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although many fish carcasses still were present. In standard
bioassays®’ maximum algal growth coincided with fish death,
followed by rapid encystment (Fig. 1). This toxic dinoflagellate
was found in abundance during several other major fish kills in
the Pamlico and Neuse estuaries and in local aquaculture
facilities (Table 1). Isolates from these events have been
confirmed in laboratory bioassays as lethal to 11 species of
finfish including commercially valuable striped bass (Morone
saxatilis), southern flounder (Paralichthys lenthostigma), men-
haden and eel (Anguilla rostrata).

The algal isolates all exhibit similar behaviour. Flagellated,
photosynthetic toxic vegetative cells excyst after live fish or their
fresh excreta are added to aquaria cultures under low light (Fig.
2a, b). The lag period for excystment ranges from minutes to
days and increases with dormancy period or cyst age. The cells
appear athecate but have thin cellulosic deposits (thecal plates,
Fig. 2¢)® beneath outer membranes that obscure the plate
arrangement required for formal speciation®. This dinoflagellate
completes its sexual cycle while killing fish. Vegetative cells
produce poorly pigmented, anisogamous gametes; the male is
smaller, and its extended longitudinal flagellum is five- to sixfold
longer than the cell (Fig. 2d). The vegetative cells can also form
large amoeboid stages (pigmented or colourless, 80-250 pm long
with extended pseudopodia) with unknown role in the life cycle.

TABLE1 Fishkills associated with the new toxic dinoflagellate, documented
in North Carolina during 1991-92

Tem- Alga
perature  Salinity (cells
Date Location (°c) (%) Fish killed mi™1)
1991
May Pamlico River 24 3 Menhaden 1,300
June Pamlico River 29 10  Menhaden, 1,100
others
Aug. Pamlico River 31 12 Menhaden 600
Aug. Pamlico River 30 8  Flounder walk 800
Sept.-Oct. Neuse River 26 11 Menhaden, 1,200
Blue crabs
Dec. Taylor's Creek 15 30  Fish walk ~35,000
(flounder, eel,
mullet, others)
1992
Jan. Aquaculture 9 0  Striped bass
Feb. NC maritime 21 25  Fish spp.
museum
(Newport
River)
Feb. National 15-21 25 Menhaden,
Marine others
Fisheries
Service
(Newport
River)

Locations on the Pamlico River followed a salinity gradient from 3 to 12%
over an 8-km distance. Low dissolved oxygen (DO, 2.8 mg [~*) was measured
from the bottom water in the vicinity of the kill during June 1991. On all
other dates, DO was =4.5 mg | * throughout the water column (R. Carpenter,
K. Lynch and K. Miller, NC Dept. of Environmental Health and Natural Resour-
ces, personal communication). In each case from 1991, we observed abun-
dant pigmented, flagellated vegetative cells in water samples taken during
the Kill. (Note, ‘Walk’ refers to cases in which stressed fish attempted to
leave the water and beach before they died.) Water from fish kills in 1992
was collected within 1-4 days after fish death; hence, it was not possible
to obtain data for cell abundances while the kills were in progress. Samples
from a kill at a freshwater aquaculture facility in Aurora, NC contained ~40
vegetative celis mi™* as well as cysts. Water from both kills in February
1992 (original source, the Newport River, 11 °C, 25%.) yielded toxic vegetative
cells as well as gametes, planozygotes, amoeboid stages and cysts. We
confirmed virtually identical morphology of these with previous isolates
using scanning electron microscopy, and verified toxicity of each population
using aquarium bioassays with titapia and striped bass as test species.
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Gamete fusion results in planozygote formation followed by
production of additional toxic vegetative cells if live fish are
present. Without live fish, the planozygotes lose their flagella
and form thick-walled cysts but remaining gametes continue to
multiply especially under phosphate enrichment (batch cultures
enriched with 50-400 ug PO3 17! yielded significantly more
gametes after 6 days than cultures with PO} <10pgl™’;
Student’s f test, P <0.01)!°. Such stimulatory effects have not
been observed with either nitrate or ammonium. A ciliated
protozoan, Stylonichia sp.'!, is common in local estuarine waters
and consumes both toxic vegetative cells and cysts. But a pig-
mented, toxic amoeboid stage of the alga, in turn, attacks the
protozoan predator.

