwise Wilcoxsan tests.
We assessed whether feeding preference was altered by
the presence of crude brevetoxin extracts by offering
amphipods a choice of Ulva tissue coated with extracts at
known concentrations of brevetoxin or with ether only.
Foods were created as described for no-choice assays. One
6×5 grid of the brevetoxin treatment (at either 1 or 8 μg g−1
drymass) and one control grid were offered to amphipods
placed individually in small plastic cups (N=40). For each
replicate, the number of cells cleared of food was recorded
twice a day, and a replicate was removed from the assay
when either nine cells had been removed from either the
treatment or the control, or when the sum total of cells
removed was ten or more. For each assay, a paired t-test
was performed by using R to determine whether control and
treatment foods were differentially consumed.
The application of heated agar did not appear to change
the structure of brevetoxins used to produce the test foods,
which is consistent with their description as heat-stable
toxins (Baden et al. 2005). When heated agar was applied
to several samples of purified PbTx-2 and PbTx-3, LCmass spectrometry detected only these two compounds and
a methanol adduct of PbTx-2 that arises from reaction with
methanol. There was no detectable open A ring PbTx- 2, 3,
oxidized PbTx -2, or open A ring oxidized PbTx-2
(Zhihong Wang, personal communication).
Performance Assay We also assessed the effects of
brevetoxin consumption on the survivorship and growth of
Florida A. longimana. Twenty females carrying eggs were
isolated in Petri dishes and allowed time to release their
offspring. The mother was removed after the first recorded
appearance of juvenile amphipods. The juvenile amphipods
were allowed approximately two weeks to grow on a mixed
diet of Sargassum and Ulva before the performance assay
began. A dash of cetyl alcohol powder was placed within
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each dish to minimize the risk of juvenile amphipods being
trapped in surface tension. After two weeks, the juveniles
were isolated into separate Petri dishes and allowed one
week to feed on fresh Ulva collected in Charleston, SC. The
amphipods were then placed separately in plastic cups and
raised on freeze-dried Ulva coated with or without extracts
containing 8 μg/g brevetoxin. Because cetyl alcohol powder
may preferentially bind to this lipid (T. Leighfield, personal
communication), the powder was not added to these
experimental cups. The assay was performed on eight
juveniles from the Ft. Pierce population and 50 juveniles
from the Tampa Bay population, divided evenly between the
control and the treatment (n=29). Low numbers of the Ft.
Pierce population is attributable to availability in our
cultures. The food was prepared as described above in
Feeding Assays and food and water were changed on day
four and eight. The assay persisted for 10 days and was
monitored daily for mortality.
To assess growth, pictures of each living amphipod were
taken with a Nikon camera at the start of the assay and
again at the end of the assay. In each picture, head height
was measured at the end of the assay by using ImageJ
(http://rsbweb.nih.gov/ij/) and corrected for degree of image
magnification. Treatment effects on head height were assessed
via an unpaired t-test. Because no females dropped their eggs
in either control or treatment groups, we could not assess
female fecundity. At the completion of the assay, 13
amphipods from the brevetoxin and control groups were
flash-frozen and preserved at −80°C. To confirm that our
feeding assays succeeded in exposing these amphipods to
brevetoxins, the concentration of brevetoxin in these amphipods then was determined via ELISA. Because the small size
of amphipods precluded ELISA analysis of individuals, we
grouped one to five amphipods per replicate vials (N=4 and
N=3 for brevetoxin and control groups, respectively).
Because brevetoxins can persist in the water column for
weeks after a K. brevis bloom terminates, we tested the
possibility that A. longimana amphipod survivorship would
be affected by solubilized purified brevetoxins at one and
10 ng / ml. These concentrations were taken from levels
recorded during and after a 2002 K. brevis bloom in Tampa
Bay (Flewelling et al. 2005). However, brevetoxin concentrations in the water column are notoriously variable. For
example, during the middle of a 2006 K. brevis bloom in
northwestern Florida, Naar et al. (2007) measured brevetoxin concentrations in the water column up to ~80 ng / ml.
Tester et al. (2008) similarly recorded vertically and
horizontally variable brevetoxin concentrations from nondetect to 72 ng/ml in transects through blooms in southwest
Florida. Thus, our survivorship assay mimics bloom
conditions, but does not assess amphipod response to
maximal concentrations that are sometimes found during
exceptional blooms. Individual amphipods were isolated
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within 50 ml seawater inoculated with methanol (at 0.05%
concentration), for a final concentration of 0, 1, and 10 ng/ml
solubilized purified brevetoxin. We used 2:1 ratio of purified
PbTx-2 to PbTx-3, which approximates ratios measured in
senescing blooms (Tester et al. 2008). The sample sizes at
the inception of the experiment were 32, 26, and 22 for the
0, 1, and 10 ng / ml treatments, respectively. Mortality was
assessed every one to four days for 10 days, and analyzed
via a χ2 test.

