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INTRODUCTION

William Wise
Marine Sciences Research Center, State University of New York Stony Brook

[n the summer of 1995, brown tide retumed to Long Island with an intensity dwarfing
that of recent vears and approximating the conditions of the mid-1980's. when the damaging
marine algal bloom first appeared. The lack of widespread. persistent brown tides in the early
1990's. and the nascent restoration of scallop populations that had nearly been eliminated from
Long Island waters by earlier brown tides, had given hope t0 many that brown tide was tading
from view as an environmental and economic problem for Long Islanders. Perhaps brown tide
had been a temporary disturbance to the ecosystem of the Island's eastern embayments. a
disturbance with severe but not permanent environmentai and economic impacts. Brown tide's
recurrence in 1995 dimmed these hopes and galvanized a broad spectrum of elected officials,
resource managers, scientists, fishermen. and environmental groups to search for the cause(s) of
brown tide and for steps to prevent its occurrence or to ameliorate or mitigate its etfects.

To provide direction in this search, a Brown Tide Summit was held on 20-21 October
1995 at the Holiday Inn at Ronkonkoma, New York. This is the report of that meeting. The
Summit had two related objectives: to summarize extant knowledge regarding brown tide, and to
identify research necessary to answer the principal questions regarding the causes of brown tide
and its environmental effects. The session describing current knowledge of brown tide was a
public session featuring prepared presentations by invited speakers from throughout North
Amenca. Summanes of speaker remarks are found in Section I of this report. Subsequently,
small working groups of invited scientists developed a research plan detailing specific research
activities to improve understanding of brown tide so that its future recurrence might be prevented
or diminished. This research plan compnses Section II of this report. A list of registered
Summit paricipants s presented in the Appendix to this report.

A History of Brown Tide on Long Island

Brown tide is a marine microalgal bioom. Microalgae, or phytoplankton, are
microscopic, single-cell plants that are found in all natural freshwater and marine ecosystems.
Microaigae often serve as primary producers in these systems, using solar radiant energy to build
up organic compounds directly from carbon dioxide and inorganic nutrients dissolved in the
water. The energy thus captured is passed along to other components of aquatic food chains
through the consumption of microalgae by primary consumers, animals such as zooplankton.
bivalve mollusks, and larval fish. Phytoplankton are the base of the food chain in most aquatic
ecosystems.

Phytopiankton communities in temperate coastal waters display a seasonal cvcie of
abundance and species composition, Often, accelerated growth of one or a few species is
supenimposed on this overall community cycle due to a particular concurrence of environmental
conditions that strongly favor growth of these species. This is termed a "bloom. " most blooms
are of relatively limited spatial and temporal extent. Brown tide is a bicom carried to the



extreme, often encompassing allora major portion of thg emba}'r}lems of e.asterp Long Island for
axtended periods of time. [tiS characterized by the dorpman‘ce of one specxes of Ph?loplankton,
Auregcoccus anophagefferens. often to the near-exclusion of OI‘her species. The numerical
abundances achieved by the brown tide organism at the peak Qt a blqom C:}n vastly exceed
Jbundance levels of the mixed phytoplankton asseljnblagelt}'pmall}' Iqulnq in these waters.
although total plankton biomass is not unusualiy‘ h{gh Qurmg brown tide blooms. Becaushe s a
mono-specific (single species) bloom capable of atfecting large areas OVer protracte_d periods of
time. during which it can reach extreme abundance levels. brown tide can and has significantly
disturbed the ecological functioning of the waters where it has occurred.

Brown tide was first reported on Long Island in June. 1983 when fishermen. clammers.
and boaters reported discoloration of the water in Great South Bay. B¥ Julv of that year. similar
reports were being received from parts of the Peconic Bays system. By mid-summer 1985, it
was clear that the bloom resulted in recruitment failure of scallops in the Peconic Bays system.
sdult scallops typically spawn in the summer of their first year and do not survive to a second
annual breeding cvcle. Njear-total loss of a crop of larvae imperiled the conunued existence of
populations of this commercially valuable shellfish East End waters. Scientists and resource
managers began discussions aimed at transplantng juvenile scallops purchased elsewhere ©
Peconic Bay waters in an anempt (o provide a spawning stock that would replenish the system
with larval scallops. By late September of 1983, brown tide had largely disappeared from Long
{sland waters and plans for transplanting activities were put 01l hold. pending recurrence of the
bloom.

[n late spring of 1986, brown tide reappeared in the eastern half of Great South Bay,
Moriches Bay, Shinnecock Bay, and throughout the Peconic Bays system. The 1986 brown tide
bioom again produced near-total recruitment failure of bay scallops in the Peconics and planning
cesurned in earmest under the auspices of the Long Island Green Seal Program 10 ransplant
hatchery-produced, juvenile scallops to selected sites in the Peconic Bays. These transplants
were carmied out in October, 1986, they were continued in 1987 and have been repeated
periodically in subsequent years.

Regular monitoring of the Peconic Bays system for A. anophagefferens began in March,
1986 by the Office of Ecology of the Suffolk County Deparmment of Health Services.
Sul.)scquemly, this monitoring program was extended to Great South Bav, Moriches Bay, and
Shinnecock Bay, albeit more sporadically than for the Peconic Bays sysiem

‘ R;appfa:ance of brown tide in 1986 prompted environmental resource managers and
marine scientists Lo begin discussion of research needs relative to brown tide. Using internal
funding and additional resources provided by the Suffolk County Department of Health Services
{ESCDHS), the New York Sea Grant Institute, and the New York State Department Of
Snm\;gi?;f:ta_l Cotr_lstlfrvation, scientists at the Marine Sciences Research Center (MSRO) of the
o Er::l:y 0 tz:w York, Stony Brook, l?cgan investigations inte different aspects of brp\'-"ﬂ
e magcncy Onfe}'encc on Brown Tide and Other Unusual Algal Blooms Was held in

t year, organized by the New York State Interagency Committee on Aquatic
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Resources Development. MSRC'’s Living Marine Resources [nstitute. and the Port Authority of
New York and New Jersey. Like the Summit, this meeting described the then very [imited state
ot knowledge about brown tide and outlined additional studies necessary to more tully
understand and manage this phenomenon { Anonymous). By October. 1986, brown tide
abundances in waters sampled by the SCDHS were nearly undetectable.

In 1987, brown tide did not reappear in most areas uatil mid-summer and never reached
the very high levels of 1985 and 1986. However, significant numbers of A. anophagefferens
cells remained in affected waters throughout the winter of 1987/88, the first time this had been
observed. Moreover, the bicom of 1987 (and 1988) in the Peconic Bays system inciuded species
other than A. anophagefferens, which had been virtually the onlv species identified in blooms in
these waters during 1985 and 19886.

At this time, the brown tide Task Force was created to advise Suffolk County and other
agencies in ongoing research, monitoring, and management activities related to brown tide. The
Task Force met periodically until it was supplanted in May. 1988 by the Brown Tide
Comprehensive Assessment and Management Program (BTC AMP) initiated bv SCDHS in
response to the brown tide problem.

In 1988, reiatively low levels of brown tide were present in the Peconic Bays system.
Cell counts in Great South Bay in 1988 were higher than in 1986, although well below the 1+
million cellssml™ that had been characteristic of the peak bloom periods in both the Peconic Bays
Systemn and Great South Bay. At this point, Suffolk County began to develop a proposal for a
program to assess and make recommendations on overall water quality and environmental issues
relative to the Peconic Bays system. This became the BTCAMP program. Brown tide would be
a significant issue addressed by the BTCAMP program.

By 1988, the amount of research activity directed at brown tide had grown considerably
and included investigations at a number of universities and marine laboratories. Brown tide was
increasingly looked at by some as just one manifestation of a more widespread proliferation of
damaging phytoplankton blooms reported from vartous parts of the world. In October, 1988,
MSRC hosted a major scientific symposium on novel phytoplankton blooms, with a major
emphasis on brown tide. The papers presented at the symposium were published in book form as
a proceedings {Cosper et al. 1989)

Since 1988, brown tide blooms on Long Island have occurred sporadically and vartably in
different areas of the Peconic Bays system and in several South Shore bays (Shinnecock.
Quantuck, Moriches, and Great South Bays). The seeming capriciousness of the bloom is
evidenced by its spatial variability among and within these systems. In 1991, significant brown
tide blooms occurred in the Peconic Bays system. including West Neck Bay on Shelter Island, as
well as in portions of the South Shore system (Quantuck Bay in particular). In 1992, blooms
occurred in the South Shore Bays and in West Neck Bay, but not in other parts of the Peconic
Bays system. A major bloom was seen in Great South Bay during the summer of 1994, but not
elsewhere. In 1995, a bloom occurred in both the South Shore and Peconic Bays systems.



Blooms typically begin in early spring and peak in June/July. after which cell numbers decline.
sometimes rapidly, at other times slowly. and otten exhibit secondary peaks.

The level of research targeted specitically on brown tide declined after 1988 because of
the lull in bioom activity and its increasingly sporadic nature and spatial variability. The limited
research which was undertaken was sponsored primarily by Suffolk County and the New York
Sea Grant Institute. Brown tide did focus aftention on the ecological and economic importance
of the Peconic Estuary, and on its fragile nature. This increased awareness plaved a role in the
establishment in 1992 of the Peconic Estuary Program (PEP) as part of the USEPA Natonal
Estuary Program (NEP). Drawing on the recommendations of the final report of the BTCAMP
Program which served as the nominating document for acceptance into the NEP, PEP has
Jdeveloped an Action Plan highlighting 4 areas: nitrogen pollution; coliform contamination; toxic
chemicals; and living resources (SCDHS, 1992).

While brown tide has occurred most prominently in the embayments of eastern Long
Isiand. 1t has also occurred in other areas of the mid-Atlantic and southern New England (Figure
1). Brown tide was present in Narragansett Bay in 1985 in bloom concentrations and has been
reported twice since that time in bloom concentrations in mesocosm chambers operated by the
Umversity of Rhode Istand. Brown tide occurred in New Jersey waters in 1983, aithough its
presence was not confirmed by immunofluorescence detection techniques. [t reappeared in New
Jersey at bloom levels in 1995, its identity this time confirmed by immunofluorescence. A.
anophagefferens cells have been found in coastal embayments from the Gulf of Maine to New
Jersey, although usually not at high abundances. Thus, brown tide is a present or potential threat
0 the entre Northeast region. A closely-related species is responsible for a persistent and
damaging bloom in Texas.
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Brown Tide Summit
Friday and Saturday October 20-21, 1995
Holiday Inn, Ronkonkoma, NY
Agenda

DAY 1: Friday, October 20

INTRODUCTION
8:30-8:45 Purpose of the Summit
Dr. Anne McElroy (New York Sea Gram)
Dr. J. Kirk Cochran (Marine Sciences Research Center, SUNY-
Storry Brook)
Mr. Felix Locicero (Chair of the Management Committee of the
Peconic NEP)

8:45-9:30 Welcomes
Dr. Rollin Richmond (Provost, SUNY-Stony Brook)
Dr. Leon Cammen (Nariona! Sea Grant College Program, NOAA)
Dr. Donald Scavia (Direcror, Coastal Ocean Program, NOAA)
Hon. Robert Gaffney (Suffolk County Executive)
Hon. Michael Forbes (U.S. Representative)
Hon. Fred Thiele (N.Y. State Assembiyman)
Mr. Huson Sherman (Supervisor, Town of Sheiter Isiand)

9:30-9:50 Regional overview of brown tide occurrence history
Dr. Roberr Nuzzi (Bureau of Marine Resources, Suffolk County Dept. of
Health Services)

9:50-10:10 Stakeholders' questions and perspectives
Mr. Roger Tollefsen (Citizens Advisory Committee, Peconic Nationa!
Estuary Program)

ONSET AND PERSISTENCE OF BROWN TIDE
10:10-11:00 Growth physiology
Dr. Elizabeth Cosper (Coastal and Environmental Studies, Inc.)

11:00-11:25 Role of iron
Dr. Gregory Boyer (Chemistry Dept., SUNY-College of Environmental
Science and Forestry)
11:25-11:50 Role of physical environment

Dr. Robert Wilson (Marine Sciences Research Center, SUNY-Stonv Brook}

11:50-12:15 Mesocosm studies
Dr. Scont Nixon (Sea Gram College Program. Univ. Rhode [siand)



[DENTIFICATION OF BROWN TIDE
1:30-1:55 pm Systems for identifying brown tide
Dr. Donald Anderson (Dept. of Biology. Woods Hole
Oceanographic Institution)

CONTROL AND SUBSIDENCE OF BROWN TIDE

1:55-2:20 Trophic interactions
Dr. Darcy Lonsdale (Marine Sciences Research Center. § UNY-
Storty Brook)
2:20-2:45 Viruses

Dr. Curtis Suttie (Marine Science Institute, Univ. of Texas)

IMPACTS OF BROWN TIDE

2:45-3:10 Overview of impacts on the environment and shelifish
Dr. V. Monica Bricelj (Marine Sciences Research Center, SUNTY-
Stony Brook)

LESSONS FROM ELSEWHERE
3:10-3:35 Brown tide-like bloom in northern Gulf of Mexico
Dr. Dean Stockwell (Marine Science Institute, Univ. of Texas)

REACTION PANEL
3:354:15 Scientists' reactions t0 what they've heard
Dr. Donald Anderson (Dept. of Biology. Woods Hole
Oceanographic Institution)
Dr. Theodore Smayda (Grad. School of Oceanography, Univ. of

Rhode Isiand)
ADJOURN DAY 1 GENERAL SESSION
4:154:20 Summary and adjournment of the Day 1 General Session
Dr. J. Kirk Cochran (Marine Sciences Research Center, SUNY-
Storty Brook)
WORK GROUP SESSION
4:50-5:00 [nstructions to WOrkgroups

Dr. Anne McElroy (New York Sea Grant)

Dr. J. Kirk Cochran (Marine Sciences research Center, SUNY-

Storty Brook}
5:00-6:30 Work groups begin separate discussions

Physical factors —- Chair, Dr. Thomas Osborn (Earth and
Planetary Sciences, Johns Hopkins University)

Chemical factors -- Chair. Dr. Paul Falkowski {Brookhaven
National Laboratory)

Biological factors -- Chair, Dr. David Caron (Dept. of Biology.
Woods Hole Oceanographic Institution) '

Ecological impacts - Chair, Dr. V. Monica Bricelj (Marine
Sciences Research Center, SUNY-Stony Brook)



DAY 2: Saturday, October 21

WORK GROUP SESSION
8:30-11:00 Work groups continue separate discussions
Physical factors
Chemical factors
Biological factors
Ecological impacts

11:00-12.30 Work groups reassemble for joint discussion
Chairs lead review and discusston of individual groups’ ourputs
Moderator, Dr. J. Kirk Cochran (Marine Sciences Research
Center, SUNY-Stony Brook)
Physical factors -- Osborne
Chemical factors - Falkowski
Biological factors -- Caron
Ecological impacts -- Bricelj
Chairs lead consolidation and refinement of ourputs into a research

agenda
GENERAL SESSION
1:30-1:40 Welcome back
Dr. Anne McElroy (New York Sea Grant)
1:40-3:00 Presentation of research agenda to the public, agencies, elected officials,

and Peconic National Estuary Program Policy Committee

Dr. David Caron (Dept. of Biology, Woods Hole Oceanographic
Institurion)

Dr. Paul Falkowski (Brookhaven Narional Laboratorv)

Dr. Thomas Osborn (Earth and Planetary Sciences, Johns
Hopkins University)

Dr. V. Monica Bricelf (Marine Sciences Research Center, SUNY-
Stonry Brook)

3:00-3:30 Reaction and plans
Mr. Felix Locicero (Chair of the Management Committee of the
Peconic NEP)
Dr. J. Kirk Cochran (Marine Sciences Research Center, SUNY-
Stony Brook)
Dr. Anne McElroy (New York Sea Grant)

3:30 Adjourn Summit



Section I

Summaries of Oral Presentations




THE BROWN TIDE - AN OVERVIEW

Robert Nuzzi
Suffolk County Department of Health Services

“Brown water in Great South Bay from Robi. Moses Causeway to West Channel.
Greatest Concentration off Bayshore Maring.” Complaint recorded by the Suffolk Counry
Department of Health Services. 10 June. 1985.

Thus began the recorded history of brown tide, which now boasts a greater than ]0-vear
life span and which, to this point, has defied efforts to determine the reason for its appearance.

Sampling efforts were mobilized during the summer of 1985, lasting until the bloom
dissipated during the fall. With the reappearance of the brown tide in 1986, sampling efforts
were reinitiated and have continued unabated to the present. At the same time, research
programs to study the brown tide organism and its effects an the ecosystem were begun.

Although, because of the immediate and drastic effect on the bay scallop population
monitoring activities have been most consistent in the Peconic Estuary, monitoring of the South
Shore Estuary (Great South Bay, Mariches Bay, Shinnecock Bay) has also been undertaken.