Each flagellated vegetative algal cell forms a peduncle or
pseudopodium shortly after excystment'>". The peduncle
becomes fully extended during toxic activity (Fig. 3a), par-
ticularly at the optimal salinity of 15% (among tested salinities
5,10, 15, 25 and 35%; significantly higher vegetative cell produc-
tion at 15%, Students ¢ test, P <0.01)'°. The lethal agent is an
excreted neurotoxin (under analysis by D. Baden, personal
communication). Water from which cells had been removed by
gentle drop-filtration (0.22 pm-pore filters) induces neurotoxic
signs by fish including sudden sporadic movement, disorienta-
tion, lethargy and apparent suffocation followed by death. The
alga has not been observed to attack fish directly. It rapidly
increases its swimming velocity to reach flecks of sloughed tissue
from dying fish, however, using its peduncle to attach to and
digest the tissue debris. Within several hours of fish death, toxic
vegetative cells encyst in the presence or absence of fish carcasses
(Fig. 3b-d). The cysts can be destroyed by dilute bleach. But
after treatment with concentrated sulphuric acid or ammonium
hydroxide, 35 days of desiccation, or nearly 2 years of dormancy,
small percentages of the cysts have yielded viable toxic cells
when placed in saline water (10-15%) with live fish (J.M.B,,
unpublished results).
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FIG. 1 Response of the dinoflagellate (toxic flagellated, vegetative stage)
to Oreachromis aureus (length 3 cm, approximate age 40 days) in repeat-trial
experiments. The trials were conducted as batch-culture aquarium bioassays
(18°C, 10%, 30 pEinst m™2 s7*) which varied in the time interval between
death of the first fish and addition of a second live fish (fish length 5cm).
The toxic vegetative stage attained greatest abundance just before fish
death, followed by rapid decrease in abundance as the cells encysted or
formed non-toxic, colourless amoebae and settled out. As we reduced the
time interval without live fish, the second fish died more rapidly.
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FIG. 2 Scanning electron micrographs of the toxic dino-
flagellate. a, b, ¢, Several hours after a live tilapia was added
to aquarium cultures (with environmental characteristics
described in Fig. 1) after a 2-day period without fish. Most
cysts (cy) had already produced flagellated vegetative cells
(8, scale bar 10 wm; b, arrows indicate remains of cyst wall;
scale bar, 8 um); ¢, Cell showing the outline of plates or
‘armour’ (for example, arrow indicating an apical plate)
beneath surficial membranes (scale bar, 5 pm); d Male and
female gametes (left and right, respectively). The presumed
gametes were abundant ~1 day after addition of a live
fish, when the fish began to exhibit neurotoxic signs of
lethargy, inability to maintain balance, and apparent respira-
tory distress. In viewing live samples under light microscopy,
we have observed such cells in fusion; note the extended
length of the longitudinal flagellum on the male (arrow)(scale
bar, 15 wm). Photos by C. Hobbs.

Laboratory bioassays and field collections have confirmed
that this dinoflagellate is lethal to finfish across a temperature
gradient from 4 to 28 °C'*"'7, and across a salinity range of
2-35%. It has also killed hybrid striped bass Morone saxatilis x
M. chrysops in fresh water (0% salinity, in aquaculture facilities
and in bioassays) with moderate concentrations of divalent
cations (Table 1). Both native and exotic fishes are affected,
suggesting stimulation by amino acids or other common, labile
substance in fish excreta'®!? (Table 1). Shellfish such as blue

FIG. 3 Scanning electron micrographs of the dinoflagellate
from aquarium cultures. a, While tilapia were dying. At its
optimal salinity of 15%, the flagellated vegetative cells
assume a swollen appearance and the peduncle (arrow)
becomes fully extended for use in saprotrophic feeding on
bits of fish tissue (scale bar, 3 um); b, Two hours after the
tilapia died and were not replaced with live fish. Most vegeta-
tive cells had begun to form cysts; note that the longitudinal
flagellum was still attached to one of the cells (arrow)(scale
bar, 10 um); ¢, One day after fish death, many completed
cysts presumed to contain dinoflagellate cells were present.
Note that the outer covering consists of scales with long
bristies (scale bar, 3 um); d Nearly 1 month after fish death,
the outer scales on most cysts had lost the bristle extensions
(scale bar, 5 um).
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crabs (Callinectes sapidus, carapace width 8-10cm) and bay
scallops (Aequipecten irradians, shell width 4-5cm) do not
stimulate excystment or toxic activity. These shellfish remained
viable for a 9-day test period while filtering low concentrations
of the dinoflagellate (~50 cells ml™"), although the scallop clos-
ing reflex slowed perceptibly. When placed in aquaria with dying
finfish, however, blue crabs were killed within hours to several
days, and scallops died within minutes.

