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CLINICOPATHOLOGIC FEATURES OF SUSPECTED
BREVETOXICOSIS IN DOUBLE-CRESTED CORMORANTS
(PHALACROCORAX AURITUS) ALONG THE

FLORIDA GULF COAST
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Abstract: Outbreaks of morbidity and mortality in double-crested cormorants (Phalacrocorax auritus) along Florida's
Gulf Coast have occurred sporadically for at least 30 yr. During these outbreaks, the Clinic for the Rehabilitation of
Wildlife, located on Sanibel Island in Florida, has admitted a substantial number of cormorants with consistent pre-
sentation of primarily neurologic clinical signs. In order to investigate the association of these outbreaks in cormorants
with exposure to brevetoxin, we compared the timing of admittance of cormorants with outbreak-specific clinical signs
to blooms of the brevetoxin-producing marine algae, Karenia brevis (formerly Gymnodinium breve), around Sanibel
Island from 1995 through 1999. The clinic admitted 360 out of 613 cormorants with the common clinical sign of
severe cerebellar ataxia in six outbreaks occurring during this period. The ataxia was characterized by a broad-based
stance, truncal incoordination, hypermetric gait, and intention tremors of the head. The histopathologic findings in 10
cormorants euthanized in 1997 were mild and nonspecific. An immunohistochemical staining technique for the detection
of brevetoxin in cormorants documented the uptake of brevetoxin in tissues from four cormorants admitted during an
outbreak in 1997, but a modified technique used on samples from 11 cormorants admitted during a K. brevis bloom
in 2000 produced indeterminate results. Admittance of cormorants with outbreak-specific clinical signs was positively
correlated (P < 0.05) with concurrent concentrations of K. brevis in local water. The cross-correlation coefficient was
also significant when increased K. brevis levels preceded cormorant admittances by 2, 4, 6, and 8 wk. This delay in
time between K. brevis blooms and cormorant admittance and our clinical finding of neurologic abnormalities in
cormorants without overt histopathol ogic features suggest an association between K. brevis blooms and local cormorant
morbidity.
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disease.

INTRODUCTION

Harmful algal blooms may be both a conse-
quence and a cause of marine ecologic disturbances
with major environmental, public health, and eco-
nomic significance.*® Blooms of the marine dino-
flagellate Karenia brevis (formerly Gymnodinium
breve) are often called red tides and have long been
associated with extensive fish kills in the Gulf of
Mexico.81?>7 Karenia brevis produces polyether

neurotoxins called brevetoxins, which have well-
described chemical and experimental pharmacol og-
ic properties.* Brevetoxins and brevetoxin-like ma-
rine toxins occur worldwide and are suspected to
have a detrimental effect on many marine ani-
mals.®*2 However, this effect was difficult to doc-
ument until an immunohistochemical staining tech-
nique was developed to identify brevetoxin in the
tissues of manatees.?

In 1996, West Indian manatees (Trichechus man-
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ida experienced an unprecedented mortality event
that coincided with a substantial local K. brevis
bloom. The immunohistochemical staining tech-
nique correlated brevetoxin with multiple histopath-
ologic lesions in exposed manatees, suggesting pos-
sible pathogenic mechanisms for brevetoxicosis.?
Outbreaks of morbidity and mortality in double-
crested cormorants (Phalacrocorax auritus) have
coincided with manatee mortality and K. brevis
blooms along the southwest coast of Florida.8* The
Clinic for the Rehabilitation of Wildlife (CROW),
located on Sanibel Island in Lee County, Florida,
receives wild animals from the area of southwest
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Florida that has often had increased marine animal
mortality during K. brevis blooms.2!12 Over the
past 30 yr, CROW has admitted many cormorants
with a consistent presentation of neurologic clinical
signs over relatively short periods of time. Estab-
lishing a definitive diagnosis during these outbreaks
was difficult because the histopathologic, virologic,
and bacteriologic results from affected cormorants
failed to reveal a common etiology. Also, sporadic
monitoring of K. brevis levels locally did not pro-
vide an appropriate context within which to eval-
uate the temporal patterns of morbidity and mor-
tality events in cormorants.