The bloom occurred primarily in the east end and south shore bays of Suffolk County
(Figure 1). Its appearance, however, in Narragansett Bay in 1985, its documented presence at
what might be considered sub-bloom conditions (141,000 cellssmd™) in Bamegat Bay in 1988
(Anderson er al. 1993), and as a full-fledged bloom (about one million cells-ml'l) in 1995
(SCDHS), anest to its regional, rather than localized nature, and argue against a single point
source trigger.

The presence, although not in bloom concentrations, of the causative organisim
Aureococcus anophagefferens (Sieburth, et a/. 1988) has been noted in many areas along the
northeast coast of the U.S., from the Gulf of Maine (Portsmouth. N.H.) to Great Bay (New
Jersey). Asof 1990, it had been looked for, but not found in samples collected from Delaware
Bay and Chesapeake Bay (Anderson, ef al. 1993). Our ability to discern 4. anophagefferens
amidst the noise of other picoplankton is due to the development of an immunofluorescent
procedure by Anderson er al. (1989). Prior to 1988, population estimates, as determined by
phase microscopy, are undoubtedly less accurate.

Figure 2 shows the temporal variation of 4. anophagefferens in four embavments at
which the population reached high values: Quantuck Bay (between Moriches and Shinnecock
Bays), Great Cove (Bayshore Cove) in Great South Bay, West Neck Bay on Shelter [sland. and
Flanders Bay. As can be seen from the graph, the occurrence of blooms was not consistent
within embayments. For instance, in the summer of 1990 a bloom occurred in West Neck Bay
but not in Great South Bay or Flanders Bay. Quantuck Bay exhibited high ceil numbers on and

13
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off from the summer of 1990 through the summer qr‘ 1992, during \\'hich vear West .\'eckl g
Great South Bays. but not Flanders Bay. aiso eich:bzted ploc?ms_ A blgom.occyzned OnlY if Groy
South Bay during 1994 but the summer of 1993 saw major blooms 1n all royr bays lrhe 1995ty
tor Quantuck Bay are not plotted). The ability of 4. anopfmg'q{(?{enf 10 _mmm.am 2 Slzabie
population even during periods of low water [emperature 's exhibited in a numper of cases.

As 4. anophageferens was unknown prior to its appearance in {983, th¢ question ariges
conceming its origin. Was it a low frequency member of the pIankton cornrnL_lmr_v prior tg |95
blooming only as a result of some tundamental change in en\'qunmentai conditions, of Wwas i
perhaps. recently introduced with the bilge water of some vessej. or by some other Means. reagy
to take advantage of an open niche? The question remains to be answered.

The regional narure of the problem suggested earlv on thar meteoroiogical conditions
might be important in bloom onset and persistence and led to the Avpothesis that ncreaseqd
salinities caused by droughr conditions, followed by the introduction of nuirients with pulses of
raintail, might be involved ip bloom formation.

Our current inability to uncover a direct relationship berween meteoraiogical conditions
and the brown tide may simply be due 10 the paucity of reliabje meteorological stations needed to
provide the data. This js particularly true of rainfa)] which can be quite different throughouwt the
watershed, especially during the summer months. The use of rainfal] data trom distant areas

_ _ : ferens-required AuLrents. or a decrease in competitor-required
futrients, or quite possibly a combinatiop of the two, there is, as Nixon er g/, state, "Increasing

: troiled Mesocosm experiments that the growth of A,

(Cos Resu;t_s of field (SCDHS, 1985.1995. Smayda and Villareai, 1989} ang laboratory studies
19941)3?;;’{ al 2987), and controjled MESOCOSm experiments (Keller and Rice | 989; Nixon ef a.
Icated that the bloom was not related to concenrrations ot dissolved inorganic

Macronuinients (p; 1 - .
macronu (mmgen and phOSphoms} leadmg 10 the speculation that micronutrients {metals.
§anIcs) might he €rtical to biogm Initiation,

Our fie] : )
System Dut.sid: gfd:[; i;lollected since 1985, SUBBESIS physico-chemnicyi limits for the Peconic .
. anophage forens is less likely 1o bloom. As can be seen in Figure 3.

\



it appears that salinities in excess of 26%o and temperatures between 20-25 °C are factors
associated with the occurrence of major bloom events. While temperature and salinity appear to
be statistically linked to bloom onset (Beltrami 1993). thev are not sutficient for bloom tormation
by themselves. 1 ¢, they apparently provide a physical window within which a bloom may occur.

These temperature and salinity fimits are similar to the conditions found by Cosper to be
optimal for the growth of laboratory cultures of 4. anophagefferens (Cosper et al. 1989).

Growth at lower salinities was enhanced by the presence of organic phosphate
{glvcerophosphate), possibly due to its chelating ability.

The ability of 4. anophagefferens to utilize organic nutrients (urea. glutamic acid.
glucose), as determined by Dzunca er al. (1989), would almost certainly convey uponita
competitive advantage.

[t should, however, be noted that interpretation of metabolism based on these, and
subsequent studies to date, must be tempered by the fact that the laboratory cultures utilized were
bactenized. To the best of my knowledge, an axenic culture is not yet available, although a
number of people are currently attempting to develop one.

The trace metals, iron and selenium, have been found to be stimulatory to the growth of
both laboratory grown 4. anophagefferens and natural populations (Cosper et al. 1993),
especially if citric acid is provided as a chelator. Based on these results Cosper speculates on the
possible relationship between citric acid-containing detergents, coupled with iron enrichment
from the pumping of deep iron-rich aquifers, and bloom formation.

Bloom dynamics are influenced by predation as well as by the availability of required
nutrients and the proper environmental conditions. Recent studies by Lonsdale (1995} indicate
that microzooplankton, primarily protists, are the major phytopiankton grazers in the Peconic
estuary. Further, grazing experiments undertaken during a brown tide bloom in Great South Bay
“strongly suggest that microzoopiankton consume alternate phytoplankton and avoid 4.
anophagefferens cells."

Laboratory studies by Bricelj and Kuenstmer (1989) Tracey (1988), Tracey er al. {1989),
Ward and Targent (1989), Gainey and Shumway (1991) and others, as well as field observations
have demonstrated a deleterious effect of brown tide on bivalve benthic grazers, which are thus
not likely 1o exent significant grazing pressure during 4. anophagefferens blooms. The lack of
feeding is illustrated by Figure 4 which compares similarly aged hard clams, Mercenaria
mercenaria, taken from Great South Bay during a major brown tide bloom to those collected
from non-bloom areas.
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Figure 4. Hard clam (Mercenaria mercenaria) collected from Grear South Bay (center)
during a brown tide bloom, compared to clams collected from waters not affected by brown
tide (clockwise from top: Northport, Connecticut, Qyster Bay, New Jersey). The meat of the
Great South Bay clam is about equal in size to that of the New Jersey clam which appears to
be about one-half the shell size, and smailer than the meats in the clams of similar shell size.
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The potential for 2 viral effect on bloom dynamics was suggested by Sicburth ef al.
(1988) and lysis of A. anophagefferens cells by a bicom associated virus was demonstrated by
Milligan and Cosper (1994).

Allelochemical interactions between 4. anophageﬁerens and other algal populations have
been postulated but not demonstrated (Cosper ef a/. 1989) but the apparent aversion of
microzooplankton to A. anophagefferens may reflect primary allelochemistry in that it provides a

survival advantage likely resulting from the production of 2 mewbolite. Allelochemistry in
aquatic systems has been discussed by Keating (1987).

{t has been shown that the concentration of dimethy! sulfide (DMS) in Peconic Bay
waters is related to the presence of brown tide (SCDHS)- The concentration of acrylic acid,
which was noted by Sieburth (1960) to have allelopathic effects, would be expected to be
sirilarty related as itis the other haif of the molecule of dimethylsulfoniopropionate from which
DMS is derived.

Numerous scenarios have been created in an attempt to explain the sudden appearance of
the brown tide including such things as:

» The increased usage of anthropogenic products containing substances conducive to 4.
anophagefferens growth, along with the introduction of those substances to the
ecosysiem.

. The introduction of increased iron by the pumping of submerged aquifers

both of which have already been mentioned.
Other scenarios include, but are certainty not {imited to:

. The possibility of acid rain modifying the mobility and/or bioavailability of sedimentary
metals, coupled with a competitively advantageous ability of 4. anophagefferens
utilize or, perhaps, to detoxify those metals.

. The decreased introduction of an essential nutrient caused by a decrease in groundwater
seepage into the bay during drv years, oT 2 reduction of anthropogenic nutrient loading,

coupled with a similarly competitive advantage.

. The disruption of the microbial loop, particularly predation, perhaps by previously used
farm chemicals being introduced with the siowly moving groundwater.

. Sundry other possibilities, some of which may be more realistic than others but,
considering the history of this bloom, none of which should be rejected out of hand.

It is the consideration of vanous scenarios with which we will be concerned for the next
day-and-a-half in an effort to develop a reatistic research agenda.
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STAKEHOLDERS' QUESTIONS AND PERSPECTIVES

Roger C. Tollefsen
Citizens Advisory Committee, Peconic National Estuary Program

When [ was recently asked by the Citizen's Advisory Committee of the Peconic Nartural
Estary Program to speak at this Summit, | expressed concern about my posttion. [ certainly
could not represent the feelings of evervone on the Committee; however, I felt [ could restric
my comments to avaiiable data. published reports and observations of citizens. This perspective
may by helpful to those in amendance at this Swmmit,

It has been said that observation is the window to science. Indeed, it is through
questioning of observed facts that research may be planned. I would like to swar by observing
the year 1975, a point in time that may be shown as significant.

The ratio of nitrogen to phosphorous (N/P) is one of the first basic concepts to which a
beginning marine biologist may be exposed. A rato of 15:1 is considered as healthy allowing
for a rich bio-diversification and ecosystem balance. The recorded level of the 1975 ratio of N/P
in the Peconics according to data supplied by the Suffolk County Board of Heaith was 15:1. [t
was also in that year that a regional approach to water quality issues entitled the “208 Water
Quality Srudy " clearly identified a source of concern for the Peconics. They concluded that the
sewage treament plant in the Town of Riverhead was located at an exremely sensitive point in
the estuary. They stated that the level of nitrogen being discharged at this location was critically
high; if levels were allowed to increase by as little as ten percent, they reasoned, explosive algae
blooms may occur. The situation was considered to be so serious that the panel of distinguished
researchers and scientists recommended that the oudfall of this plant be relocated either to the
Long Island Sound or extended into the deeper waters of the Peconic Bay. Despite the strong
warnings, the recormmendations were not followed.

According to the data, the N/P ratio was dramatically changing. Starting in 1975 this
ratio increased from 15:1 to 30:1 to 45:1 to over 60:1 during the next ten years. In 1985 the
Peconics experienced a major algae bloom. Whether this bloom was dominated by 4.
anophagefferens (the culprit of the current brown tide) or was a multi-species bloom remains as
unclear as the water during the bloom. You will note that technical inforration published
concerning the brown tide in the Peconics only begins in 1986. If the daca is correct, wasn't the
first algae bloom of 1985 in the Peconics the one that was predicted because of too much
nitrogen for the esary. Don't the facts of N/P ratio support this conclusion?

After the 1985 bloom, data showed the N/P ratio plummeted to 1:1. This low ratio of
nirogen to phosphorous is known to set up a condition where a single algae will dominate at the
expense of the naniral populations, a population that normally include hundreds if not thousands
of different types of algae.
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Observations of the conditions at that time in 1985 must inciude informarion concerning
the operation of the sewage plant in the Town of Riverhead. Despite the prophetic wamings of
the "208 Water Study” that nitrogen discharges must not be increased, the municipal plani was
discharging nitrogen in excess of 200% greater than that documented in 1975. In addition. a
scavenger plant was added at the same location. Although that plant was designed to demtrify
the effluent, it incredibly operated much ditferently. Tertiary treatnent to denitrify invoives two
extra steps. Part "A” oxidizes the nitrogen to a nitrate form and part "B” adds a source of
carbon to the nitrified effluent in an anaerobic (without oxygen) environment to strip the nitrate
ot oxygen: the resultant nitrogen gas harmnlessty discharges to the air. For over two and one-half
years, the scavenger plant operated by nitrifying all its effluent nitrogen while de-nitrifying none
of it. This preposterous condition persisted, in part, because there are no New York State laws
that limit nitrogen discharges to a marine environment. [ offer these two observations not to
form conclusions: however, this information may spark some insight from the scientists nto the
possible consequences of these acts. '

The first definitively reporied bicom of A. anophagefferens was in late 1985. Water
quality data for several years after that event was imited and questionable due to inconsistencies
1n analytical methods used.

Sirkce the late 70's and mid-eighties, despite the over-sights at the Riverhead sewage
complex, there has been a substantial effort to reduce the amount of nirogen entering our bays.
In the 1970's, five duck farms discharged their nitrogen laden waste directly to the bays.
Although every bayman can provide first hand experience that the best clamming was in the
areas of highest concentration of duck farm discharge, that discharge was heavily burdened by
bacteria. The elimination of these sources of effluent surely reduced the bacteria sources but also
substantially reduced the amount of nitrogen carried with it.

From the time the Riverhead sewage complex was clearly identified as a major polluter {a
tact stated by the commissioner of Suffolk County Board of Heaith) impressive progress towards
rutrogen reduction has becn achieved. According to the firm of Malcolm Pirnie, the current
sewage consuitant, the plant had been operating cut-of-limits over 87% of the time from 1985
until December 1988. But after 1989, because of changes to the process, the plants had reduced
thewr mtrogen output by 40% and were then in compliance over 95% of the time.

Along with the municipal successes of nitrogen reduction, there was a growing citizen
awareness of the problem. Many town initiated projects combined with individual efforts have
further reduced nirogen inputs.

Despite the proven effort 1o reduce the amount of nirogen into our bays, the threat of a
re-occurrence of the brown tide remains. After an absence of a year or two, the brown tide has,
once again. almost destroyed the obvious scaliop crop and surely conrributed to the demise of a
significant number of finfish and shellfish that depend upon our bays as a nursery and home.

The Pecorucs have been described by the NYS Department of Environmental Conservation as the
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cleanest body of salt water in the state. [t seems to many people that the more we do to
"improve” water quality according to what we have been told is better. the more we suffer from
the brown tide.

It should be of some consequence to note that immediately before and after the
occurrence of a brown tide. baymen have recorded water depth visibly in excess of 16 feet,
Contrast this to other esmaries such as the Chesapeake, where Senator Bernie Fowler has for the
last ten years ventured out into the bay with white sneakers. Being able o see © a depth of 20
Inches is considered an improvement. Whar factors could account for the wide swing in water
clarity of the Peconics when we have not been able to identify concurrent swings in anv known
variable? Doesn't clear water visibility indicate a lack of any aigae? Could ir be that the food
for the algae that is normally present in our bays is too low, rather than too high.

Of all the perplexing probiems associated with the brown tide, perhaps none is more
utriguing than the appearance of the brown tide at multiple locations. Indeed, multiple
occurrences over wide areas seem to rule out single causes at any one location. No one has been
able to link the occurrences. Perhaps we have been looking in the wrong direction.

In 1985, the team of Keller and Rice of the University of Rhode Island were conducting a
mesocosm experiment with the waters of Narragansett Bay in Rhode Island. Their purpose was
to evaluate the effect of adding nitrogen to the waters of that bay. Coincident 1o their
experiment, Narragansett experienced a bloom of what was later determined 1o be the brown
tide. Throughout their year-long experiment Keiler and Rice concluded, "the persistence of the
brown tide species in conwrol mesocosms and Narragansert Bay appears related to its ability to
grow at very low concentrations of dissolved inorganic nitrogen, levels previously shown to limit
diatom growth.” They recorded that the levels of dissolved inorganic nitrogen were low at the
time of the brown tide bloom and “the brown tide species appeared to persist because its nurrient
requirements and/or uptzke capabilities gave it 2 competitive advantage.” If the conclusions are
correct, have we, In the process of attemnpting to reduce nitrogen in our bays. gone o far”?

It makes sense, and has been observed, that a range exists for the level of nicogen
relative to phosphorous in which we would describe the bay as healthy and bio-diversity is high.
How wide that range is may not have been clearly defined; however, we know that one of the
consequences of having too much nitrogen in our bays is that major algae blooms will occur. In
the extreme, these blooms will result in imbaiances and eventually deplete oxygen. We can
reason thar if all the nitrogen were possibly removed, algae life would cease o exist in any form.

We also know that there is another limit, below the range of “normal” balance, but above
absolute zero, that will favor certawn aigal forms and allow them 1o flourish to the deriment of
others. If we have entered that range of unispecies dominance, it may be a thin line thar is
subject to any number of marginal changes such as the weather, temperature . or salinity. [s that
unispecies the brown tide? Should we be attempting t0 understand this organism that dominates
in a range that we may have created, or may we conclude that we should adjusst the range back to
the levels that supported our bays prior 10 our haste to control it.
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In addition 10 the work in Narragansert Bay, there have been other conclusions that low,
not high, levels of nitrogen are driving the brown tide. Nixon er al. concluded in a paper dated
May 10, 1993 that. "while a reduction in nutrient input may seem inconsistent with the initiation
of a nuisance algai bloom. there 15 increasing evidence from tield surveys and controlled
mesocosm experiments that the growth of dureococcus is favoured by ohgotrophic conditions.”
Smayda and Villareal (1989) state that "high nutrient loadings appeared (0 suppress Aureococcus
abundance.”