Results
In a series of no-choice feeding assays, Ampithoe longimana individuals from three locations (St. Petersburg and
Fort Pierce, Florida and Morehead City, North Carolina)
consumed statistically equivalent amounts of control foods
or foods coated with K. brevis extracts at brevetoxin
concentrations of 0.1 and 1 μg g−1 (Fig. 1). Given that
the brevetoxins persisted on epiphytes scraped from
seagrass blades at concentrations up to 3 μg g−1 (Flewelling
et al. 2005), these results indicate that observed post-bloom
concentrations of brevetoxin do not tend to alter feeding
rates of this benthic herbivore. At concentrations severalfold greater than observed post-bloom concentrations (i.e.,
8 and 10 μg g−1), there was a tendency for Florida and
North Carolina individuals to feed at lower rates on foods
coated with K. brevis extracts relative to control foods.
However, the inhibitory effect of the K. brevis extract on
Florida populations was not consistent across populations.
For example, the St. Petersburg population fed significantly
less on foods coated with 10 μg g−1 during one assay
(Fig. 1a), but showed no tendency for lower feeding rates
when foods were coated at 8 μg g−1 during an assay
performed several months later (Fig. 1b).
When offered a choice between control foods or extractcoated foods with brevetoxin concentrations of 1 μg g−1, all
three populations of A. longimana amphipods consumed
significantly more control foods (Fig. 2). Surprisingly,
however, when the assay was repeated two days later at a
higher concentration (8 μg g−1), Florida populations fed on
control and extract-coated foods at statistically equivalent
rates. A likely explanation for inconsistent feeding deterrency in no-choice (Fig. 1) and choice (Fig. 2) assays using
K. brevis extracts is the presence of unstable deterrent
compounds that elute with 100% methanol and that are
unrelated to the brevetoxins. We, therefore, tested the
effects of purified brevetoxins on A. longimana feeding
behavior by offering two Florida populations feeding
choices between foods coated with PbTx2 or PbTx3 at
1 μg g−1 and control foods. Amphipods did not discriminate between control and PbTx2-coated foods, and significantly preferred the PbTx3-coated to control foods (Fig. 3).
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Fig. 1 No-choice feeding assays
in which the lipophilic extract of
Karenia brevis was offered to
populations of the herbivorous
amphipod Ampithoe longimana.
Individual amphipods were isolated on freeze-dried Ulva (syn.
Enteromorpha) intestinalis tissue
coated with ether only (“0”), or
with K. brevis extracts at a
concentration of 1, 8, or 10 μg
brevetoxin (g−1 dry mass). The
P-values for Kruskal-Wallis nonparametric tests are indicated,
and letters indicate treatments
that are statistically indistinguishable by a pairwise
Wilcoxan tests. a) and b)
represent assays on independent
K. brevis extracts and amphipod
cultures. The dark bars (1 μg g−1)
represent observed concentrations of brevetoxins after bloom
events in western Florida

In order to assess whether consuming K. brevis extracts
has consequences for the survivorship and growth of A.
longimana, we isolated individual juveniles with foods
coated with extracts at 8 μg g−1 brevetoxin concentration or
control foods. After 10 days, survivorship of Florida A.
longimana did not differ between treatments (Fig. 4a: χ2
test: P>0.100), nor did size [Mean growth in head height ±
S.E. on control foods (0.113±0.021 mm) and extract-coated
foods (0.135±0.023 mm); unpaired t-test P=0.488)].
To confirm that our feeding assays succeeded in
exposing these amphipods to brevetoxins, we froze the
juveniles at the end of the performance assay and measured
brevetoxin loads within tissues. Juveniles fed brevetoxincoated foods contained between 2–6 ng g−1 wetmass of