Linking cormorant morbidity to local K. brevis
blooms is difficult for several reasons. Although
monitoring the spatial and temporal distribution of
K. brevis concentrations along the southwest coast
of Florida has intensified over the past 5 yr, aga
blooms are extremely patchy in nature and counts
of dinoflagellates may correlate poorly to the actual
brevetoxin levels in water. Also, these coastal birds
can fly considerable distances away from the focus
of ared tide before they become moribund. More-
over, the presence of a red tide is not always cor-
related with highly toxic biotoxins because there
are several types of brevetoxin that have varying
degrees of toxicity. Brevetoxin is not released into
the local water until algal cells die and lyse. Given
that K. brevis blooms occur regularly and with
varying intensity, cormorants are likely to become
clinically affected only after their toxin burden has
surpassed some unknown threshold, potentially
through both acute and chronic exposure. Further-
more, the mechanism of biotoxin accumulation and
clearance in cormorants is unknown. Because cor-
morants are fish-eating marine birds, they may be
exposed to brevetoxin through ingestion as well as
inhalation, the latter of which has been documented
in manatees.? The potential for gradual bioaccu-
mulation in prey items and subsequent trophic
transfer of brevetoxin to cormorants suggests that
there may be a time delay in the reported algal
blooms and the outbreaks in cormorants. Finally,
clinical and pathologic findings associated with
brevetoxin exposure have not been documented in
detail in avian species.

Evaluating the link between cormorant morbidity
and K. brevis blooms is important to understand the
impact of harmful algal blooms on the southwest
Florida marine ecosystem. We report herein the
common clinical and histopathol ogic features found
in cormorants during a major outbreak of morbidity
in 1997, brevetoxin-specific immunohistochemical
staining results in cormorants, and the association
between cormorant morbidity with specific clinical

sighs and K. brevis concentrations in local waters
from 1995 through 1999. We hypothesize that if
cormorants are experiencing brevetoxicosis in
southwest Florida, clinical and histologic features
will reflect acute or chronic (or both) neurotoxin
exposure, immunohistochemical staining features
for exposed cormorants will be similar to those
seen in exposed manatees, and K. brevis levels in
local waters will be correlated with subsequent ep-
idemics in cormorants.

MATERIALS AND METHODS

CROW (Sanibel, Florida, USA) received 613
double-crested cormorants from 1 January 1995 to
31 December 1999. Debilitated cormorants were
admitted to the clinic after being recovered from
the coastal and inland areas within approximately
40 km of Sanibel Island (26°25'N, 82°7'W). De-
tailed clinical evaluations, body weight measure-
ments, and basic hemograms were performed on
cormorants at the time of admission to the center.
Blood was drawn from the ulnar vein using a 25-
gauge needle, immediately transferred to heparin-
ized microhematocrit tubes (Chase Scientific Glass,
Rockwood, Tennessee 37748, USA), and centri-
fuged for 3 min at 10,400 rpm. The packed cell
volume (PCV) was measured using a hematocrit
reading scale (Sherwood Medical, St. Louis, Mis-
souri 63103, USA), which quantifies red blood cells
as a percent of whole blood. Total solids (TS) in
the centrifuged plasma were measured using a
Reichert refractometer (American Optical, Buffalo,
New York 14240, USA). The cormorants were clas-
sified as mature or immature on the basis of their
plumage characteristics and eye color. The staff
veterinarian performed thorough neurologic exam-
inations on all admitted cormorants to identify birds
with outbreak-specific clinical signs. Specifically,
general mental status, gait, stance, head position,
and ocular motility (presence of spontaneous nys-
tagmus) were evaluated on admission. Birds were
classified as having outbreak-specific clinical signs
if they exhibited ataxia and intention tremors of the
head without clinical evidence for another cause of
these signs, such as head trauma. Other outbreak-
specific clinical signs included vertical positional
nystagmus, hypermetric gait, and broad-based
stance. Birds were euthanized by intravenous so-
dium pentobarbital administration (110 mg/kg i.v.)
if physical examination and hematologic findings
supported a grave prognosis. Recovered cormorants
were released once they were fully ambulatory, ful-
ly flighted, and had regained a body weight of at
least 1.8 kg by self-feeding.