What about the Great South Bay? Is it possible that we have reduced the nitrogen into
that bay in a way that plays into the hand of the brown tide? While it may seem that such a
reduction is not possible, we fave made significant changes that could account for the
observations. Only ten years ago, the Great South Bay was the source of one of the highest
densities of hard shel! clams in the world. [t supported thousands of bavmen who supplied these
clams to a hungry market. Today, that resource is less than ten percent of what it was. Sowne
are quick to biame overharvesting; brown tides have also 1aken their toil. However, have we
also reduced the food source for the aigae that. in mum, serves as tood for the clam? Have we
starved the hard clam populations?

With the increasing devetopment of the lands surrounding the Great South Bay, perhaps
inevitable problems occurred with increasing residential sewage demands. In some cases, the
overflows of inadequate sewage systems resulted in bacteria entering the bays and required the
closure of areas bountifuily filled with clams. The southwest sewer system was planned to unite
all the individual sewage facilities into a single processing plant. While this effort clearly
reduced the potential of bacteria leaching into our bays, it alsc removed the wnflux of nitrogen
that previously flowed through groundwater into the bay. This sewage system currently
processes 22,000,000 gallons per day. Although nitrogen loading of this system was not
immediately available, the amount is estimared to be in excess of 3,500 Ibs of nitrogen per day.
When the plant was completed in 1981, this flow of an important nutrient that appeared to be
then in balance with a heaithy ecosystem was eliminated hy discharging the processed sewage
south of the bay and directly mto the Arlantic Ocean.

The massive loss of the nitrogen previously supplied through groundwater into a balanced
ecosystern must be considered significant. The results of this act would be discovered vears later
as the levels of mirogen in the groundwater were diluted and reduced. Have we, in the Great
South Bay, succeeded too well in our quest to reduce nitrogen that we have created an ideal
environment for the brown tide to out-compete other resident algae forms?

There are inany opportunities for theories; however, can we ignore such massive
changes? Are we at the point that we need to characterize nitrogen as a villain, against which
every erfort should continue to rid it from our bays, or should we look at aitrogen is an
important, manageable, marine resource? We need to answer this basic question before we can
ever hope t0 understand what causes the brown tide.
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Research is an imporant ool in eliminating the brown tide: but how much do we need 10
act? Itis clear to some researchers that low levels of dissolved inorganic nitrogen favor the
brown ude and others have discovered that adding nitrogen will stop a bloom of it. Are these
conclusions wrong? While no action can ever be taken without risk. we now know the risk of
not acung. s it possible for research 0 recommend a calculated risk based upon our best
science at the nume or will we be forever looking for absolute truths while squandering our best
chances?
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RECURRING BROWN TIDE BLOOMS OF AUREOCOCCUS ANOPHAGEFFERENS:
A SEARCH FOR THE CAUSES

Elizabeth M.Cosper, Christopher J.Gobler and Sharon S.Benmayor
Marine Sciences Research Center, State University of New York Stony Brook

SUMMARY

In the mid-1980"s new and unusual blooms of a small, eucaryortic chrysophyte,
Aureococcus anophagefferens, appeared in several embayments along the nertheast coast of the
USA and were particularly harmful to bivalve communities. The monospecific blooms were
termed the brown tide due to the resuliting water color. Historically, a diverse group of small
microalgal species dominate the phytoplankton biomass and productivity in Long Island bays
during the summer. The continued dominance through several menths at high cell densities
(> 107 cellssl"") of 4. anophagefferens was the distinctive feature of consequence during these
biooms. Extensive monitoring programs have demonstrated the recurrence of these brown
tides to greater or lesser extents during the summer months almost every year since at certain
sites, parucularly in Long Island embayments in New York State.

Environmental variables which may contribute to the occurrence of the brown tide
include elevated salinities due to drought conditions, pulses of rainfall delivering organic
and/or micronutrients to bay waters, reduced grazing and reswicted flushing of bays. The
brown tide species appears to be closely related 1o an open ocean chrysophyte, Pelagococcus
subviridis. It is possible that the brown tide was seeded into northeast coastl bays in 1983,
when environmental conditions were particularly favorable for its growth. The ability of this
species 10 maintain minimal populations during the winter months seems to allow for its
recurrence during subsequent summers. Culture studies have shown that for 2 maximal
growth rate this species has specific requirements for trace elements, nowbiy iron and
selemum. chelators and orgamic nutrients; some of which are different from common estuarine
and coastal phytoplankton species. The competitive advantage of A. anophagefferens over
other potentially co-occurring species may relate o its heterotrophic and photoadaptive
capabilities.

Field studies have confirmed the importance of iron in the occurrence of A.
anophagefferens blooms. Toul and labile iron in Long Island embavments flucuate above and
below concentrations required by cultures for a maximal growth rate. Additionally. iron-rich
freshwater input has been observed to stimulate biooms. Uptake rates of rapidly growing
blooms (based on this species’ cellular demand) are capable of deplenng the dissolved iron in
bays within hours. The continued importance of salintiy to bicom occurrence in the 1990's
and these tield observations indicate that the supply of iron from treshwater Input and the
salinity distibuzion within bays are interacting temporally and spatiaily to create ideal bloom
conditons.
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Original electron micrographs from bays atfected during 1985 showed viral-like
particles inside brown tide cells and in 1992, several viral isolates were obtained from Long
Island bays. Field and iaboratory studies of brown tide growth dynamics indicate that sudden
crashes in 4. anophagefferens populations might be the result of viral infections. The effects of
virai activity in the occurrence and potential dissipation of blooms will be important in the
assessment of bloom dynamics.

BLOOM OCCURRENCE AND DISTRIBUTION

Since 1985, several coastal embayments along the northeast coast of the USA have
experienced novel microalgal blooms for which there is no previous record. These
monospecific blooms were popularly called the brown tide due to the resuiting water color. In
the early summer of I985. the first appearance of the brown tide occurred over a wide
geographic range along the coast in non-contiguous bodies of water: Narragansett Bay, Rhode
Island, Long Island embayments, New York and Barnegat Bay, New Jersey (Fig. 1)
(1,2,3,4,5.6]. The extent of the blooms was restricted to these coasial bay systems; blooms
did not appear to follow a partern of spreading from one bay system to the next. This suggests
that the environmental factors contributing to these brown tide bicoms were not just localized
to specific conditions in a bay system but probably were more regional, e.g. involving
meteorological induced changes. The blooms on Long Island markedly reduced the extent of
eelgrass (Zostera marina) beds because of increased light arenuation and decimated
populations of commercially valuable bay scallops (4drgopecten irradians) since the scallops
were unable to graze adequarely and starved to death [1,7,8]. Similarly, in Narragansew Bay
the mussels were unable to feed and populations were severely reduced {9].
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In 1986, the blooms recurred throughout the summer moaths in the same Long Isiand
embayments as 1985. During the summers of |987 and 1988, the brown tide blooms rerurned
in diminishing levels to Long Isiand and Barnegat Bay, N.J (Fig. 2) [10,2,3]. Since 1985,
extensive monitoring programs have demonstrated the brown tide recurred in Long [siand bays
and Barnegat Bay almost every year{10.2,3], but has not returned to Narrangansent Bay [4,6].
This paper will document and evaluate the findings to date of many scientific efforts
concerning the causes and factors contributory to these unusual blooms.
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Figure 2. Brown tide cell concentratons for sites sampled in the Peconic and Great South
Bays during 1586, 1587, and 1588.

BLOOM DYNAMICS ON LONG ISLAND

The brown tide species was dominant in terms of cell aumber and conmbuted greater
than 30 % of total cellular phytopiankton volume throughout most of the bleom period during
the summer months [1,10]. During the blooms phytoplankion biomass (as indicated by
chiorophyll a levels) was not particularty elevated for Long Island bays in comparison w0
other years since concentrations were less than 30 ugel”" (Fig. 3 A), and the majority of
chiorophy!l was concentrated in the smaller (< 3 um) fracton (Fig. 3 B) {11,12,1,10].
Primary productivity levels were high but aiso were not different from pre-bloom vears. The
less than 10 um fraction of the phytoplankton contributed greater than 90% of the 1o1al
photosynthetic activiry throughout the bloom period and estimates of picoplankton carbon
turnover were rapid, on the order of hours [10]. Levels of morganic nutrients (nirate, rutrite.
phosphate and ammonium) were also not different from pre-bloom vears [13.11.12].
Addirionally, variations in inorganic macronutrients were not correlated with variations in the
productivity of the brown ride (Fig. 4 A and B) and there is no evidence to support increased
macronutrient loading as a cause of the biooms {10,14]. These findings are consistent with
similar studies in Narragansett Bay, Rhode Island [6].
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Figure 3A. Chlorophyll a conceneration of the < Sum fraction for sites sampled during 1586,
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mitrogen and B. orthophosphate (PO,) versus primary productivity for sites sampled m East
End and Southern Bays from 1986 through 1988.

The continued dominance over extensive periods of time (~ 6 months) of a single,
particularly small algal species was the distinctive fearure during these blooms
{13.11.12,10,14]. When rapd growth rates were inferred from the rapid mrnover of photic
zone phytoplankton carbon or calculated using the frequency of dividing cell method, changes
in phytoplankton biomass did not reflect such potential increases in populations (10]. Neither
sinking of this smail microalga nor flushing of the bays could account for such constant
population densities. since daily sinking rates of such a small microalga would be small {13],
and flushing of the bays is on the order of weeks (13,12]. Grazing by protozoans on the
brown tide was evaluated in culrure experiments and in field sudies during the summer of
1983 [16] and was found to be a potential conwmolling factor on population densities.

Small mcroqlg_ac known as “small forms” generally dominarte the phytoplankton
biomass and productivity in Long Island embaymencs such as Great South Bay {12] and
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Peconic Bay [11] during the summer. Usually the small forms are composed of many species
of diatoms. chlorophytes, cryptomonads and small flagellates which vary in percent
contribution 0 the total phytopiankton throughout the summer months. Similar (o the brown
tide, dense blooms of two minute chlorophyte species occurred during the mid 1950's and

affected oyster populations in Great South Bay [17.18].

BLOOM SPECIES

The brown tide microalga had not been previously identified and was named,
Aureococcus anophagefferens {4]. A. anophagefferens was isolated into cuiture during the
summer of {986 [19] and again during the winter of 1987. The use of immunofluorescent
detection techniques for A. anophagefferens [20} have already indicated the presence of A.
anophagefferens in northeast coastal waters unaffected by the brown tide blooms, implying
that the blooms were caused by a unique set of environmental events in particular bay systems
[14]. Further immunochemical analyses (21], electron microscope analyses [4,5] and pigment
analyses [22], comparing A. anophagefferens 10 other ultraplankton have demonstrated a close

affinity between A. anophagefferens and a ubiquitous, open ocean microalga, Pelagococcus
subviridis, 1solated and identified from many areas in the Pacific Ocean [23,24] as well as
from Norwegian waters [25]. A. anophagefferens is also closely related to another brown tide
causing alga isolated from the Laguna Madre, Texas (TBA-2) where it has been causing
similar devastating blooms since 1991 [26].

ENVIRONMENTAL CONDITIONS CONTRIBUTORY TO THE BLOOMS
Physical and chemical [actors

The first year of the bloom occured when the annual rainfall level was the third lowest
in the past 37 years and coincided with the start of a drought period that continued for several
years thereafter (Fig. 5 A) [1]. The temporal pattern of rainfall appears to be important to the
formation of the blooms. Low levels of rainfall during the winter and spring months of 1985
and 1986 were followed by abnormally large pulses of rain and potential freshwater inputs into
the bays via runoff and/or ground water flow during the early summer. (Fig. 5 B). This
pattern was not as definitive in 1987. Blooms did not recur wntil later in the summer and the
cell densities were lower than the previous two summers (10 cellssl™). The drought led to
elevated salinities in the bays: since 1986 the salinities have been close 1o 30%e (Fig. 6 A},
whereas, thev were previously around 25%e [1.12]. During the summer of 1987. when bay
salinities were initially lower. the 4. anophagefferens blooms first occured in areas where
salinities remained within the halotolerance of the species. As salinities increased during the
summer and mto the fall months. the brown ude regained dominance. Elevated salinities have
been observed over the years to be a sigmficant contributing factor to the initial blooming of
the brown tide species, A. anophagefferens.
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Figure 7. Growth rate of A. anophagefferens versus salinity in EIO media with either
gtycerophosphate (GP) or inorganic phospbate (Pi).

Analysis of field samples obrained from helicopter flights throughout the Peconic Bays
and Great South Bay on August 12, 1986 showed the reverse of what would be predicted from
laboratory analyses and rainfall data; the greatest cellular concentrations were at 26%e. and the
lowest at salinities above 30%so {14]. The high inverse correlation (r= -0.94) between salinity
and brown tnde cell concentration found during August, 1986 was aot found during Jupe and
July, 1987 (r= -0.64 and r= -0.46, respectively) when salinities were reduced relative 1o the
previous summer, although the inverse trend still prevailed [14]. During the fall, on the
October 1 trip, when the brown tide was reestablished and dominant, even if at reduced
concentrations, the high inverse correlation (r= - 0.96) was again found [14].

Correlation analyses were performed between salinity and inorganic nutrient levels
along wansects sampied [14]. Significant nutrient distributions were positively correiated with
salinity, indicating higher levels in further offshore areas or in areas where coastal warters had
muxed wto the bays. The distribution of brown tide cells relative to salinity cannot simply be
explained by variations in inorganic macronugient concenzations. In addition. no correlation
between primary productivity of brown tide bioom waters and inorganic macronutrient levels
can be demonstrated (Fig. 5 A and B) [10].

Temperature, in conrrast, varied tn a similar pattern in 1986, {987 and 1988 (Fig. 6 B)
and does not appear to be different from previous summers {11,12] nor to be conmriburory o
the brown ude. The highest growth rates of summer and winter isolates were obrained at 20
and 25°C confirming that 4. anophagefferens is a warm water species consistent with irs
formation of summer blooms [14]. Growth. however, over a wide temperanure range can be
obtained. if given enough time to adapt, so that even at 3 °cC doubling times of 10 days are
realized. Minimal growth rates at low temperatures wouid be adequate (0 Maintain
popuiations during the winter months in the poorly flushed bays of Long Island [14.2] and
could be consequential in the ability of A. anophagefferens to bloom.
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Comparative Growth Experiments

Since the addition of organic phosphorus compounds such as glycerophosphate and
fructose-1.6-diphosphate [28] to artificial seawater media affected the growth of 4.
anophagefferens relative to growth on inorganic phosphorus (Fig. 7) [14], consideration was
given to the idea that the alga may be benefiting from these compounds acting as _chelanng |
agents [29.30]. If so, substitute chelators might have the same.effcgt as the addition of organic
phosphate. The addition of nitrilotriacetic acid (NTA) and cimric acid (CA)' chclators ,
commonly used in culture media {27], 10 media resulted in growth on inorganic phosphate (P1
f/2) which was higher than that on emyleucdin.itriloteu-acctic acid (EDTA) (Fig. 8)(30]. Thus,
NTA and CA may be bener chelators than EDTA for growth factors important to A.
anophagefferens.

1.1

o] |
0.3 1
Q.48+
Q.7
0.6
=BT

DIVISIONS /DAY

EDTa NTA CA

Figure 8. Growth of Aureococcus anophagefferens as a function of the chelator, EDTA, CA
and NTA.

Further laboratory experiments were conducted to evaluate the role of chelators and a
variety of essential trace elements to promote the growth of Aureococcus anophagefferens
(31]. The use of the ultra-pure and chemically defined media Aquil 1 grow cuitures revealed
that iron (Fe) and selenium (Se) additions were critical for the growth of A. anophagefferens.
Growth rates were higher with the addition of the chelator CA than with EDTA or NTA.
Cultures grown with 9 x 10° M Fe and 107 M Se vielded divisicn rates and biomass yields
significantly higher than cl;ulrures grown at normal levels of media Fe (4.5 x10” M Fe) and
lower levels of Se ( < 107" M). Caiculation of equilibrium complexations with the different
chelators indicated that CA complexed only 25% as much Fe as EDTA and only 33% as much
as NTa. Ciuic Acid has parually replaced phosphates in some commercial det:‘:rgems used in

New York and a better undersianding of its role in helping 0 promote brown tide blooms is
needed.