Fig. 2 Pairwise feeding choice
by populations of the herbivorous amphipod Ampithoe longimana. Individuals were offered
a feeding choice between freezedried Ulva (syn. Enteromorpha)
intestinalis tissue coated with
ether only (i.e., Control) or
coated with Karenia brevis
extracts at a concentration of a)
one or b) eight μg brevetoxin
(g−1 dry mass). Sample sizes
and P-values from paired t-tests
are indicated

brevetoxin (N=4; data not shown), while juveniles without
foods had no detectable brevetoxins (N =3). Because
individual amphipods averaged 2.8 mg wet mass, each
amphipod contained approximately 0.01 ng brevetoxin. Our
methods did not distinguish whether these brevetoxins were
held in the gut, amphipod tissue, or both.
We also tested whether there was significant mortality
when adult amphipods were exposed to seawater with
observed concentrations of solubilized brevetoxin (1 or
10 ng ml−1). After 10 days of exposure, control and
brevetoxin-laden waters did not alter the survivorship of
adult amphipods (Fig. 4b; χ2 test: P>0.100).
To assess whether the lack of a feeding response to
brevetoxin-coated foods is common to other generalist benthic
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Fig. 3 Pairwise feeding choice by populations of the herbivorous
amphipod Ampithoe longimana. Individuals were offered a feeding
choice between freeze-dried Ulva (syn. Enteromorpha) intestinalis
tissue coated with ether only (i.e., Control) or coated with a) PbTx2 or
b) PbTx3 at a concentration of 1 μg brevetoxin (g−1 dry mass).
Sample sizes and P-values from paired t-tests are indicated

herbivores, we offered a feeding choice between control and
brevetoxin-coated foods at 1 μg g−1 to North Carolina
populations of the sea urchin Arbacia punctulata and
amphipod Ampithoe valida. Both herbivores readily consumed brevetoxin-coated foods at a rate equivalent to control
foods (Fig. 5).

Discussion
As a first step toward understanding the potential importance of mesograzers in the vertical transmission of

Fig. 4 Survivorship of Florida
Ampithoe longimana when exposed to brevetoxins. a) Survivorship of juvenile amphipods
when isolated on Ulva (syn.
Enteromorpha) intestinalis tissue coated with ether only (i.e.,
Control) or Karenia brevis
extracts at a concentration of
eight μg brevetoxin (g−1 dry
mass). b) Survivorship of
amphipods when exposed to
water with ethanol only (control), or observed (1 or
10 ng ml−1) concentrations of
purified brevetoxins
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brevetoxins through benthic food webs of the Gulf of
Mexico, we demonstrated that foods coated with observed
‘post-bloom’ concentrations of brevetoxins do not generally
alter the feeding behaviors, survivorship, or growth of the
benthic herbivorous amphipod Ampithoe longimana
(Fig. 1–3, 4a). Moreover, adult amphipods revealed no
decline in survivorship when exposed to solubilized
brevetoxin at concentrations observed after blooms
(Fig. 4b). We also found no detectable effects of K. brevis
extracts on the feeding choices of two other benthic
herbivores, the amphipods A. valida and purple sea urchin
Arbacia punctulata (Fig. 5). Together, these results indicate
that after K. brevis red tides, benthic herbivores readily feed
on brevetoxin-coated foods, survive, and grow in
brevetoxin-contaminated waters, and can, therefore, potentially transmit these brevetoxins to their predators.
Although the overall pattern is one of a lack of
feeding deterrency, crude K. brevis extracts occasionally
and inconsistently deterred amphipod feeding (see
Results). Several lines of evidence suggest that this
inconsistent feeding deterrence is mediated by unstable
compounds eluted with 100% methanol extracts that are
not brevetoxins. First, we found no change in total
brevetoxin concentrations in the crude extracts over eight
months of storage and handling (data not shown). Second,
a direct test indicated that A. longimana was never
deterred by purified brevetoxins at observed post-bloom
concentrations (Fig. 3). In fact, the presence of PbTx-3 at
1 μg g−1 was a feeding attractant to a Fort Pierce
population. Finally, we know that our methods were
successful in offering brevetoxin-coated foods to the
amphipods, because we detected brevetoxins within the
tissues and/or guts of amphipods that were isolated on
brevetoxin-laden foods for several weeks (see Results).
The presence of unstable non-brevetoxin feeding deterrents similarly was inferred by Kubanek et al. (2007)
when studying the feeding behaviors of rotifers.
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Fig. 5 Pairwise feeding choice by the temperate urchin Arbacia
punctulata and the amphipod Ampithoe valida. Individuals were
offered a feeding choice between freeze-dried Ulva (syn. Enteromorpha) intestinalis tissue coated with ether only (i.e., Control) or
coated with Karenia brevis extracts at a concentration of one μg
brevetoxin (g−1 dry mass). Sample sizes and p-values from paired ttests are indicated