Body weight (n = 42), PCV (n = 33), and TS
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(n = 33) of cormorants exhibiting outbreak-specific
clinical signs on admission from September
through mid-November 1997 during a K. brevis
bloom were compared with those of cormorants ad-
mitted to the clinic with trauma from September
through mid-November 1998 (n = 25), a time pe-
riod without a known K. brevis bloom. Cormorants
were matched on season of admittance to reduce
the seasonal differences in body weight, PCV, and
TS. Cormorants admitted with evidence of systemic
disease were excluded from the control group be-
cause they were expected to have more substantial
body weight and hematologic abnormalities as are-
sult of their primary condition than do cormorants
admitted because of trauma. A Mann—Whitney U-
test was used to compare the two groups for sig-
nificant differences. A nonparametric procedure
was chosen because the PCV and TS values were
not normally distributed and the 1998 control group
had a low sample size. The proportion of immature
cormorants admitted with outhbreak-specific clinical
signs was compared with the proportion of imma-
ture cormorants admitted for all other reasons from
1995 through 1999 by the chi-square test for in-
dependence. Similarly, the proportion of released
cormorants admitted with outbreak-specific clinical
signs was compared with the proportion of released
cormorants admitted for all other reasons from
1995 through 1999 by the chi-square test for in-
dependence. All statistical tests were performed us-
ing statistical software (SPSS Base 10.0, SPPSInc.,
Chicago, Illinois 60606, USA), and differences be-
tween groups were determined to be significant us-
ing a two-tailed test for significance at a level of P
= 0.05.

In order to determine a diagnosis for the clinical
syndrome, detailed histopathologic examinations
were performed on 10 cormorants with outbreak-
specific clinical signs, which were euthanized with-
in hours of arrival in 1997. Brain, heart, spleen,
liver, kidney, lung, trachea, proventriculus, small
intestine, large intestine, and pancreas were placed
in 10% neutral buffered formalin, embedded in par-
affin once fixed, sectioned at 5 wm, and stained
with hematoxylin and eosin for examination by
light microscopy. To document brevetoxin exposure
in cormorants, a biotin-avidin—enhanced immuno-
histochemical stain with a polyclona primary an-
tibody to brevetoxin? was used to examine tissues
from four cormorants with outbreak-specific clini-
cal signs, which were euthanized during a K. brevis
bloom in 1997, and 11 cormorants that were eutha-
nized or died during a K. brevis bloom in 2000.
The assay was modified to eliminate nonspecific
background staining by a blocking step with normal