During the summer of 1990, small, sporadic biooms of A. anophagefferens were

observed. Experiments were performed on natural seawater collections from bloom and

non-bloom areas 1 @rder (o evaluate the control of the Fe and 3¢ above m bloom dynamics

[31]. Sub-sampies of water were filtered through Sum Nitex screens o remove grazers and
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were incubated at ambient temperatures for 24 hours under 42% and 4% of natural sunlight.
Treatments entailed no additions, single additions of 10®* M Se and 9 x 10°® M Fe and Se and
Fe combined. In situ growth rates indicated additions of Fe significantly enhanced growth
rates at a bloom site under both light levels, suggesting that Fe was limiting the growth of this
bloom. At a non-bloom site, combined additions of Fe and Se in low light conditions (4%
level) enhanced growth.

Based on these findings. a comprehensive laboratory and field study was undertaken to
better understand the role of Fe in the occurrence of A. anophagefferens biooms {32]. In
laboratory studies. cultures were grown under a range of Fe concentrations (10 uM - 5 nM),
and cellular and fluorescence characteristics were analyzed to determine ievels of Fe necessary
for maximal growth of this species. Cultures grown at less than 5uM toral Fe (100 nM labile)
experienced significantly reduced growth rates and intracellular Fe content, which impaired
the photosynthetic apparatus as indicated by reduced chlorophyll a per cell, reduced maximum
quantum efficiency of photosystem II (Fv/Fm), and increased in vivo fluorescence per unit
chlorophyll a. While the cellular Fe:C of 4. anophagefferens is larger than most marine
phytoplankters, it is similair to that of the red tide forming dinoflagellate, Gvmnodinium
sanguinewn. This is of particular interest since Fe has been previously implicated in the
initiation and limitation of blooms of this genus [33,34].

Field analysis of total and labile Fe in Long Isiand embayments indicated a flucuation
above and below the levels required by cultures for a maximal growth rate (Fig.9 A and B)
and sediment resuspension was identified as a process capable of significantly enhancing these
forms of Fe within bays. Since only dissolved forms of Fe are taken up by phytoplankton. and
dissolved Fe can be rapidly consumed by these blooms ([32]; see below), these resuspension
events may be important for indirectly supplying Fe to 4. anophagefferens blooms.

Observations at West Neck Bay (WNB) within the Peconic Bay system over a four vear
period provided further evidence of the importance of Fe and salinity in bloom occurrence
(Fig. 10). In June of 1992, the largest single day rainfall event of the four vears period
occurred causing bay salinities to drop and dissolved Fe levels to rise. Soon afier this
freshwater input of Fe, a brown tide bloom occurred. during which dissolved Fe levels were
depleted (o a three year low. Once the bloom subsided, Fe levels were replenished to normai
levels. An application of 4. anophagefferens measured celtular Fe content (6.73 x 10™'
molscell™) [32] 10 the observed change in cell density during this bloom indicates that the
cellular demand for Fe (390 nM) was nearly equivalent with the observed decrease in the
dissolved pool {340 nM). If a similiar partern of uptake occurred during larger biooms of
1986 (3.0 x 10 ceils-l"). a bloom growing at a doubling per day would depiete dissolved Fe
levels in five hours. Since only a poruon of the dissoived Fe pool is directlv available for
uptake by phytoplankton. dissolution. cycling. and/or input rates of Fe could {imit growth
rates of blooms.

During the two vears subsequent o the 1992 bloom event at WNB {Fig 10y, bav
salinities were much lower eariier in the year. (here were no large precipitation events or
sudden increases in dissolved Fe. and blooms did not occur (note change in v-axis). Although



Figure 9. Variations of: A total Fe and B. labile Fe within Long Island embayments during
1994,
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it was not included in this figure, bay salinities in 1995 at West Neck Bay were near 30%o in
early spring, similiarly to 1992, and once again massive blooms returned to this bay. The
importance of higher bay salinities was also demonstrated during a 1994 brown tide bloom in
Great South Bay. during which A. anophagefferens reached bioom densities only in bay waters
of 26%a and higher, an observation in concordance with eariler reports of the haline tolerance
of this species {14].

Levels of dissolved Fe in Long Island embayments are inversely correlated with
salmicy (Fig. 11). Hence, the supply of Fe from freshwater inputs and the salinity diszibution
withun bays interact spatially and temporally to create the ideal scenario for bloom occurrence:
dry winters and springs which result in high bay salinities, followed by intense pulses of rain
that deliver Fe-rich freshwater 1o bays. This may explain the exceilent negative correlations
berween salinury and brown tide cell counts found previously during 1986 and 1987 blooms.

A. Blue Aol - B. Wesl Neck Bay
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Figure 1! Qoneiaxions between dissoived Fe and saliniry at Blue Point station of Great South
Bay. West Neck Bay, Novac Bay and across Great South Bay on7i12/94
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[ron may be an important determinate in the geographic distributution of 4.
anophagefferens blooms. While this species has been detected throughout the NE United
States [35], bicoms of this species have been limited 1o the bays of Long Isiand during the past
decade. A. anophagefferens blooms create one of the highest documented biological demands
for Fe and Long [siand bays contain some of the highest Fe levels for the salinicy range they
encompass. Hence, it seems this species has found an ecological niche in these embayments,
in which high Fe levels are an essential component.

Heterotrophic Uptake Experiments

A. anophagefferens can grow on urea as the sole nitrogen source ar rates comparabie
growth on nitrate; growth on ammonium was never obtained (Fig. 12). Urea can contribute
substantially t the total pool of available nitrogen in Long Island bays [12]. Growth on
glutamic acid as the sole nirrogen source has aiso been obuained {28], and 4. anophagefferens
has shown sigruficantly hugher uptake rate constants per unit cell volume for glutamic acid
than other potentially co-occuring species tested (Fig. 13 A) [28]. Similarly, glucose uptake
rate constapts on a per unit cell volume basis showed that A. anophagefferens would have a
significant uptake advantage over Nannochloris sp. and Minutocellus potymorphus (Fig. 13 B)
[28]. The abilicy of 4. anophagefferens to effectively compete for and udlize organics for

growth appears to be consequential in its ability to maintain blooms in Long Island coastal
bays.

DIVISIONS /DAY

NITRATZ UREA AMMONIUM

Figure 12. Growth of dureococcus Anophagejferens on different nitrogen sources.

43



Uplakas Aala Conslanl per Rauil
Uploke RotaConntant Lpos howsl

oy Ts Ll [+ conirw

Figure 13A. Glutamic acid uptake rate constants per unit cell volume for algae grown in the
presence of £/2 nitrate (NO3) or of 10 uM glutamic acid (glu) as the sole DIrogen source.
Algal species: Aureococcus Anophagefferens (Aa), Nannochloris sp. (N), Minurocellus
polymorphus (Mp). Thalassiosira pseudongna (Ts), Prorocentrum minimum (Pm) and Dirvium
brightwellit (Db). B. Glucose uptake rate constants per unit cell volume for Aureococcus
Anophagefferens (Aa), Nannochioris sp. (N) and Minutocellus polymorphus (Mp).

Biological [nteractions

[t does not appear that A. anophagefferens excreies any alleleopathic compounds that
Infibit the growth of other phytoplankten commonly found in Long Island embayments.
Filtrates of media used to grow the brown tide alga were obuained from all stages of the
growth cycle of the brown tide (early, mid. and late exponenual phase}, were added at
concentrations from 0.1% to 100% to fresh enriched media. For all four species, tested,
Thalassiosira pseudonana (3H). Prorocentrum mimimum, Ditylum brightwellii, Nannochioris
sp. (WNB 7/22), the growth was either enhanced or there was little effect (14]. Aronly 10%

of its own filtrate aken from a senescent culnure, A. anophagefferens was growth inhibited.
We suspected and now know thac this is due to viral activiry.

During the summer of 1992 viruses infective of this particular phytoplankren species
were 1solated from bloom waters of the Peconic and Great South Bay systems [36].
Laboratory experiments with these virat isolates indicated the capability of these viruses to
infect cells of this microalga within minutes of noculation, and of lysin
withun davs. Prelimunary sxperiments have indicated hgh Fe levels (50 uM) are capable of
delaying viral tnfection and lvsis of 4. anophagefferens. The adsorption of viruses E)nco ferric
hydroxide precipitates or other such colloidal parucles [37] would likely decrease the
digaliviral encounter rate, and thus delay onset of viral lysis. This resu!
tésuspension events witun Long [sland embayments could
occurrence by not only supplying Fe 1o 4. anophagefferens
out of the water column. This may temporari]y release the
viral control and allow for a bloom 1o occur.

g dense algal culmures

U suggests that

pl2y an impertant roje ig bloom
[32], but also bv adsorbing viruses
A. anophagefferens population from




CONCLUSIONS

Brown tide blooms may have resulted from several factors 1) higher than average
salinities in bays during the spring and earty summers, 2) freshwater runoff or groundwater
inputs of organic compounds and inerganic micronutrients, particularly Fe, which may be
essential to the rapid growth of the 4. anophagefferens, 3) restricted flushing by coastal waters
of the Long [sland bays resuling in long residence times for water on the order of weeks

[13,38)), and allowing for the retention and maintenance of large populations of brown tide
cells within these embayments (Fig. 14).
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Figure 14. Hypothetical model depicting the conditions conducive for the initiation of brown
tide blooms.

Further reduction in flushing of the bays by coastal waters because of changes in sea
level [39} could have also been contributory. Grazing pressure during the early stages of
bloom initiation was possibly also reduced {40,16]. [nactivation of viral controf due to certain
factors still under investigation are possibly imvolved and the subsidence of blooms must o
part relate to viral infectiviry.

The brown tide bloom scenario has some sumilaricy to the "green tide” blooms of the
1950°'s m Great South Bay [17,18]). Durmng the early fifties a lowering of saliniry selecied for
two estuarine species, Nannochioris sp. and Shchococcus sp., with a salinity of 17%e optimal
for growth. The recurrence of the green tides for several summers afterwards appeared to
depend on the restricted circulation of the inshore bays and the overwintering of large encugh
seed populations (0 intiate the next surnmer's growth. Effluents from duck farms, which
flowed into Great South Bay through creeks, were found to be supplymg aitrrogenecus
nurrients and promoting the growth of these rwo species of microalgae and these =ffluents were
subsequently restricted {17.18].

The abilicy of A. anophagefferens o outcompete all other phytoplankton species and
maintain dominance throughout the surmmer possibly relates 10 its specific micronutrient needs.
heterotrophic capabilities and photoadaptive characteristics. The photosynthetic abilities of 4.
anophagefferens relative 1o other species under severe light limitation {1) might be particulartv
important since recent evidence indicates that light absorption characteristics and pigments of
this species are more characteristic of a deep-dweiling oceanic species than a coastal form
{41.22].
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leachates i Scandinavian Walers associated with req tides and unysya] Chrysochromuling
» and unusua] Gulf Stream meanders seeding Prvchodiseys brevis into

Since 4. anophageffereny is o species not previously known ¢ Cause blooms,
environmenta| conditions contributory 1o (he blooming could i part relate to pew
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THE ROLE OF IRON IN BROWN TIDES: AN OVERVIEW

Gregory L. Boyer
State University of New York College of Environmental Science and Forestry

The occurrence of unusuaj plankton blocoms (brown tides) by the chrysophyte
Aureococcus anophagefferens has caused havoc with the shellfisheries and eelgrass beds of the
Peconic and Great South Bay estuary system. Considerable effort has gone into the study of
those factors responsible for the cutbreak of these A. anophagefferens blooms. Environmemal
variables which may trigger or contribute to these brown tides include elevated salinjties
ansing from drought conditions during the preceding winter, pulses of rainfall delivering
organic or micronutrients to the embayments, reduced grazing, and restricted flushing of the
bays. Examination of macronutrients (nitrate-nitrite and phosphate) did not show a marked
difference berween pre and post bloom conditions, suggesting that these inorganic
macronutrients do not explain the increased incidence of brown tides in these embayments {1].
Mesocosm studies with natural population of Aureococcus anophagefferens from Narragansett
Bay suggest that the 1985 bloom there was not simply a response to eutrophication. When
dissolved macronutrients (ammonia, phosphate, silica) were added to the mesocosm containing
moderate seed populations, a full scale bloom failed to appear [2].

These results have prompted investigators to look at other factors that may trigger
brown tide formation. Cosper and coworkers have investigated the role of chelators and
various essential trace elements in promoting the growth of dureococcus anophagefferens.
While several metals including vanadate and arsenate were investigated, primary efforts
focused on iron and selenium {3, 4]. Iron forms a key cofactor in the enzymes needed for
nitrogen assimilation (nitrate reductase, nitrogenase, GOGAT) and therefore strongly affecis a
cell’s ability 1o grow at limiting nitrogen levels. Its importance in limiting primary
productivity is well established in the high nitrate low chlorophyl! regions of the open ocean
where a combination of physiological measurements and the large scale nutrient additions have
shown that the nanophytoplankton productivity in these regions is linited by iron. The effects
of iron in coastal environments is less definirive. Iron and selenium are reported to enhance
natural blooms of the red tide dinoflageilate Gymnodinium nagasakiense, the diatom
Thalassiosira pseudonana, the raphidophytes Chattenella antigua and Heterosigma 5p.
(formerly H. akashiwo). Unfortunateiy these bioassay observations have rarely been followed
up by more detailed physiological measurements that would confirm iron deficiency. Initial
estimates of the munimal iron required for Aureococcus anophagefferens are around 9 uM. a
level that is very high in comparison to most marine species {5] and well above the levels ( < 1
uM) expected to be found it most inshore marine ecosystems. Addition of iron 0 narural
waters containing a bloom of Aureococcus anophagefferens markedly increased their growth
rate, suggesting these organisms /7 sifu may be iron-limited.

Iron addition experiments such as those described above are fraught with difficulties.
Iron is a common contaminant in many laboratory chemicals, requiring extensive cleaning
techniques for “glassware™ and laboratory equipment. Contamination from the steel hulls of
research vessels will bias field bicassay results. Iron is also a very labile compound. [t is
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rapidly oxidized 1o Fe(IIT} in oxic solution and precipitates as its insofuble ferric hydroxide.
To keep iron in a biologically available form, chelators such as EDTA are oﬁgn added to
media formulations. These chelators may cause their own problems, either tying up other
essential trace metals or degrading to toxic products. The common chelator EDTA is
especially bad in this regard, breaking down upon exposure to light to form formald.chyde-
Aureococcus anophagefferens did not grow well with EDTA as the chelator [4]. Without
further information, the reason for that lack of growth 1s unknown. Narural chelat0r§ may
serve simular functions, either by helping to solubilize a needed trace metaf or rc:.no.vmg a
potentially toxic one. Addition of such chelators through narura} Or anthropogenic inputs to
the system can dramatically perturb the normal trace metal speciation.

Different organisms may also use different biochemical approaches to meet their
cellular needs for iron. Reductive approaches, such as that used by strategy I higher plants
and most chlorophytes, rely of the reduction of ferric iron to the more soluble ferrous form.
This involves induction of a membrane bound ferric reductase capable of reducing a number of

Under low iron conditions, they excrete a smajl molecular weight chelator, termed

siderophore, which has an extremely high affiniry for iron. The iron siderophore compiex is
then absorbed by the cejl through 2 specific ferric siderophore receptor. Some cells do not use
either of these approaches. They stop growing, waiting for the levels of iron in the
ENVIronment to increase 1o point which wil] support cell growth,

Ouiside environmentaj variables may aJso dramatically affect an organisms ability to
sequester mace metals. Since stderophores are excreted 1o the surrounding ¢nvironment, a
stable water with [jrje mixing may be necessary for an organism to use a siderophore-mediated
uptake system. River rup-off may provide the necessary trace metals, but humic marerials
may aiso complex trace metals in a form unavailable 1o phytoplankton. The presence of
chelators in the water column may also stimujate phytoplankton growth by sequestering trace
metals (namely copper) that may be toxic to a given organisms. Biological interactions
Yerween orgamsms May also influence trace meta| uptake. Siderophore formation may
Sequesicr iron n a form thae s biologically unavailable 10 competing species. Alternatively,
N orgarusm couid produce the uptake receptors to use siderophores made by completing
species. This would allow (0 save the energy and materiajs normally expended for its own
s:dc.ruphorc biosynthesis. In some cases, siderophore formation may be directly detrimental.

looms may be controtied by 3 Phage-like virus and this phage is sensitive to iron levels. It
was hypothesized thar colloidal iron may bind the virus and prevent cell lysis. An alternative
and equally likely ©Xplanation is that colloidal iron represses the inducible siderophore
feceptor that the virus needs 1 enter the cell. Thus jron input inco the water column may not

only promote the growth of the brown tide species. but may also prevent the cell lysis by the
phage-like viruses
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All these factors combined indicate the need for further study on the physiclogical
mechanisms of iron and trace metal uptake in Aureococcus anophagefferens. These swdies
need to be integrated into work on the avazilability of iron and natural chelators in the Peconic
Estuary system. There is no guarantee that understanding the iron uptake mechanisms used by
Aureococcus anophagefferens will provide a means to control brown tides. However it is the
first logical step in determining if this orgarusm is limited by iron in siru. Identification of an
uptake receptor, siderophore, or iron-repressed chelate reductase would provide 2 needed
metabolic marker for iron limitation, It may be possible to detect the presence or absence of
this marker in a field population. These studies will also increase our understanding of the
role of trace metals and chelators in mediating the interaction between 4. angphagefferens and
other organisms, be that a potential bloom inhibiting virus or possible diatom blooms that
produce growth-stimulating namurai chelators.
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ASPECTS OF TIDAL AND SUBTIDAL FLUSHING
WITHIN THE PECONIC BAYS ESTUARY

Robert Wilson
Marine Sciences Research Center, State University of NewYork Stony Brook

HYDROGRAPHY

The Peconic Bays Estuary represents a system of very shailow interconnected bays
situated berween the north and south forks of Eastern Long Isiand. It consists ot Flanders Bay.
Great Peconic Bay, Little Peconic Bay and Shelter Island Sound. Gardiner’s Bay to the 2ast of
Gardiner's Island could also considered as part of the system. A usetful description of the
hydrography of the system is provided by Hardy (1976). Areal and volumetnc statistics for the
entire bay system are tabulated below (from Hardy):

Surface area 218 km-
Average depth 4.7m
Maximum depth 20m

Width range 0.5t09.8 km
Volume, mean low water (mlw) 11.6x104 m-
Tidal prism 17.0x107 m?
Mean tidal range 0.76 m
Annual mean surface fresh water inflow {3 to 5 m2°s-!