Long-term data sets from Europe, Asia, and North America
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strongly correlate toxic phytoplankton blooms with increasing
nutrient enrichment®. The Pamlico and Neuse Estuaries receive
high anthropogenic loading of phosphorus and nitrogen®"*.
Over the past century, cultural eutrophication has probably
shifted the habitat to more favourable conditions for algal
growth and toxic activity. Unlike other toxic phytoplankton,
however, this dinoflagellate is ephemeral in the water column.
The lethal flagellated vegetative cells move from the sediment
surface to the water in response to lingering finfish which become

lethargic from the toxin. The alga kills the organisms which
stimulate it and then rapidly descends. Increasing reports world-
wide describe unexplained kills involving fish that die quickly
after exhibiting neurotoxic signs™>*. It is unlikely that this
eurythermal, euryhaline dinoflagellate occurs only in these
estuaries. We predict that with well timed sampling, this alga
will be discovered at the scene of many fish kills in shallow,
turbid, eutrophic coastal waters extending to geographic regions
well beyond the Pamlico and the Neuse. U
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TUNA are unique among teleost fishes in being thermoconserving.
Vascular counter-current heat exchangers maintain body tem-
peratures above ambient water temperature, thereby improving
locomotor muscle efficiency, especially at burst speeds and when
pursuing prey below the thermocline’®. Because tuna also
occasionally swim rapidly in warm surface waters, it has been
hypothesized that tuna thermoregulate to accommodate changing
activity levels or ambient temperatures’. But previous field experi-
ments have been unable to demonstrate definitively short-latency,
mammalian-type physiological thermoregulation®. Here we show
using telemetered data that free-ranging bigeye tuma (Thunnus
obesus) can rapidly alter whole-body thermal conductivity by two
orders of magnitude. The heat exchangers are disengaged to allow
rapid warming as the tuna ascend from cold water into warmer
surface waters, and are reactivated to conserve heat when they
return into the depths. Combining physiological and behavioural
thermoregulation expands the foraging space of bigeye tuna into
otherwise prohibitively cold, deep water.

In all fish, oxygenated arterial blood leaves the gills essentially
equilibrated to ambient water temperature (7,). But in tunas,
arterial blood passes through dense retia of interdigitated veins
carrying warm blood away from the swimming muscles. The
whole-body heat-transfer coefficient (k) is thereby reduced and
heat is returned into the tissues'™>. Although elevated body
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temperature (T,) improves locomotor muscle power for these
obligate swimmers when they are at high speeds or below the
thermocline*®, a permamently engaged heat retention system
could be counterproductive for tuna swimming rapidly (fleeing,
or chasing prey) in warm surface waters, because T,, may rise
to injurious levels. Thus, it has been postulated that tuna can
modify thermoconservation efficiency to fit the immediate
demands of activity level and thermal environment’.

Studies with captive tuna have been suggestive of an ability
to regulate k by a few per cent (probably through altered cardiac
output which changes the dwell time of blood in the retia)”'®,
but data from field experiments with bluefin tuna (T. thynnus),
are ambiguous®®, and a transmitter placed in a bigeye tuna
stomach failed to demonstrate thermoregulation®. Hysteresis in
the warming and cooling rates of swordfish, Xiphias gladius,
occurs over periods of hours'! and is associated with irregular
diving patterns, making it difficult to separate the effects of
changes in activity level, cardiac output and thermal inertia
imparted by simple heat exchangers®''"'?. Tuna, however,
experience very rapid changes in T,, which would require fast
thermoregulatory adjustments. Thus, the question remained: can
tuna perform physiological thermoregulation, or are the retia
simply passive devices sensitive to blood flow rate?

The behaviour of subadult bigeye tuna in Hawaiian waters is
ideal for testing for the occurrence of physiological thermoregu-
lation. During daytime, they select temperatures between 14 and
17 °C (at depths around 250 m), from which they make regular
periodic, rapid vertical excursions up into warmer waters'*.
During these excursions, the fish experience first increasing and
then decreasing T,, changing at up to 12 °C min~'. The compara-
tively small size of these tuna (65 to 80 cm; 7.0 to 12 kg), reduces
the influence of simple thermal inertia on T,.

In open-ocean tracking experiments, we telemetered swim-
ming depth and T, data from two bigeye tuna, one of which
exhibited typical bigeye distribution and behaviour (Fig. 1). The
radically different rates of body warming and cooling observed
during the vertical excursions were modelled with a numerical
parameter estimation procedure'® which minimizes the squared
differences between observed and estimated T,,.

Tuna body temperature is a function of heat exchange with
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