The lack of deterrent or deleterious effects of brevetoxins
is surprising for several reasons. First, these results are
inconsistent with observations of elevated mortality among
benthic invertebrates when K. brevis blooms enter nearshore estuaries (e.g., Simon and Dauer 1972). However, it
is difficult to assess whether our data and the mortality
events truly are in conflict because brevetoxins loads were
not measured during such events, and alternative or
compounding explanations also could account for the
catastrophic mortality event (e.g., hypoxia: Santos and
Simon 1980). Second, the lack of a feeding deterrence seen
in A. longimana appears to contrast strongly with the
strongly deterrent effects of brevetoxins on other marine
organisms. Karenia brevis cells and extracts appear to alter
the behavior and fitness of pelagic rotifers (Kubanek et al.
2007) and copepods (Turner and Tester 1997; Landsberg et
al. 2005; Prince et al. 2006; Breier and Buskey 2007;
Cohen et al. 2007). In benthic habitats, K. brevis cells alter
the feeding behavior, abundance and/or fitness of bivalves
(Summerson and Peterson 1990; Keppler et al. 2006;
Leverone et al. 2006; Haubois et al. 2007; Leverone et al.
2007). The causes of differences in feeding response toward
K. brevis between groups of herbivores remain unclear, but
we find it interesting that the previously studied herbivores
consume live K. brevis cells, while the benthic herbivores
studied here consume brevetoxin-laden epiphytes and
seagrasses. Live K. brevis may occur occasionally on
benthic plants, but unlike Gambierdiscus on tropical
macroalgae (Cruz-Rivera and Villareal 2006), K. brevis
does not sustain benthic populations.
We were also surprised that we could not detect
significant differences in feeding behavior among amphipod populations that are annually exposed to K. brevis
blooms (i.e., Tampa Bay; (Brand and Compton 2007)
versus populations that rarely experience such blooms [i.e.,
Fort Pierce, Florida and Morehead City, NC; (Summerson
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and Peterson 1990)]. We had expected such microevolution
to occur, because this amphipod has evolved populationlevel differences in feeding behaviors and fitness when
isolated with lipophilic secondary metabolites produced by
the brown seaweed Dictyota (Sotka and Hay 2002; Sotka et
al. 2003; Sotka and Whalen 2008), and because some
populations of a benthic clam (Mya arenaria; Bricelj et al.
2005) and pelagic copepod (Acartia hudsonica; Colin and
Dam 2002) have evolved tolerance toward harmful algal
blooms in the genus Alexandrium. It remains possible that
population-level variation in A. longimana fitness traits is
present (e.g., female fecundity) but this was not tested here.
A review by Landsberg (2002) concluded that the
overall effects of harmful algal blooms (or HABs) “on
food webs and ecosystems are probably the least understood of all impacts,” and that “the pathways of algal-toxin
transmission (are) complex and incompletely known” (pg.
188; see also Hay and Kubanek 2002; Cruz-Rivera and
Villareal 2006). We propose that mesograzers and other
benthic herbivores may represent an underexplored set of
pathways by which brevetoxins produced by Gulf of
Mexico K. brevis red tide blooms are transmitted vertically
through estuarine food webs. Central to our hypothesis is
the fact that mesograzers are a vitally important component
of the diet for a variety of nearshore fishes (Motta et al.
1993; Luczkovich et al. 2002; Marancik and Hare 2007),
including the extremely abundant pinfish Lagodon rhomboides (Stoner 1979). Moreover, the importance of mesograzers as a diet is greater for juvenile than adult life stages,
suggesting that younger fish will be particularly vulnerable
to brevetoxin transmission via mesograzer consumption. In
support of our hypothesis, Naar et al. (2007) and Fire et al.
(2008) document substantial loads of brevetoxins within L.
rhomboides and other fishes in western Florida estuaries
when collected weeks after a K. brevis blooms had relaxed.
We recognize that acceptance of benthic mesograzers as
an additional mode of brevetoxin transmission requires
answers to several outstanding questions. We do not know
whether natural populations of mesograzers are laden with
brevetoxins. We also do not know the rates at which
bioaccumulation (if present) and depuration occurs in
mesograzers. The brevetoxin load we report is much lower
than that detected for pelagic copepods under laboratory
conditions (~25 ng brevetoxin per copepod; Tester et al.
2000), although it is not clear whether these experiments
(including the present study) utilized ecologically-realistic
feeding rates. Moreover, we have not demonstrated that
consumption of brevetoxin-laden mesograzers by fishes
actually yields accumulation in fishes (e.g., Tester et al.
2000; Naar et al. 2007). Nevertheless, the present study
does indicate that mesograzers deserve attention in our
efforts to predict bioaccumulation rates and ecological
impacts of brevetoxins within nearshore systems.
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