These statistics are exclusive of Gardiner’s Bay which has a surface are of approximately 90.5
km? and a mean depth of approximately 11.0 m.

Groundwater inflow is potentially important to the budgets of water and salt as well as
dissolved matenials within the Peconics. Measurements which can describe the temporal and
spatial pattems of groundwater inflow are being considered. It is possible to say something
about the magnitude of groundwater inflow to the Peconics using the groundwater flux
measurements in the adjacent Great South Bay reported by Bokuniewicz (1980) and
Bokuniewicz and Zeitlin (1980). They determined that the groundwater flux to Great South Bay
was 8.6x103 liters per day per meter of shore line. If we use the surface area A of the Peconics
to infer the perimeter of an equivalent circular basin we obtain a perimeter P=2/(m A} of 32 km.
So without considering the fractal complexities of the Bay perimeter we estimate the
groundwater flux to the Peconics system to be 4.5x108 teday-! or 18.7 m3+s-1. Klonowski
(1979) reported an annuai groundwater inflow to Flanders Bay of 7.06x104 m3. Flanders Bay
has a surface area of 10.1 km? and an equivalent perimeter of 11 km. This gives a mean annual
flux per meter of shore line appreciably lower than Bokuniewicz reported for Great South Bay.
Observations are required to reconcile these types of discrepancies.
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Hydrographic observations reported by Hardy and more recently bv Vieira {1990a,
1990b) emphasize that thermal. haline and density stratification is generallv weak but detectable
throughout the bays. Haline stratification is high near the mouth of the Peconic River.
Conductivity. temperature. depth (CTD) measurements in the Paconics in 1984 ( Vieira, 1990)
show that surface to bottom density differences range from 0.3 to a maximum of approximately
.0 sigma-t umts. Data from surtace salinity surveys also in 1984 show that longirudinal salinity
Jitferences trom the interior of Flanders Bay to Shelter [sland Sound reach a maximum of
approximately 3 practicai salinity units. There is some indication that maximum vertical and
longitudinal density ¢salinity; differences occur in early spring.

We can use the information to estimate the two controlling parameters associated with the
Hansen and Rartray (1966) estuarine classitication. This is usefu] because it not only serves to
establish the classification of the estuary, but also to determine approximately what fraction of
longitudinal sait transport is due 1o dispersion. and what fraction may be due 1o density-driven
circulauon, These parameters depend on the total fresh water inflow (including groundwater),
the density stratutication. the maximum tda) current strength and the depth. They are 2 bulk
densimetnc Froude number detined by Frm and an estuarine Richardson number Rj (see for
example Fisher er o/ (1979)). Estimates tor these parameters yield Fn=10~+ and Ri=10-2,
These values acrually place the estuary in the parameter space of a2 TYPE 2 estuary for which
there ¢an be significant salt flux by density driven circulation, For these parameter values the
fraction of the longirudinal sait flux dye to the density-driven circylation is approximately 0.3

TIDAL FLUSHING AND RECIRCULATION

The volum? of water exchanged every semidiumal tidaj cycle is approximately 15% of
lh_c Miw vo_llumc ofthe basin. This is equivalent to a maximum flushing rate for the entire basin
of 0.28 day™. This would be 5 relevant flushing rate only if the water entering the bays on flocd

the deveiopment p'rcgented by Fisher er of (1979), the volume of water entering the estuary
through the constrictions at the mouth on flood is decomposed mto a fraction which left the

exchange ratio as the ratio of the volume of new ocean water enteting on flood 1o the total flood
volume. Usmglobscrvmonal data it is possibie to make direct estimates for the exchange ratio.
Preliminary estimates obtained using data from selected moored instruments from the 1984
?Jununnj Qcc:m Service survey indicate that recirculation is appreciable and that 3 significant
fraction of the volume which flowed out on 4 previous ebb renims on flood. Numerical results

by Signell and Butman (1997) amppac: ] ! !
; ~) emphasize the importance of accounting fi 10n |
“ssessing embayment flushing, ’ 78 errecedlation in

e Dcps:_ty Induced circulation can lead to reduced recirculation and thereby to enhance
ushing ctﬁcmn;y. Garcon ef gf (1986) determined. for example, that the presence of density

tnduced ulrcufaupr_l conuributed to ephanced tidal flushing of an embayment. They concluded

50 that wind Mmixing and low fresh water inflow would lead 1o a reduction of the-efﬁciency of
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exchange through their etfects on the density induced circulation. Interannual variations in
treshwater inflow and wind mixing affect the density-driven circulation and thereby the
efficiency of idal flushing.

SUBTIDAL FLUSHING AND CLIMATIC VARIABILITY

Vieira (1989) and Vieira and Chant (1993) have shown that the 1986 brown tide events in
the Peconics were associated with periods ot reduced wind-induced subtidal sea level vaniations.
This has led Vieira and Chant and other investigators to suggest that meteorological forcing has a
direct influence on the onset of algal blooms through its effects on low frequency flushing and
rainfail.

Preliminary analyses by DiLorenzo and Vieira (1992) suggest relationships between cell
counts for the period 1985 through 1992 and both the northeast component ot wind and
precipitation. The results are compelling and they provide further evidence for the importance of
meteorclogical forcing and climatic vanability. The mechanisms by which this meteorological
forcing affect cell counts need to be established, whether they be through flushing alone, wind
induced bottom resuspernsion or through groundwater intlow.

SHINNECOCK CANAL

One unique feature of the Peconic Bays is the Shinnecock Canal which connects Great
Peconic Bay with Shinnecock Bay. This canal was opened in 1893. It served to enhance the
flushing of Shinnecock Bay, to aid in the maintenance of Shinnecock Inlet, and as a pathway for
light boat raffic between the two bays. In its present operation it allows a rectified flow directed
from Great Peconic Bay to Shunnecock Bay.

The prism represented by the flow through the canai is approximately 1.5x107 m3. This
represents approximately 9% of the prism of the entire bay, but it represents 25 % of the prism of
Great Peconic Bay whose prism is 6.04x107 m3. It represents an even larger fraction of the
prism of Shinnecock Bay.

At present the canal transports water from Great Peconuic Bay containing Brown tide algai
cells into Shinnecock Bay and subsequently out through Shinnecock Infet. Once outside the
inlet, this water is rransported down the coast by the aiong shore currents and could inocuiate
other bays.

This raises the interesting possibility of a management strategy for enhanced flushing and
for the contro} of water columnn saiinity and temperature of the Peconic Bays involving a
reversed flow operation of the canai. Although the pnism associated with the discharge through
the canal represents only 25% of the prism of Great Peconic Bay, the proximity of the canai to
the Shinnecock Inlet and the ocean would make this an efficient exchange pathway because there
would be reduced recirculation.
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MODERN APPROACHES TO THE IDENTIFICATION, ENUMERATION,
AND SEPARATION OF 4 UREOCOCCUS ANOPHAGEFFERENS
[N NATURAL SAMPLES

Donaid M. Anderson
Woods Hole Oceanographic Institution

INTRODUCTION

Certainly one of the most significant challenges in fieid investigations of the brown tide
alga, Aureococcus anophagefferens relates to its small size and non-descript morphology
(Sieburth ef al. 1988). Measuring only 2 um in diameter, this organism lacks morphoiogical
features which can be used to distinguish it from other similar-sized algae, bactena, and detritus
with either phase contrast or epiflucrescence microscopy. Identification with the standard
microscepes is uncertain unless the species is at such high abundance that it dominates a
particular sampie.

In recognition of this problem, an immunofluorescent technique was developed to label
or "tag" the cell surface of 4. anophageferens so that it could be visualized using an
epifluorescence microscope (Anderson er af. 1989). This antibody-based procedure has since
been used in a number of field studies investigating grazing impacts on the brown tide organism
(e.g., Tracy er al. 1989; Caron ef al. 1989), as well as in a large-scale biogeographic survey of the
distribution of this organism within this region (Anderson ef a/. 1993). Thus far, however, the
antibody has only been used in identification and enumeration of the brown tide alga, and then
only with manual microscope techniques. [n this paper, the methods for identification of this
algae using the transmission electron microscope and the antibody are briefly reviewed.
Examples are then drawn from immunological investigations of other algal species to
demonstrate new approaches that could gready facilitate antecological studies of brown tides.

TRANSMISSION ELECTRON MICROSCOPE (TEM)

Until the advent of the antibody technique developed by Anderson et al (1989), the only
means of positive identification of A. anophagefferens was through the use of the TEM. This is
because the cell has a rather non-descript morphology, and does not fluoresce in any unique
manner. For the TEM procedure, ceils are concentrated, fixed, dehydrated, embedded in resin,
and cut into thin sections that are then viewed under high magnification according to the methods
of Johnson and Sieburth (1982). With this instrument, Sieburth er a/. (1988) demonstrated that
the nucleus of this spherical picoplankter is ovoid in shape, and that one, cup-shaped chloroplast
was present with an embedded pyrenoid. There is no ceil wall, but the cell is often surrounded
by a diffuse layer of extracellular organic material. These and other fearures are sufficient for the
positive identification of 4. anophagefferens among co-occumng picoplankton, but the method
is tedious and is of little use in enumeration of the species.
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IMMUNOFLUQRESCENT IDENTIFICATION

Following procedures developed earlier for other picoplankton (¢.g.. Campbeil and
Carpenter 1987). a polyclonal antibody was raised against cell-surface proteins of .
unophagefferens by injecting preserved, cultured cells of this species into rabbits (Anderson ¢
al 1989). An indirect immunofluorescent protocol has been used with this antibedy to label
brown tide cells in culture and in field samples. Briefly, the protocoi starts with a concentration
step 1n which cells are coilected on a filter, followed by a biocking step, in which a protein
solution (normal goat serum) is applied to the sample to eliminate non-specitic biading. The
primary antibody that is specific for 4. anophagefferens is then added to a sample. Those
antibodies bind to the celi-surface proteins of the brown tide cell, but visualization of this
complex is only possible after the addition of a secondary antibody, typically conjugated to a
fluorescent compound such as FITC (fluorescein isothiocyanate). Cells that have been treated in
this manner are easily visualized on an epifluorescent microscope, since they have a green "halo™

around them (Fig. 1). The entire procedure takes several hours, of which less than 1/3 is actual
“hands-on" time,

Figure |. Phase contrast and epifluorescent micrographs of A. anophagefferens from a
Long [sland field sample. a) Phase conwast image of field sample showing detrirus and
cells of many types and sizes. Cells of the brown tide orgarusm are not easily identified.

b) Epifluorescence image of the same field, clearly showing the 4. anophagefferens cells
with a fluorescent halo.

The poiyclonal antibody has proven to be hughly specific for 4. anophagefferens.
Anderson er al. (1989) tested 46 algal spectes selected on the basis of their phylogenetic or
morphological similarity to the brown tide alga. No cross-reactions were observed ar antiserum
dilutions of 1:3200, which was selected as the working concentration for field samples.

When the immunofluorescent technique is appiied to field samples, it is easy 1o
enumerate 4. anophagefferens celis using a standard epifluorescence microscope. As few as 10-
20 cellssml can be detected with this procedure. This low detection limit allowed Anderson et af.

{1993) 10 conduct a biogeographic survey tor 4. anophagefferens cells over a large area between
Massachusets and Delaware Bay. '
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NEW APPLICATIONS OF ANTIBODY TECHNOLOGY

Thus far, the antibody to 4. anophagefferens has been used entirely for manual
microscope counts. There are. however, several new technologies that could be applied to this
organism which would greatly improve enumeration speed and accuracy, and which would also
permit a variety of physioiogical measurements to be made on narural brown tide populations.
Application of these methods to the brown tide alga is seen as a high priority activity that will
greatly facilitate autecological studies searching for mechanisms underlying the massive blooms.

Flow-cytometry

One obvious application of the fluorescent antibody technique involves the use of a flow-
cytometer to enumerate, and possibly to sort 4. anophagefferens cells. A flow—cytometer is a
sophisticated instrument used heavily in hospitals and other medical facilities to characgterize
cell types. The instrument uses a laser to probe the optical characteristics of individual cells that
are passed single-file in a sample stream at rates of thousands of cells per second. Fluorescence
{(at several different wavelengths) as well as light scattering properties, (whach are sometimes
related to cell-size) are recorded for each cell.

The flow-cytometer has been used in studies of phytoplankton which have unique size or
autofluorescence characteristics (i.e. the parural pigments emit fluorescence at wavelengths
which allow them to be distinguished from co-occurring organisms). For example, the
cyanobacterium Synrechoccus and the prochlorophyte Prochlorococcus phave been investigated
throughout the worlds oceans (i.e., Chisholm er al. 1988; Olsen et al. 1988). Only recently has
flow-cytometry been applied to phytoplankton cells which have been labeled with antibodies,
however. Vrieling er al. (1993, 1994) have used an antibody specific for the toxic dinoflagetlate
Gyrodinium aureolum in flow cytometric analyses of narural samples. Likewise, an antibody to
the toxic dinoflagellate Alexandrium tamarense is being used in efforts to enumerate and
separate that species from co-occurring phytoplankton and detnitus in samples from the Guif of
Maine (Anderson, unpubiished data).

No significant effort has yet been made to use the flow-cytometer and antibody labeling
for brown tide studies, although there's every reason to believe that with some development
effort, this could prove to be a useful tool. There are, however, some problems that should be
anticipated based on studies of other organisms. The first relates to the narural autofluorescence
of planktonic organisms. Even though the human eye distinguishes between antibody-labelled
cells and other organisms in a sampie, the output from a flow-cytometer when a narural sampie 1s
anaiyzed is often a continuum of fluorescence intensities spanning several orders of magnitude.
This sometimes makes it difficult to identify a unique population with optical characteristics that
do not overlap with other co-occurring organisms. The first step to cicumvent this problem
involves making the antibody label brighter, which can be accomplished with severa| different
techniques (Anderson 1995). Even then, it is unlikely that the organism will be separable from
others solely on the base of the fluorescence of the antibody, and thus other optical
characteristics are needed. In the case of 4. anophagefferens, its chlorophyll fluorescence and its
size can be used as two additional parameters on which to define a population. [t remains to be
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seen whether these characters are sufficient to define a population on the screen of the tlow-
cytometer that can be enumerated with confidence that other organisms are not included and that
the bulk of the brown tide population is represented.

Onee 1t is possibie to 1dentify and enumerate brown tide cells among other organisms in a
sample using a flow cytometer, the sorting capability of the instrument can be exploited. Despite
the tremendous speed with which cells are passed through the laser beam and analyzed, it is
possible for the computer to sort or collect ceils with particular characteristics (e.g., those with
green. antibody fluorescence, red chlorophyll fluorescence, and a certain size as suggested by
tight scatter). A pure sample of the species of interest can thus be obtained, and used for
subsequent analysis, There are constraints to the number of organisms that can be collected in
this manner due to the time involved in sorting, but the method would allow physiological or
btochemical measurements to be made at the species level without interference from detritus or
other organisms. These and other flow cytometric applications of the immunofluorescent assay
are clearly an area where developmen effort is needed with respect to the brown tide.