serum for use on the cormorant samples obtained
in 2000. Heart, brain, lung, trachea, and spleen
were mounted in paraffin blocks and cut at 5 pm.
The tissues were placed on charged slides, depar-
affinized, and put through an endogenous peroxi-
dase-inhibition procedure. The slides were then
stained using a labeled strepavidin biotin (LSAB+)
immunohistochemical staining kit (DAKO Corp.,
Carpinteria, California 93013, USA). The tissues
were incubated overnight at 4°C with primary goat
anti-brevetoxin antibody (Dan Baden, University of
North Carolina, Wilmington, North Carolina 28409,
USA) at aworking dilution of 1:150. A DAB (3,3'-
diaminobenzidine tetrahydrochloride) Chromagen
solution (DAKO Corp.) was used for coloration,
and hematoxylin was used as a counterstain. Man-
atee lymph node containing brevetoxin was used as
a positive control, and human tonsil was used as a
negative control. Slides were classified as positive
if they contained strongly immunoreactive cells.
The timing of clinic admittance of cormorants
with outbreak-specific clinical signs was compared
with the timing of local K. brevis blooms from
1995 through 1999 using time series analysis tech-
niques. Because K. brevis blooms are extremely
patchy, brevetoxin exposure in cormorants was es-
timated by calculating an algal index for each 2-wk
period from 1 January 1995 to 31 December 1999.
Karenia brevis concentrations in cells per liter of
seawater were measured around Sanibel Island
(26°40" to 26°62'N) in the areas in which cormo-
rants were recovered. A total of 649 measurements
were made at an approximate frequency of once per
week as part of a large-scale project conducted by
the Florida Fish and Wildlife Conservation Com-
mission, the Department of Agriculture and Con-
sumer Services, and the Shellfish Environmental
Assessment Section. The concentration of K. brevis
cells per liter was determined by hand counting un-
der a dissecting scope.** Each K. brevis measure-
ment was reported as a range, and the midpoint of
this range was used to estimate the K. brevis level.
An algal index for each 2-wk period was cal culated
as the log,, of 1 + the mean value of all measure-
ments during that 2-wk period. Two-week intervals
without measurements of K. brevis were excluded
from the analysis. The number of cormorants ad-
mitted to the clinic with brevetoxin-specific clinical
signs was summed for each 2-wk period from 1
January 1995 to 31 December 1999 in order to
compare the temporal distribution of cormorant ad-
mittances with the algal index. The temporal rela-
tionship between the cormorants with outbreak-spe-
cific signs and the algal index was measured by
cross-correlation coefficients® (R,) calculated using
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statistical software (Stetistica for Windows, Stat-
Soft Inc., Tulsa, Oklahoma 74104, USA). This
method correlates the number of cormorants with
outbreak-specific signs with the time-lagged values
of algal index to evaluate an appropriate time delay
in the effect of K. brevis blooms on cormorant ad-
mittance. Cross-correlation coefficients were cal-
culated for one to ten 2-wk forward time lags and
were determined to be statistically significant at P
= 0.05.

RESULTS

The clinic admitted 360 (58.7%) cormorants with
outbreak-specific clinical signs out of atotal of 613
cormorants admitted from 1995 through 1999. The
clinical finding common to all cormorants catego-
rized as having outbreak-specific clinical signs was
severe cerebellar ataxia. The ataxia was character-
ized by a broad-based stance, truncal incoordina-
tion, hypermetric gait, and intention tremors of the
head. Stimuli, such as patient handling, often re-
sulted in exaggerated responses and hyperactivity.
Positional vertical nystagmus was also noted in ap-
proximately half of the ataxic cormorants. The
ataxiatypically lasted for 2—4 days, and cormorants
with a good-to-fair prognosis on admission (based
on body weight, hematologic values, and the ab-
sence of concurrent injury or disease) generally re-
sponded to supportive care. Most (78.7%) cormo-
rants admitted with outbreak-specific clinical signs
were of immature age, which was significantly
higher than the proportion of immature cormorants
(57.6%) among those admitted for all other reasons
(X2 = 28.6, P < 0.001). The odds of an immature
cormorant’s being admitted with outbreak-specific
clinical signs was 2.72 times that of an adult. A
total of 125 (34.7%) cormorants with outbreak-spe-
cific clinical signs were released 4-8 wk after ad-
mission, whereas a total of 60 (23.7%) cormorants
without outbreak-specific clinical signs were re-
leased. The released proportion of cormorants with
outbreak-specific signs was stetistically significant-
ly higher than the released proportion of cormo-
rants without outbreak-specific clinical signs (X? =
8.54, P = 0.003).

For cormorants admitted with outbreak-specific
clinical signs from September through mid-Novem-
ber 1997 (n = 42), the mean body weight was 1.20
kg. Cormorants were considered to be anemic if
their PCV was =20% and hypoproteinemic if their
TS was =2.0 mg/dl. On the basis of these criteria,
42.4% (n = 14) of the outbreak cormorants were
anemic and 60.6% (n = 20) were hypoproteinemic.
The body weight, PCV, and TS values did not differ
significantly between outbreak cormorants admitted

during a K. brevis bloom and cormorants admitted
with trauma in the absence of a K. brevis bloom (P
= 0.542, 0.277, and 0.489, respectively).