ELISA

Flow-cytometers are sophisticated and expensive instruments, and many investigators
and agencies will not have access to them. An altemative technique that can also be used to
¢numerate celis that are [abelled with an antibody probe is called the "enzyme linked
imrmunosorbent assay" or ELISA. With this method, [abelled cells are not visualized through the
attachment of primary or secondary antibodies, as in the immunofluorescence method descnbed
@ve, but rather by the fluorescence or color produced in solution by an enzyme which has been
linked to one of those antibodies. The enzyme portion of the ceil/antibody/enzyme complex is
able to act on its appropriate substrate, producing color or fluorescence which can be quantified.
An ELIS‘A approach to enumeration of phytoplankton species would involve the filtration of
samples nto individual wells of a speciai tissue cuiture plate system fitted with membranes at the
bottom of each well, followed by the same blocking and antibody labeling steps described above.
A.r.1 enzyme such as a.lk'.line phosphatase is then linked to the cell/anubody complex, typically

a vacuum 1s appiied apd 1he‘: liquid surrounding the cells trapped on the membrane is dawn into
tissue CUIIU.F! \l-_rclls lying Fhrcctly below the membranes, capturing the colored or fluorescent
product which is then easily quantified using an automated plate reader.




part by use of the primary antibody at an appropriate dilution. and by careful artention to the
blocking steps in the procedure. Thus far, a detection limit of approximately 100 - 200
Alexandrium cells seems possible with this method.

As is the case with flow-cytometry, ELISA techniques have not yet been applied to A.
anophageffferens, but there is every reason to expect that this method can greatly simplify and
accelerate enumeration of the species

Magnetic beads

Those studying field populations of 4. anophagefferens are presently unable to obtain
species-specific measurements of important physiological parameters that would vieid
information about the nutritional starus of the cells, their growth-rate, or other physiological
parameters. Standard techniques for productivity, nutrient uptake, chlorophyll. and so forth all
provide estimates at the community level, and are not readily adapted to species-specific
measurements. This problem is especially severe with a species such as 4. anophaefferens given
that its small size precludes microscopic isolation (e.g., Rivkin and Seliger 1981; Rivkin 1985).

We have recently developed a technique which will allow the separation of a
phytoplankton species for which an antibody is available from complex planktonic assemblages.
This method (Aguilleras er al. submitted ms.) involves the use of tiny magnedc beads which can
be linked to cells that are labelled with an antibody. The cell/bead complex is then removed
from solution using a magnet. [mmunomagnetic separation has been a reliable medical tool for
the purification and characterization of a wide range of cell types such as tumor and lymphoid
cells. This method is also used routinely for the isolation, identification and analysis of DNA or
RNA sequences. The viability of certain cell types does not seem to be affected by the
attachment process and in some cases, bead detachment is possible without harming the cells.
When applied to phytoplanitton cells, the process is fundamentally similar to the standard
immunological procedures described above. Experiments with 4. tamarense have yielded
samples of better than 90 - 95% purity, both with mixtures of cultured cells, and with natural
plankton communities.

Due to loss of some cells during the antibody labelling procedure, this method is not
presently suitable for enumeration of a target species, but instead is intended for separation of a
species from a sample for subsequent physiological or biochemical measurements. Some
measurements would be straight-forward, requiring little additional developmental effort once
the actual removal of target cells from solution is accomplished. For example, if this method
were applied to the brown tide organism (which seems perfectly feasible since beads are used to
collect bacteria), samples of brown tide water could be incubated for a normal **C protocoi, The
A. anophagefferens cells could then be removed from solution using magnetic bead, and their
activity determined directly using a scintillation counter. This would provide estimates of carbon
uptake at the species level, something which is presently only possibie during the stages of a
bloom when 4. anophagefferens is completely dominant. Other measurements wouid be more
problemadc if it proved necessary to remove the beads from the cells to eliminate contamination
or interference. For example, given the recent work of Gobler and Cosper (1995) linking the
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brown tide distribution to levels of iron, it would be of great interest to determine the iron quota
of A. anophagefferens cells in various waters and at different times during a bloom. Magnetic
bead separation offers some promise in this respect, but the obvious problem with iron
contamination from the beads must be avoided. [n like manner, measurements of nutrient quotas
such as C:N:P ratios should be passibie, but not before studies have been undertaken to

determine the amount of contamination from the beads, or methods are developed for detachment
and removal of the beads without damage to the cells.

SUMMARY

The development of an antibody probe for 4. anophagefferens provided a useful 100l
which has done much to improve the accuracy and efficiency of cell counts of this organism in
natural samples. In tius brief overview, new methods have been introduced which rely on this
same antibody, and which could be used with great utility in studies of the brown tide. Each
method has its own promises and limitations, and in all cases, development work is needed to
bring the concepts proposed here to full application. In most cases, the methods are being
devetoped for other organisms, including some that are harmfui or toxic such as the
dinoflageilate A. tamarense, so extension of those procedures to 4. anophagefferens should be
relatively straight-forward. With a suitable invesmmnent of time and funds, not only can the
identification and enumeration of this species become faster and more accurate, but physiclogical
measurements which at present are impossible at the species level wiil become feasible.
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PLANKTONIC FOOD WEBS AND BROWN TIDE IMPACTS

Darcy J. Lonsdale
Marine Sciences Research Center, State University of New York Stony Brook

SUMMARY

Investigations regarding the dynamic relationship between blooms of dureococcus
anophagefferens and planktonic grazers is essential for a proper perspective on bioom-promoting
factors (i.e., grazing inhibition vs. physical/chemical factors); and to measure what, if any,
negauve impacts brown tides have on pelagic communities, including fish populations, in
impacted bays. Herein, [ briefly describe findings on what is known about the structure of
plankionic food webs under non-bloom and bloom conditions, espectally for Long Island bays.
These smdies strongly suggest that protozooplankton play a key role in energy transfer through
planktonic food webs. Protozoa are major grazers of phytoplankton and, in turn, are prey for
other zooplankton taxa (e.g. copepods). This central role of protozoa is most pronounced during
the warmer months when brown tide occurs. The impact of A. anophagefferens on microbial
food webs is likely concentration dependent. Grazing inhibition of protozooplankion by A.
anophagefferens may contribute to bloom initiation and maintenance.

NON-BLOOM CONDITIONS

In order to understand impacts of brown tide on pelagic food webs, it is first necessary to
have an adequate understanding of food web structure and rates of energy transfer among trophic
levels under non-bloom conditions. Several lines of evidence from studies of zooplankion
grazing and production indicate that protozooplankton play a central role in the planktonic food
webs of Long Island bays during the warmer momnths. Using 14C 1abeled algae as tracers of
zooplankton grazing, experiments conducted in Great South Bay, on the southern margin of
Long Island, show that larger zooplankton (i.¢. late-stage copepodites and aduit copepods)
consume on average < 5% of the total depth-integrated primary production throughout late
spring and surnmer (Lonsdale er g/. in press). Smaller micrometazoa, mostly copepod nauplii,
graze an additional 12-52% of total primary production throughout much of the year. Thus, in
Great South Bay, comnmnity grazing rates attributable to the metazoan zooplankton are usually
less than 50% of primary production. In the Peconics Bays system at the east end of Long
Island, total grazing pressure by metazoan zooplankron is usually < 15% (Kim 1993). Because
biomass remains rejatively constant throughout much of the spring and summer despite higher
rates of primary productivity in these bays (Lonsdale er al. in press), grazing control by other
taxa is stongly impiicated.

A recent study during the 1994 non-bloom year in the Great Peconic Bay and in West
Neck Bay (Shelter Island, N'Y) confirmed the central role of protozooplankion as grazers of
phytoplankton. Using the dilution technique (Landry and Hassett 1982), we found that
microzooplankton, mosdy protozooplankton by mumber, had a significant impact on total
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phytoplankton stocks from mid-June through Septernber (Lonsdale ez al. in review).
Microzooplankton grazed between 79% and 1 14% of the net growth of phyropiankton per day in
Great Peconic Bay (Fig. | Mehran et al. in preparation). In West Neck Bay, microzooplankton
were also important consumers of phytoplankton, aithough at times during the summer of 1994
their impact on phytoplankion biomass was significantly less compared to Great Peconic Bay
(e.g. 0% and 30% of the net growth of phytoplankton was grazed per day on two dates. Thus, as
found in other aquatic environments, we have established that the primary consumers of
phytoplankton in Long Island bays are the protozooplankton,

Under non-bloom conditions, population growth rates of ciliates, an important component
of the protozooplankton, are not food limited. Multiple regression analysis of the net growth
rate of ciliates as the dependent variable revealed that water temperature was the most significant
factor explaining variation in growth rate, and that measures of primary productivity, including
total and < 10-pm depth-integrated primary productivity, were not significant (Lonsdale ez al. in
press). Although ciliate populations exhibit positive growth rates, especially in summer, their
standing stocks, in general, do not show any strong temporal pattern (Lonsdale er al. in review).
Ciliate populations are controlled by intense predation from copepods and smaller micrometazoa
(Lonsdale et al. in press). Ciliates are crucial (o copepod murition, especially during the
summer months, and support production of these abundant zooplankion. We have found that in
Long Island bays, the rate of copepod reproduction is directly related to the net growth rate of
ciliates (Lonsdale er al. in press). Water temperature and measures of primary production (total
and > 10-um depth-integrated primary productivity) did not correlate to egg production rate of
copepods.

Thus, the emerging picture of food web dynamics in the plankton of Long Island bays
during the summer is one in which microbial processes play a key role, the constitients of which
are the major consumers of phytoplankton biomass and fuel production of higher taxa, including
copepods and other planktonic inhabitants such as fish larvae that prey upon protozoa.

BLOOM CONDITIONS

Swdies of the impacts of Aureococcus anophagefferens blooms on planktonic organisms
present a "mixed” picture. In laboratory smdies on the effects of cultured brown tide cells on
protozoa, Caron et al. {1989) found that two of five species of culured protozoa grew in the
presence of A. anophagefferens (at 1.0 x 108 ceils\ml"), with or without an alternate bacterial
food source, and consumed A. anophagefferens ceils. They also noted covariation of
bacterioplankton with A. anophagefferens density. Addition of culured 4. anophagefferens cells
to a natural seawater sample taken from Vineyard Sound, MA resulted in an increase in
protozoan density and a decrease in the concentration of A. anophagefferens. In a field study in
Long Island bays, the authors found that densities of bacteria, ciliates and heterotrophic
nanoplankton were not correlated with the densiry of A. anophagefferens, and not negatively
impacted by bloom concentrations (at least from ~2-7 x 10° cellssmi™). At these concentrations
A. anophagefferens had no obvious effect on the compositon of the heterotrophic uﬂcmplankmn‘
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Fig. 1. Mean percent of phytopiankton production grazed (d"*) by microzooplankton = (g/k) x
100 in Great Peconic Bay and West Neck Bay, Long Island in 1994 under non-bloom conditions
(g = community grazing rate, k = net production rate of phytoplankton determined from
dilution experiments). Error bars represent 95% confidence intervals of the slope.
Non-significant grazing is noted by *.
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Using fluorescentiy-labeled algae (not A. anophagefferens), Caron er al. also found no
clear correlation between protozoan grazing rates and the density of A. anophagefferens cells in
Long [sland bays. The greatest grazing impact was found at intermediate cell concentrations.
These latter findings are consistent with a recent study of microzooplankton grazing under
similar concentrations of brown tide ( ~3-5 x 10° cellssml™") in Great South Bay using the dilution
technique. Protozooplankton were found to consume phytoplankion in the presence of brown
tide (Lonsdale er al. in review). However, the grazers were selective, and avoided ingestion of
brown tide cells. This finding, therefore, also suggests that it is unlikely that grazing by
zooplankton plays a major role in the demise of brown tides, and that grazing inhibition by A.
anophagefferens may actually contribute to the initiation and maintenance of blooms. Further
work is pecessary to support or refute these hypotheses.

At higher A. anophagefferens concentrations (> 1.0 x 10° celis\mi™"), however,
detrimental impacts on protozoa have been found. During a brown tide in West Neck Bay in
1991, A. anophagefferens reached a density of about 1.5 x 10° cellsemi” and was associated with
negative growth rates of both aloricate ciliates and tintinnids (Lonsdale er al. in press). As
brown tide declined to 5 x 10° cellssmi’', ciliate growth rates recovered and were equivalent to
those under non-bloom conditions during the sunmer. Thus, it appears that the impacts of
brown tide on protozoa are concentration dependenr, and reflect the relative availability of
alternate food sources.

During the early outbreaks of brown tide in Long Island bays, studies were underway to
erumerate larger zooplankwn and fish stocks. Duguay er al. (1989) found that in 1985 and
1986, brown tides were not associated with reduced copepod abundances in Great South Bay.
Castrow and Cowen (1989) reported that larval fish growth also appeared to be relatively
unaffected during the blooms of 1986 and 1987 in Great South Bay. In 1986, when exiensive
monitoring of A. anophagefferens cell concentrations was conducted by the Suffolk County
Deparmnent of Health Services, the average cell concentration was 1.4 x 10° celis-ml™, and
reached a peak of only 6-7 cellsemi™! (Nuzzi and Waters 1989). Morzover, other phytoplankton
such as Nannochloris sp. were common. Under these lower bloom concentrations, it is likely
that the microbial food web remained intact, and allowed for normal zooplankton productivity. It
is unlikely that the presence of brown tide at these lower concentrarions interrupts copepod
feeding and production if alternate food (i.e., protozoa and/or suitable phytoplankton) are
present. In a laboratory study, 0o detrimental effects of cultured 4. anophagefferens cells at a
concentraton of 5 x 10° cellssml” on copepodite and naupliar survival was observed if alternate
food was available (Lonsdale ez al. in press). But, a monospecific diet of A. anophagefferens
was insufficient for juvenile survival and growth as survival was similar to that in only filiered
seawater. Durbin and Durbin (1989) also provide evidence that lower concentrations (7.6 x 10°
cellssml™) of A. anophagefferens are not especially detrimental to zooplankion production. They
reported that copepod weight, "condition factor”, and egg production rate during a brown tide in
Narragansett Bay (1985) were low, but not uniike those sometimes found in non-bloom years.
Thus, as suggested is the case for protozoa, it appears that the effects of brown tide on metazoan
zooplankton are concentration dependent, and depend on the availability of alternate food. A
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protonged pericd of high concentration (> 1.0 x 10° cellssml™) of A. anophagefferens, however.
is likely to have widespread, detrimenta! effects on production rates of higher rophic levels in
impacted bays via its impacts on protozooplankton. Such trophic level impacts have been tound
during the prolonged Texas brown tide (Buskey and Stockwell 1993).
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VIRUSES AS BIOLOGICAL CONTROL AGENTS FOR
BLOOMS OF MARINE PHYTOPLANKTON

Curtis Suttle
Marine Science Institute, The University of Texas at Austin

INTRODUCTION

Virus-like particles (VLPs) are very abundant in coastal seawater with rypical
concentrations of 10 to 50 miilion per mi (Proctor and Fuhrman 1990, Bergh er al. 1989), and
are now recognized as being significant players in marine ecosystems (Fuhrman and Suttle
1993, Bratbak er al. 1994). The VLPs in these communities range widely in morphology and
size, suggesting that they are pathogens for a variety of organisms. Although most of these
viruses probably infect bacteria, viruses which infect phytoplankton can aiso be abundant. For
exampie, viruses infecting individuai phytoplankton species are ubiquitous in coastal waters
and can occur at concentrations > 10°mj™ (Cottrell and Surtle 1991, 1995a, Suntle and Chan
1993, 1994). These virus assemblages are also extremely dynamic, and current estimates
suggest that they are replaced every two to four days (Suttle and Chea 1992, Suttle 1994). As
viruses are obligate pathogens which only replicate by infecting organisms, and as millions of
viruses per mi are being produced daily, this indicaies that a lot of infection is occurring in
natare. Moreover, as VLPs were observed within cells of Aureococcus anophagefferens
during a2 bloom (Sieburth ef ai. 1988), and a virus has recently been isolated which infects this
alga (Milligan and Cosper 1994), it implies that viruses are responsible for some fraction of
the mortality of these cells in nature. This suggests that it might be possible to use viruses as
biological control agents to regulate blooms of this alga.

VLPs have long been known to occur in numerous taxa of microalgae (Van Etten
1991); yet, it was ot until 1979 that researchers first reported the isolation of a virus which
infects a marine phytoplankter, Micromonas pusilla (Mayer and Taylor 1979). Although there
was evidence that these viruses were abundant, and the implications for control of popularions
were obvious, further data on viral infection of marine phytoplankton were not forthcoming
until a decade later. At this time it was reported that viruses which infect a number of
important taxa of phytoplankton could be readily isolated from seawater (Suttle er al. 1990).

QOur knowledge of viruses that infect marine phytoplankion is limited and based on the
few isolates which have been established in culture. These include the viruses which infect the
cyanobacterium, Synechococcus spp. (Surtle and Chan 1993, Waterbury and Valois 1993),and
the photosynthetic flagellates Micromonas pusilla (Mayer and Tayior 1979, Comurell and Suttle
1991) and Chrysochromulina brevifilum (Sunle and Chan 1995). Viruses which infect marine
Synechococcus spp. are tailed, contain double-stranded (ds) DNA, and appear to be closely
related to those which infect freshwater cyanobacteria (Safferman er al. 1983, Sutte and Chan
1993, Waterbury and Valois 1993). In contrast, the virus isolaies which infect eukaryotic
phytoplankion are large polyhedrons that contain ds DNA (Cottrell and Sutte 1991, Suttle and
Chan 1995). Sequence analysis has recently shown that these viruses belong within the family
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Phycodnaviridae and are relatively closely related to the Herpes viruses (Chen and Suttle
1996). Previously the Phycodnaviridae was only known to include a group of viruses that
infect Chlorella-like algae which occur as symbionts in Hydra and Paramecium (Van Etten and
Ghabrial 1991).