Similar to the findings noted in the previous
years, necropsy of cormorants admitted with out-
break-specific signs from 1995 through 1999 failed
to reveal a specific cause of death or explanation
of the clinical signs. Endoparasitism was a common
finding in necropsied cormorants. Contracaecum
spp. and Tetramera spp. were identified grossly in
the proventriculus. Trematodes were identified mi-
croscopically in the kidneys and, occasionaly, in
the small intestine and pancreas. Histopathologic
findings in the 10 cormorants euthanized in 1997
were generally nonspecific and insignificant. Mild
pulmonary hemorrhage and congestion were com-
monly noted (n = 8) but were thought to be asso-
ciated with acute agonal cardiovascular collapse.
Other frequent findings included hepatic and splen-
ic hemosiderosis (n = 10), as well as chronic, mild
cholangitis and nephritis (n = 9). None of these
findings were determined to be severe enough to be
the primary cause of death. No brain or brain stem
lesions were found.

The immunohistochemical staining technique
documented brevetoxin uptake in each of the four
cormorants admitted with outbreak-specific clinical
signs in 1997. Brevetoxin was distributed in lym-
phoid cells of the spleen and in macrophages of the
spleen and lung in all cormorants examined. Other
immunoreactive tissues included tracheal mucosa
(2/3 of those examined), heart (1/2 of those ex-
amined), and brain (1/4 of those examined). Mild
background staining because of the incomplete in-
hibition of the endogenous peroxidase was evident
in al stained slides. However, samples from cor-
morants admitted in 1997 showed an immunostain-
ing pattern and cell tropism similar to that seen us-
ing this technique on manatees with brevetoxicosis
during the 1996 outbreak.? This technique, modified
to block nonspecific background staining, produced
equivocal evidence of brevetoxin deposition in tis-
sues from six out of the 11 cormorants sampled in
2000. The immunostaining was not as distinct as
the staining patterns observed in manatees in 1996
and cormorants in 1997. Therefore, results of the
modified staining procedure used on the cormorants
admitted during 2000 were deemed indeterminate.

Admittance of cormorants with outbreak-specific
clinical signs was positively correlated with simul-
taneously increased levels of K. brevis (cellg/L) in
the local marine system (R, = 0.177, P = 0.0223).
The positive correlation between outbreaks in cor-
morants and K. brevis levels was more apparent
with time delays of 2 through 10 wk with the stron-
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Figure 1. Double-crested cormorant admittance to a Sanibel Island wildlife clinic with outbreak-specific clinical

signs correlated with 8-wk time-lagged values of the local algal index from 1995 to 1999. The six outbreaks in

cormorants are labeled as 1-6.

gest correlation detected when K. brevis levels
lagged behind cormorant admittances by 8 wk (R,
= 0.311, P = 0.0002) (Fig. 1). Time lags of greater
than 10 wk did not produce statistically significant
cross-correlations. Overall, there were six major
blooms of K. brevis around Sanibel Island from
1995 to 1999, demonstrated by consecutive mea-
surements of at least 100,000 cells/L over a 6 wk
period when levels were measured. Also, there
were six magor outbreaks in cormorants, which
were demonstrated by the admittance of two or
more cormorants with outbreak-specific clinical
signs per 2 wk interval for a minimum of 6 wk

(Fig. 1).
DISCUSSION

The clinical finding of severe cerebellar ataxiain
affected cormorants admitted during all six out-
breaks from 1995 through 1999 suggests a common
etiology. Neurologic abnormalities in affected cor-
morants were consistent with exposure to a neuro-
toxin, although other toxic etiologies may be com-
patible with the observed clinical and pathologic
features of these outbreaks. Similar neurologic ab-
normalities (incoordination and loss of righting re-

flex) have been observed in distressed manatees
during K. brevis blooms2!t Ataxia and spastic
movements were also observed in ducklings exper-
imentally exposed to brevetoxin.® The combination
of the clinical signs observed in cormorants (truncal
ataxia, broad-based stance, head tremors, and ver-
tical nystagmus) suggests localized cerebellar dis-
ease. Preferential uptake of brevetoxin by the cer-
ebellum has been noted after the experimental ad-
ministration of brevetoxin to mice (Baden, pers.
comm.). The spontaneous recovery of admitted cor-
morants is also consistent with a toxic etiology. Be-
cause toxic insults to the central nervous system
can be pharmacologically mediated, clinical signs
resulting from toxin exposure may be reversible
once exposure to the toxin has ended. Cormorants
with outbreak-specific signs had a greater proba-
bility of being released than did cormorants admit-
ted for other reasons over this 5-yr period because
of the spontaneous resolution of the clinical signs.
However, a potential bias in comparing these two
groups is that cormorants that were too moribund
to exhibit outbreak-specific clinical signs may have
been included in the control comparison group,
subsequently biasing this group toward a lower re-
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leased proportion. Interestingly, recovered cormo-
rants banded before release from CROW during red
tide events have been readmitted to the clinic with
cerebellar ataxia as soon as 5 days after release,
suggesting that there may be rapid recrudescence
of clinical signs either after subsequent reexposure
or as a delayed consequence of previous exposure.

The role of brevetoxin exposure in these out-
breaks is supported by the histopathologic findings,
which were generally mild and nonspecific even in
severely debilitated cormorants. The lack of histo-
pathologic lesions in the nervous tissue despite se-
vere neurologic deficits in cormorants supports a
neurotoxicity that produces clinical signs by a
mechanism other than through direct tissue dam-
age. The predominant histopathologic finding of
multiorgan hemosiderosis in cormorants was also
observed in manatees with brevetoxicosis? This
finding suggests a chronic, ongoing hemolytic pro-
cess causing excessive destruction of the erythro-
cytes. These pathologic changes have been sug-
gested to occur after weeks or even days of inha-
lation or ingestion of brevetoxin at subacute con-
centrations.? Multiorgan hemosiderosis has aso
been documented in marine and freshwater fish af-
ter exposure to brevetoxin.’?> The histopathologic
findings noted in cormorants are, therefore, consis-
tent with that observed in other species suffering
from long-term exposure to brevetoxin.

Clinical evaluation of cormorants affected by the
outbreaks also provides further evidence for chron-
ic disease. Mean differences in body weight, PCV,
and TS values among the outbreak cormorants and
the selected control comparison group were not bi-
ologically or statistically significant. For both
groups, anemia, hypoproteinemia, and mean body
weight below norma were common clinical find-
ings. Clinical findings related to chronic disease
may also be common in birds brought to the reha-
bilitation center. For cormorants with outbreak-spe-
cific clinical signs, it is impossible to determine
whether the evidence for chronicity is primary, re-
sulting directly from chronic exposure to brevetox-
in, or secondary, resulting from an acute exposure
and subsequent inability to function normally. The
overall low release rate observed in all cormorants
admitted reflects the poor prognosis associated with
chronic disease in rehabilitated birds, regardless of
the etiology.

The main histopathologic finding in manatees
with brevetoxicosis was moderate to severe pul-
monary congestion and catarrhal rhinitis, which
was consistent with an inhaled acute exposure.? The
presence of only very mild pulmonary congestion
in cormorants and the absence of pathologic lesions