Although viruses that infect phytoplankton can be abundant, this does not mean that
they are responsible for significant moruaiity. It is possible that viruses persist in seawater for
long periods of time, so that little infection would be required to maintain the high
concentrations of infectious viruses that are observed. This seems unlikely given the large
seasonal changes in the concentration of viruses which infect Synechococcus spp. (Waterbury
and Valois 1993, Suttle and Chan 1994), Micromonas pusilla (Courell and Sutle 1995a), and
Chrysochromulina brevifilum (Suttle and Chan 1995). These data suggest that there is
considerable production and destruction of viruses, which implies that significant viral induced
mortality of phytoplankton may also be OCCUITIng.

A challenge is to obtain quantitative astimates of the effect that viruses have on the
moruality of phytoplankton populations in narure. One approach has been to infer the amount
of virus production that must occur i order to halance the measured removal rates of
infectious viruses. If one knows the number of viruses that are produced per lytic event then
one can infer the number of cells that must be lysed in order to sustain the required virus
production. This approach was used to investigate the effect that viruses have on the mortality
of the photosynthetic picoplankter, Micromonas pusilla (Coutrell and Suttle 1995a). It was
astimated that the turnover time of viruses infecting M. pusilla was approximately 1.3 days.
which would require that 2 to 10% of the algal cells must be lysed on a daily basis to support
the required rates of virus production. These are quite similar to other estimates that have
been obtained for coastal phytoplankton populations (Waterbury and Valois 1993, Sutle 1954,
Suttle and Chan 1994).

Although viruses may account for significant mortality of phytoplankron it does not
necessarily follow that this is accompanied by decreases in the abundance of the species that
are infected. In fact, the highest viral abundances frequentdy occur when the concentration of
potential host celis is also highest (Waterbury and Valois 1993, Suttle and Chan 1994, Coturell
and Suttle 1995a). This is because viruses and the cells that they infect represent highly co-
evolved systems, and over evolutionary time selection has resulted in systems in which stable
coexistence occurs. This is not necessarily the case with ail viruses, and there are a number of
examples in which the appearance of viruses has been associated with the demise of
phytoplankton blooms.

One example of apparent regulation of a phytoplankton population by viruses was
observed during mesocosm studies in Norway. The collapse of a bioom of the
coccolithophorid Emiliania huxleyi occurred synonymously with the appearance of large
icosahedral VLPs in the surrounding water and within the algal cells (Bratbak er al. 1993).
Similarly, Nagasaki er al. (1994a, b) reported that the coilapse of a red-tide bloom of the
raphidophyte Heterosigma akashiwo was associated with the appearance of VLPs within the
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cells. There have been other reports of the sudden demise and autolysis of phytoplankton
blooms which are consistent with viral infection. Studies have also suggested that the presence
of viruses may affect community structure by preventing the establishment of a species. In
one study, attempts to establish freshwater cyanobacterial blooms in mesocosms met with
mixed results because of the presence of viruses which infected the cells {Dejardins and Olson
1983). Similar results have been obtained using marine bacteria. When a marine bacterial
isolate was added to natural seawater, viruses which infected these cells rapidly increased and
lysed the bacterial popuiation (Hennes er al. 1995).

Viruses have been used as biological control agents in other systems. Is it feasible that
they couid be used to control nuisance and toxic algal blooms? There are a number of features
which make viruses very auractive as biological control agents. First, they recognize
ceceptors on cell surfaces, which tends to make them very host specific. This means that one
could potentially target a very specific group of organisms, while leaving closely related
organisms unaffected. In fact, a potential problem is that viruses are often so host specific that
they are unable to infect different strains of the same species. This is probabiy the reason that
many viruses are able to coexist with the species that they infect. Another atractive feature is
the way in which viruses replicate. A single infected cell can produce hundreds of viral
particles when lysis occurs. This mean that viruses can propagate through a population
extremely rapidly. During a bloom siration the rate of propagation would potentiaily be
accelerated because the rate of infection depends upon the frequency with which the viruses
encounter host cells. As the encounter rates are much greater at high host densities (Wiggins
and Alexander 1985), when host abundance gets high, viruses should propagare rapidly
through the system. This would serve as a natural regulatory system to prevent bloom
formation.

There are many problems that potentially stand in the way of using viruses as
biological control agents for algal blooms. A bloom occurs when phytoplankton production
exceeds removal. This can stem from an increase in production or because of a decrease in
removal rates. Viruses are one of the agents that can be responsible for some of the removal;
however, the occurrence of a bloom suggests that indigenous viruses were unable to keep the
algal population in check.

The control of a bloom by the introduction of a virus requires the isolation and
amplification of a pathogen that is capable of causing lysis of the bloom organism. If such a
pathogen is present in nature then the persistence of the bloom is puzzling. There are a
number of explanations of how this can occur. Some viruses are temperature sensitive, while
others have specific ion requirements for infection. It is possible that a virus has different
requirements than the host organism, and that the bloom is occurring in an environment which
is unsuitable for viral infection or replication. This may occur in some halotolerant bacteria,
for example, where high salinities have been suggested to provide a refuge from infection by
lytic viruses (Daniels and Wais 1990). If the bloom is the result of a species introduction, it is
possible that the bloom organism has become geographically separated from viruses that would
normally keep it in check. Examples of this are known for terrestrial systems. For example,
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the introduction of a fungal pathogen from Europe decimated chestnut trees in North America,
but in Europe a virus controls the fungus, resulting in less damage to the trees (Nuss 1992).

Perhaps the greatest obstacle 0 controlling phytoplankton blooms with viruses is the
diversity among phytopiankion and viral populations. There is enormous selective pressure
exerted on a phytoplankton population by Iytic viruses, as infection will result in cell death.
Conversely, because viruses are dependent upon finding suitable hosts in order to reproduce,
there is tremendous pressure for viruses to overcome resistance mechanisms that the host cells
may develop. Yet, it is also imperative that viruses not completely eliminate their hosts. Itis
likely these selective pressures are responsible for the hgh genetic diversity that can be found
amONg Viruses, ¢ven among those which infect the same host strain (Cottrell and Sutte 1991,
1995b). Even though the cells ina phytoplankton bloom may appear identical, and the viruses
infecting the bloom organism appear morphologically indistinguishable, there is likely to be a
great deal of variation in the populations. An individual virus will likety be abie to infect only
a small proportion of the bloom organisms. Evidence of this can be seen in cyancbacterial and
cyanophage populations in the sea. High concentrations of infectious cyanophages
(>1 «mi") that cause the lysis of several marine strains of Synechococcus, occut in the
presence of high concentrations of Synechococcus spp. (Suttle and Chan 1993, 1994,
Waterbury and Valois 1993). The contact rates between the phytoplankton and viruses under
these conditions are so high that only a small percemtage of the collisions can result in
infection. In other words, most of the viruses that are present are unable to infect most of the
phytoplankton cells. The complex pattern of host range that occurs in these viruses provides
some insight into what probably also happens in namre (Suttle and Chan 1993, Waterbury and
Valois 1993).

Ultimately, viruses are one of the patural agents that prevent the initiation and
establishment of blooms. The occurrence of a bloom implies that the usual controls on
biomass and diversity, including pathogens and grazers, bave failed. Consequently, viral
control of an esablished bloom would likely require the introduction of a virus or viruses that
have a broad host range, and which were isolated from a location or at a time when the bloom
was not present. Although such an approach may be feasible, the probability of success given
our current level of knowledge would not be high. Before viruses can be used as biological
control agents for algal blooms, it is necessary to focus more effort into understanding the
relationships between viruses and phytoplankton under non-bloom conditions.
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ECOLOGICAL IMPACTS OF BROWN TIDE

V. Monica Bricelj
Marine Sciences Research Center, State University of New York Stony Brook

The most noteworthy documented impacts of brown tide biooms of Aureococcus
anophagefferens, since their first occurrence in the mid-1980's, have been on shellfish
(commercially exploited species of bivalve molluscs) and eelgrass (Zostera marina). Suspension-
feeding bivalves pump and concentrate phytoplankton, their primary food source, from large
volumes of water and have relatively low motility. Therefore, they often experience early, direct
food web effects during harmful algal blooms, and are commonly used as indicators of water
quality. Thus, severe reductions in grazing (feeding rates) of mussels during the first brown tide
in Narragansert Bay, RI in 1985, provided early waming of a harmful algal outbreak. Effects of
brown tide on other filter-feeders and secondary consumers, e.g. larval fish and crabs, have been
poorly documented. The effects of brown tide on the planktonic and benthic biota of shallow
estuaries, where brown tide has occurred, are the subject of this presentation, and of a recent
comprehensive review (Bricetj and Lonsdale, submited). An arempt is made to focus atiention
on informational gaps, and suggest future avenues of research.

Brown tide canses severe water column light attemiation, i.e. about 50% reduction in
Secchi depth during peak bloom conditions. Eelgrass provides an important nursery habitat for
commercially important fish and shellfish, especially bay scailops, within shallow east coast
estuaries. The depth distribution, biomass and growth of eelgrass in relatvely eutrophic
(outrient-rich) coastal bays is largely controlled by light availability. During the first outbreak in
1985, brown tide caused significant reduction in the depth penetration and leaf biomass of
eclgrass in Great South Bay and Peconic Bays, Long [sland, NY. This effect was superimposed
on long-term declines of eelgrass within Peconic Bays over the past three decades atributed to
other unknown factors (wasting disease, habitat degradation, etc.). Litde informaton is
availabie, however, on the relative effects of brown tide and other environmental factors on long-
term losses of eelgrass habitat.

Algal blooms that occur at high biomass levels can in some instances settle to the bottom,
increase the biological oxygen demand in sediments and consequently lead to hypoxia/anoxia in
the overlying water column and mortalites of benthic macrofauna. Brown tide is typically not
associated with a marked increase in biomass (chlorophyll) levels, and shallow eastern and
southern Long Island bays are geperally characterized by a relatively well mixed, vertically
unstratified water column. No anomalies in dissolved oxygen concentrations have been
associated with brown tide in Narragansett Bay or Peconic Bays. Therefore, negative effects ou
bivalves during brown tide have not been attributed to oxygen limitadon.

Brown tide rypicaily occurs in the summer (latc May through September, with peak
abundance in June or July) and therefore coincides with the critical period of spawning, larval
development and juvenile growth of commercially important bivalves in mid-Atlantc eswaries.
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Brown tide caused recruitment failure of local bivalve populations. €.8. blue mussels, Myslus
edulis. in Narragansert Bac, and bay scallops, Argopecten irradians, in Long Island estuaries.
However, the causal mechanisms involved, i.e. brown tide-induced failure of adults to deveiop
gonads and spawn, reduced survival of planktonic larvae. and/or effects on survival and growth
of benthic, post-settiement stages, are not weil understood.

Both lethal and sublethai effects of brown tide on bivalves have peen documented, Mass
moralities (30 to 100%) of adult mussels occurred during the 1985 Narragansett Bay brown
tide, when A. anophagefferens densities reached 1.5 X 10° cellsemi ™. Concentrations of 02t
0.8 x 10° celissml”* caused significant mortalities of bay scallop larvae in laboratory experiments
using a cultured isolate of 4. anophagefferens. Unusually high mortalities (up to 82%) of aduit
bay scallops, were determined immediately following the recent, 1995 brown tide in Peconic
Bays at sites where brown tide reached 0.8-1.1 x 10° cellssmi”. However, long-term
documentation of scallop mortalities that can be unequivocally assigned to the effects of brown
tide and related to known field concentrations of 4. anophagefferens. 1s lacking.

Brown tides have resulted in substantial economic losses in the Long Island region. For
the New York State bay scallop fishery. largely centered in Peconic Bays, economic losses were
estimated at $2 mullion per year. Considerabie funds were subsequently invested in annual
scallop reseeding programs designed to rehabilitate decimated stocks. These efforts, and the
survival of relict scallop populations in local waters, have contributed to partal, slow recovery
of stocks in Peconic Bays in recent years. Stock enhancement practices show considerable
promise for this species because it can grow rapidly and reach market size within less than one
year. Landings of oysters, Crassostrea virginica, in Peconic-Gardiners Bays, dropped from a
1974-1984 average of about 127,000 bushels to 836 busheis by 1986, following two consecutive
years of brown tde, although landings had already dropped to 42,000 bushels in 1984, for
reasons unrelated to brown tide. The recurrence of brown tide in Two consecutive years (1985-
1986) is believed to have resulted in closure of a private, commercial aquaculture operation,
which contributed significandy 10 Oyster landings via bottom plantings in Peconic Bays.

Sublethal effects of brown tide have been documented in several bivalve species. Bay
scallops experienced dramatic reduction in adductor muscle weight and in gonadal index during
the 1985 brown tde in Peconic bays relative to pre-bloom (1984) conditions. Reduction or
complete cessaton of growth has been noted for hard clams, Mercenaria mercenaria, by several
Long [sland haicheries and more recently, during the 1995 outbreak, by New Jersey growers.
Most notably, brown tide causes marked reduction in feeding (clearance) rates of aduit hard
clams and mussels, and rypicaily results in poor meat quality of bivalves, i.e. thin, ®maciated
tissues. Sublethal effects for juveniles and aduls of some species have been documented at
brown tide levels exceeding a threshold of about 2 X 10° cells-mi™. Dose (time and
conceniration-dependent) responses are likely to be species-specific, however, and influenced by
the presence of other co-occurring algae, and need to be established for different life history
stages (larvae, postset, juveniles and aduits).
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Considerabie advances have been made towards understanding the underlying mechatusm
of action responsible for brown tide impacts. Elucidation of the causes of grazing inhibition
couid in the future provide a means to counteract of mitigate these negative effects. A.
anophagefferens cells adversely affect bivalve feeding only upon direct contact, rather than via a
dissolved metabolite released into the water column. Although specific toxins produced by A.
anophagefferens have not yet been identified, the polysaccharide-like layer surrounding its cell
surface has been shown to contain a bicactive compound that interferes with the ciliary beat of
isolated gills, the organ involved in food capture in post-metamorptic bivalves. Brown tide cells
were also shown to interfere with larval ingestion of algae commonly used as food for bivalves.
A. anophagefferens has been found to contain adequate levels of polyunsamurated faty acids
known to be essential for bivalve nurrition, and ingested cells are readily digested and absorbed
by bivalve larvae and aduits. However, due (o their smail size (2 um), A. anophagefferens cells
are inefficiently caprured by the bivalve gill of juveniles and adults, but not by bivalve larvae. In
summary, curtent evidence srongly suggests that toxicity of brown tide celis, rather than small
size, poor muritional value or high cell density, is responsible for the observed demrimental
effects on bivalve feeding, growth and ulumately survival.

Preliminary studies suggest that different bivalve species may vary in their susceptibility
to brown tide. This possibility has important management implications, since it would ailow
selection of more tolerant species for culmure in regions that are recurrently affected by brown
ude. Brown tide blooms vary in their duration and intensity between years and locations.
Therefore, site selection and temporary relocation of stocks during peak abundance of brown tide
could serve 10 mitigate fosses of culured stocks. Optimization of stock enhancement strategies
(e.g. scallop reseeding or broodstock management) can also accelerate the recovery of natural
populations affected by episodic brown tdes.
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TEXAS COASTAL LAGOONS AND A PERSISTENT BROWN TIDE

Dean A. Stockwell, Terry E. Whitledge, Edward J. Buskey, Hudson DeYoe, Kenneth C.
Dunton, G. Joan Holt, Scott A. Holt, Paul A. Montagna, Curtis A. Suttle
Marine Science Institute, The University of Texas at Austin

The Laguna Madre of South Texas is part of an extensive barrier beach isiand and lagoon
compiex, extending from Corpus Christi south to the Rio Grande River. Overlying extensive
seagrass beds, waters of this shallow, hypersaline bay system tend to be low in nutrients and
relarively clear. In January, 1990, an occurrence of brown water (i.e., the Texas brown ude)
spread quite rapidly throughout Baffin Bay and adjoining Upper Laguna Madre. This dense,
persistent algal bloom has reduced the penetration of sunlight, threatening to shade our seagrass
beds and disrupting sport fishing activities. Economic losses to local communities are estimated
to be several million dollars each year. primarily a result of lost revenues in tourism and
recreational fisheres.