in tracheal tissues from al cormorants examined
suggest that acute exposure through inhalation is
not the primary pathogenic mechanism. Although
positive brevetoxin immunostaining in the lung and
tracheal tissues of the cormorants examined in 1997
supports inhalation as one route of exposure, ad-
ditional routes of exposure may be important in
cormorants. Because of their lack of foraging ex-
perience, immature cormorants may be more in-
clined to ingest the dying or dead brevetoxin-con-
taminated fish that are a common occurrence during
red tides. Therefore, our observation that immature
cormorants were significantly more likely to be ad-
mitted with brevetoxicosis than were adult cormo-
rants supports the hypothesis that exposure to brev-
etoxin may be through ingestion of contaminated
fish. Exposure to brevetoxin through inhalation
would most likely affect all ages of birds equally.
It is also possible that juveniles are more suscep-
tible to the effects of brevetoxin or are more likely
to be admitted to a rehabilitation center once intox-
icated. Because cormorants are a top predator and
consume primarily large fish, this species may be
exposed to unusually high doses of brevetoxin if
biomagnification of brevetoxin occurs in the food
web as it occurs with other toxins.”'> This may
explain why outbreaks of the magnitude observed
in cormorants have not been noted in other fish-
eating marine birds.

The positive immunostaining in tissues from the
four cormorants sampled during the 1997 outbreak
confirms the uptake of brevetoxin in this species,
but documenting an association among brevetoxin
uptake, cellular pathology, and clinical disease re-
quires further refinement of the analytic techniques.
The immunohistochemical staining technique has
not yet been validated in birds, and the disparate
results in cormorants admitted during two different
K. brevis blooms are difficult to interpret in the
light of an unknown sensitivity and specificity for
the test. The indeterminate results in birds sampled
in 2000 may be caused by the modification in the
technique to reduce background staining or im-
proper sample handling. Because brevetoxin clear-
ance from tissues occurs at an unknown rate, the
timing of sampling relative to exposure may have
also affected the staining results. A major limitation
of this test is that it does not differentiate between
exposure significant enough to cause clinical signs
and subclinical baseline exposure after an algal
bloom, which would be expected in fish-eating ma-
rine birds.

The significant positive correlation between the
timing of K. brevis blooms and the subsequent ad-
mittance of cormorants with outbreak-specific clin-
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ical signs supports a cause and effect relationship
between these two events. The time delay ranging
from 2 to 10 wk is reasonable, given that K. brevis
measured in cells per liter is only an approximate
estimate of the potential for brevetoxin exposure.
Brevetoxin concentration increases after K. brevis
blooms reach a stationary phase because of dino-
flagellate cell death and subsequent toxin release.
Brevetoxin may remain in water and in prey items
long after K. brevis algae are measurable by current
methods. Shellfish have been shown to remain toxic
for 75-300 days after a K. brevis bloom has dissi-
pated.>*® The time delay is also consistent with the
clinicopathologic features of this disease, which
suggests that cormorants most likely experience a
chronic and cumulative detrimental effect from ex-
posure.

Without experimental trials, a cause and effect
relationship for some toxic etiologies that do not
consistently cause pathologic lesions may only be
demonstrated by a synthesis of circumstantial evi-
dence. Harmful algal blooms may affect cormo-
rants through a variety of indirect mechanisms.
Most notably, the large fish kills associated with K.
brevis blooms may deplete food resources, render-
ing cormorants more susceptible to other disease
processes. Thus, it is possible that K. brevis blooms
are only indirectly related to cormorant morbidity
and that brevetoxin is not the actual etiologic agent
for the periodic epidemics documented here. How-
ever, the direct association between the timing of
the algal blooms and the cormorant epidemics with
an appropriate time delay is convincing when in-
terpreted in conjunction with the histopathologic
findings and the specific neurologic clinical signs
observed in affected cormorants.

The high proportion of cormorants admitted with
brevetoxicosis-specific clinical signs to this reha-
bilitation center suggests that brevetoxin exposure
may be a substantial cause of morbidity and mor-
tality in cormorants in this area of southwest Flor-
ida. Rigorous validation of an immunohistochemi-
cal technique with positive and negative controls
for use in birds is necessary to compare brevetoxin
uptake in symptomatic cormorants with baseline
levels in asymptomatic cormorants. Similarly, brev-
etoxin-specific tests, adapted for use in other ma-
rine animals, would permit the detection of suble-
thal brevetoxin effects in other species, which isthe
first step in understanding the true ecosystem-level
impacts of K. brevis blooms in the Gulf of Mexico.
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