Table 1 characterizes cellular properties of the Texas brown tide organism while drawing
comparisons with Aureococcus anophagefferens. The Texas brown tde organism has been
identified as a 4-5 um Chrysophyte. Pigment dama, ulrastructural studies and 18s rDNA gene
sequencing have placed this previously undescribed species in a newly described class of algae,
the Pelageophycae. The onset of the bioom began after a series of compiex environmental
interactions. An unusually bard freeze which co-occurred with extremely low tides during
December of 1989, led to extensive fish and invertebrare kills. Prior to the bloom, condinons of
abnormally low rainfall had led to hypersalinity within the lagoons. Concentrations of dissolved
iporganic nitrogen appeared elevaied prior to the bicom. These conditions have been outlined in
derail during a 1991 Brown Tide Sympositum and Workshop (Whitledge and Pulich 1991).

Table 2 summarizes comparative bloom characteristics of the east coast apd Texas "brown
tides”. A striking difference between the rwo bioom events is the tremendous increase in
phytoplankton biomass within the Laguna Madre, suggesting a reallocation of carbon within the
system.

Subsequent and ongoing studies of the Texas brown tide organism indicate the foilowing:

. Seagrasses have shown reduced biomass and rates of growth (Duntonr 1994; Dunton in
press).

) Complete loss of seagrass beds in some areas where depth is greater than 1.3 meters
(Omuf, personal communication).

. Benthic biomass, abundance, and diversity greatly reduced (Work of Montagna in
Whitledge and Buskey 1994).

. A reduction of zooplankion populations and zooplankton grazing has occurred (Buskey
and Stockwell, 1993; Whitledge and Buskey 1994; Buskey and Hyatt, 1995).

. The density of larval fish appear reduced in areas impacted by brown tide (Work of S.
Hoit in Whitledge and Buskey 1994).
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. The growth and survival of larval fish are reduced by prown tide (Work of 1. Holt in
Whitledge and Buskey 1994).

. No effects on feeding rates of a common bivalve, Mulinia lateralis are apparent
(Monsagna et al. 1993).

. The brown tide organism does Dot utilize nitrate (DeYoe and Suttle, 1994).

. Concentrations of dissolved organic nitrogen have been reduced t0 relatively low

concentrations (Whitledge 1993; Zheng 1994; Shormann 1992).

Table 1. A comparison of the Texas and East Coast brown tide organisms. Data for A.
anophagefferens provided from Cosper et al. 1989.

Cell Properties East Coast Texas

Cell size (pm} 2-3 4-5
Pigments Type I Chrysophyte Type 11 Chrysophyte
External Polysaccharide iayer + +

Cell wall none none
Chloroplast l L
Pyrenoid immersed single-stalked
Flagella - ?

Flagellar basal bodies - 2

Viral inclusions + +
DMS/cell 0.13 pg 0.76 pg
Chiorophyli/cell - 0.033-0.161 pg

Polyclonal annbody for Aureococcus + -

Tabie 2. Comparative bloom characteristics of the Texas and the East Coast brown tide
organisms. Data for A. anophagefferens provided from Cosper et al. 1985,

Bloom Characterisucs: East Coast Texas

Cell density

(cells x 10%mi™) 0.66 19

Chlorophyll 2 (ug-l'l) 18 44
(20-140)

C* uptake rates

mgCem +h" 200 - 400 230 - 840

Growth raws

doublings -1 day 60-83 0.67 - 0.90

Carbon:Chlorophyll ? 318:1

Maximurn Duration 6 months 65 months

Reoccurrence 3 - 5 years 9

Deleterious effects Yes* Loss of seagrass

*Mussels, clams, scallops, eelgrass, zooplankton
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The Texas brown tide is still present in the Laguna Madre, having persisted for over 65
months. This is the longest monospecific phytoplankton bloom ever documented. To date, no
massive fish kills or permanent resource losses have been documented for this bloom. Of great
local concern. however, is the resultant impact of the brown tide on the structure of seagrass
communities and ultimately the long term effects on local fisheries, Residence tume within this
system is long and flushing events rare. [s this bloom an initial symptom portending a future
collapse of the Laguna Madre ecosystem and a possible permanent foss of resource habitat?
Much work is still needed regarding the biology and impact of this Texas brown tide.

Table 3. Contnued research needs

Causative Organism
Life history
Autecological studies, including organism'’s physiology
Biochemical parameters

Bloom Interactions
Inhibition of grazing
Allelopathy
Benthic inputs
Importance of residence times, circulation, flushing

Ecological Effecs
Decline of seagrass
Reductions of benthic communities/diversity shifts
Larval fish survival
Analyses on populations of adult fish

Management
Identification and reduction of anthropogenic inputs
Evaiuation of importance of circulation, residence times, and flushing events.
Nutrient regulation/modification
Enhancement of namral grazing or mortality
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RESEARCH RECOMMENDATIONS

William Wise', J. Kirk Cochran', Anne McElroyz. and Cornelia Schlenk’
Marine Sciences Research Center, State University of New York Stony Brook' and
New York Sea Grant Institute”

SUMMARY

Brown tide has many dimensions and it affects a number of components of the coastal
marine ecosystem. An effective brown tide research program must, perforce, be a muiu-
disciplinary one involving the work and collaboration of biologists, chemists, and physical
oceanographers. While prior brown tide research included biological, chemical, and physical
investigations, individual projects proceeded in isolated fashion and only modest funding was
available., The distinguishing characteristic of the research proposed here is its comprehensive
and coordinated approach developed from a consensus among scientists and environmental
managers on priority research needs. Another key element is the need to conduct coordinated
experiments in both the laboratory (where experimental conditions can be controlled precisely)
and the field (under the complex armay of environmental conditions that actually exist in our
bays). Only through the use of laboratory and field-based manipulations can the factors that
cause and potentally control brown tide blooms be discovered.

When implemented, the proposed research program will produce a large amount of data
and information. This information will be useful to scientists studying the brown tide, to
environmental managers and government officials charged with developing management
measures (o deal with brown tide, various industry groups whose businesses are affected by
brown tide, and the general public concerned with brown tide as an assault on the overall quality
of life on Long Island. To maximize the value of information already obtained and the proposed
research plan, it is imperative that a mechanism be established to make historic data and
information on brown tide available in an understandabie format to all interested parties.

Brown tide is not only a regional phenomenon in the Northeast; it is frequently cited as
an example of 2 broader phenomenon-a giobal increase in the frequency and severity of harmfui
algal blooms. The research suggested below will contribute not only to greater understanding of
brown tide; it will aid wider efforts presently underway to understand and control the growing
problem of disruptive and damaging blooms of marine algae.

The Summit identified the following major questions that serve to organize the proposed
research agenda.

1. What are the population dynamics of brown tide blooms?
The interplay of binlogical, chemical, and physical factors that produce a brown ude

bloom can be modeled using analytical computer models of increasing sophistication. Such
models are increasingly used nationwide by environmental managers to evaluate the likely
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consequences of alternative management strategies for the probiem at hand. A modeling
approach building on historic data and existing mo nitoring programs is suggested. This effort
should begin with the simplest possible formulation, including an evaluation of existing models,
and proceed to increasing levels of sophistication as high quality data becomes available. The
goal would be development of a model capable of accurately simulating spatially and temporally
the biological-chemical-physical interactions producing brown tide blooms. The management
utility of this model(s) would be enhanced by interfacing it with watershed/land use development
and water quality models.

2. What initiates brown tide blooms?

This is a key question and a very important element of the research plan. Research would
encompass chemical, physical, and biological factors. The recommended approach is a
coordinated series of field and laboratory studies, including the use of mesocosm-type facilites.
These mesocosms could range from land-based systems, (0 experimental enclosures in the field,
to manijpulative experiments with whole embayments. Once a suspected causauve agent(s) is
identified, its sources and sinks in the system must be identified. For prospective chemical
agents, this implies the development of budgets.

3. What causes brown tide to grow?

This is a critical research area that includes three, inter-related areas of investigation:
defining the nutritional requirements of A. anophagefferens; competitive interactions between A.
anophagefferens and other phytopiankters; and determination of in siru growth rates. The
principal approach to the nutritional requirement issue is serial jaboratory addition or
manipulative experiments. Assessing competitive interactions and in situ growth rates will
require coordinated laboratory and field studies.

4. What controls the rate of removal of brown tide?

Brown tide can be removed (reduced in abundance) through grazing pressure, the activity
of viruses or other pathogens, physiological controls, or physical advection out of the affected
area. To adequately assess the nature and relative importance of these separate factors,
integration of Jaboratory and field studies is highly recommended.

5. How does brown tide impact the ecosystem, in particular bivalve shellfish?

[ntegrated laboratory and field studies are also necessary to answer questions regarding
the ecological impacts of brown tide. The mechzanisms of more direct impacts on primary
consumners (bivalves) can be elucidated within a shorter time frame. The complexity of estuarine
food webs suggest that indirect impacts to secondary consumers such as finfish or SAV-
associated biota will be harder to determine, requiring a long term research effort. High priority
is assigned to determining brown tide toxicity to shellfish among different brown tide isolales
and as a function of environmental conditions and shellfish life history stage. Other high priority
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research areas are identification of brown tide-resistant or -tolerant sheiifish species and
optimization of shellfish stock enhancement practices.

6. Management of brown tide

The overall view of participants in the work groups was that current understanding of the
causes of the brown tide is not sufficient to enable recommendations to be made at this time on
how to prevent or control it. However, there is a body of informaticn developing on how
shetlfish management programs can accommeodate, to some degree brown tide outbreaks,
especially when they are relatively restricted in space and time, allowing wild fisheries to be
sustained and culture operations to continue. As noted above, further refinement of shelifish
management practices in the face of brown tide are encouraged.

Funding Considerations

The convenors of the Brown Tide Summit stress that the proposed research program
should take full advantage of the extant knowledge regarding brown tide. Additionally, future
brown tide research should complement to the fullest extent possible on-going research,
monitoring, and management programs related to brown tide. Dedicated brown tide research
funding nationwide from all sources over the past decade probably amounts to less than 31.5
million. This level and intensity of funding has been inadequate. The convenors of the Summut
suggest that funding of approximately $1.5-2.0 million annually over a 3 to 5-year period will be
necessary to adequately support the research proposed here and to provide answers to the crifical
questions about what causes brown tide and how to prevent or control it.

As information from existing and proposed research activities becomes available, field-
based demonstration projects should be conducted to test out control or mutigation procedures
identified. Funds should be sought from appropriate programs to support these activities. Use of
these funds would be conditioned on a bloom actually occurring and a determination that the
proposed demonstration project rests on sound scientific principles and current understanding of
brown tide and its functioning in the estuarine environment.
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RECOMMENDATIONS OF THE WORK GROUPS

Introduction

The research recommendations described below were developed through the efforts of
separate summit work groups dealing with the following topics: biological factors; chemical
factors; physical factors; and ecological effects. The charge to the work groups is presented in
Table 1. On the second day of the summit, the chair of each work group presented a2 summary of
that group's recommendations for priority research on brown tide. What follows is a
consolidated summary of the work group reports. The work groups did not present their findings
and recommendations in precisely the same format. In preparing this document, the editors
attempted to standardize the format in which the work group reports are presented, but did not
add or delete anything substantive from the materials provided by the work group chairpersons.
who have each reviewed their section of the report. Chairpersons of the work groups were Dr.
David Caron of the Woods Hole Oceanographic [nstitution (biological factors), Dr. Paul
Falkowski of Brookhaven National Laboratory (chemical factors), Dr. Thomas Osbomn of Johns
Hopkins University (physical factors), and Dr. V. Monica Bricelj of the Marine Sciences
Research Center, SUNY Stony Brook (ecosystem factors).
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Tablie 1.

CHARGE TO WORK GROUPS

e ——

Workgroups on chemical (nutrients, metals), physical (light, temperature, salinity,
aud water movements) and biological (grazing, competition, ecology/physiology,
viruses) factors affecting brown tide:

Given the present state of knowledge concemning brown tide, how would you
go about determining the chemical, physical, and/or biological factors
responsible for producing and sustaining a bloom of the brown tide organism
Aureococcus anophagefferens?

Some of the research topics may include:

Isolation and axenic culture of the organism

Elucidation of growth requirements: chemical

Elucidation of growth requirements: physical

Study of predator-prey relatonships and other biological forms of control
Allelochemical relationships

Physical oceanography as related to bicom formation and persistence
Meteorology/climatology as related to bloom formation and persistence

Fach of the three workgroups is being asked to develop a research program
designed to determine the factors that contribute to a bloom, and to estimate
the costs associated with that program. ‘What currently available information
would allow managers to avoid recurence of blooms or to minimize their
impacts? Identify courses of action that could minimize bloom events.

Workgroup on ecological effects:

Assuming that the brown tide will recur, what is known, and/or what is needed to be
dstermined, that would allow mitigation of its effects on the ecosystem, especially the
shellfish populations. What management actions should be taken before, during and/or
after a brown tide event?
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Biotogical Factors

As with all members of the biological communities found in coastal waters, the brown
tide organism exists in a complex web of interactions involving its physio-chemical ¢nvironment
and the other organisms that exist there. [t 1s likely that the cause(s) of the brown tide's growth.
sustenance. and eventual decline encompass its interactions with both the physiochemmical
environment and with other organisms. Research is needed to determine and document which
interactions with its abiotic and biotic environment are key tc controiling the dynamics of brown
tide.

I. What factors control the growth of brown tide?

Much imponant brown tide research has focused on what environmental conditions
stimulate its growth, often to the near-exclusion of other phytoplankters. This remains a key area
of inquiry, with a variery of facets as listed below.

A. Nutritional requirements of brown ride

Research needed to provide information on this topic would primariiy involve
experimental studies using cultures of 4. anophagefferens. Isolation of several additional brown
tide strains will be very important, as will assuring that these cultures are axenic, or free of
associated bacteria. Studies conducted over both the short-termn (3 years) and long-term (up to 10
years) are recommended.

I. Role of macro-, micro-, and trace organic nutrients in A. anophagefferens’
growth, Research to date indicates that traditional inorganic macronutrients do not play a major
role in triggering brown tide blooms. Research is needed to ascertain what, if any, inorganic
micronutrient or trace organic nutrients (e.g., vitamins) are involved in initiating brown tide
biooms.

2. Role of variation in light (including shade adaptation and photoperiod) in
affecting the nutritional requirements or preferences of A, anophkagefferens. brown tide is
capabte of growing at low ambient light levels. Does its ability to use various substances as
nutrients vary with light intensity? Does photoperiod play a role in affecting the growth of
brown tide?

3. Role of various metals and chelating compounds in altering the nutritional
requirements/preferences of A. amophagefferens. Interactions with chemical chelators can
modify the activity of trace metals in marine ecosystems; metals that were unavailable to
phytoplankton as a nutrient source can be made available, those that were toxic can become less
so. Some phytoplankton manufacture low molecular weight chelators, such as siderophores, that
can make thern more efficient in their ability to utilize race metals, possibly giving them a
competitive advantage over other phytoplankters. [t has been su ggested that trace metals and
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chelation may be critical to the autrition of the brown tide organism. Research is needed 10
deterrnine if this is so and to identify the metals(s) and/or chelator(s) involved.

4. Role of heterotrophy as a means of supplemental nutrition for 4.
anophagefferens. Many marine microalgae have been shown to be capable of directly using pre-
formed organic substances as a nutritive source. Evidence exists that the brown tide-like
organism involved in the Texas bloom is capable of heterotrophy as a means of supplemental
autition. Research is needed to determine whether A. anophagefferens 1 similarty capable.

B. Competitive interactions involving the brown tide organism

Many brown tide blooms appear uni-algal, involving A. anophage/ferens and few, if any, other
species. Does the brown tide organism gain and maintain a competitive advantage over the other
microaigae that form the pormal phytoplankton community? [f it does, how? Research

necessary to address questions on competitive interactions involving the brown tide organism
should encompass both laboratory-scale examinatons using cultured isolates as well as
manipulative experiments using large mesocosm experimental systems. Substantial progress can

be made within a short-term (3 -year) time frame, although definitive answers to these questions
will likely take much longer to achieve (10 years).

1. Role of allelopathy in securing for the brown tide 2 competitive edge over other
microalgae. Alielopathy is the term given the process whereby one organism affects the growth
capability of other organisms through production of 2 toxin ar other growth-inhibitng or -
enhancing substance. Research is needed to determine if allelopathy is involved in brown ude
biooms.

1. Role of bacteriai associates in mediating the brown tide organism’s response to
environmental conditions and particularly in affecting its nuirition. All cultures of 4.
anophagefferens contain accompanying bacteria. So far, attempts to make these cultures axenic
(bacteria free) have failed. Are these bacteria natural associates of this organism? If they are.
what role do they have in mediating the interaction of the brown tide with its environment?

[1. What factors contrel the removal of brown tide and how do they relate to bloom
dynamics?

in the dynamic interactions within marine food webs, an excessive increase in the
abundance of any organism is, under normal circurnstances, at least partially prevented by the
presence of predators that consume the organism. The consumption of phytoplankton is
generally termed "grazing” and the consuming 0rganisms "grazers." (razers inciude a wide
variety of organisms, from microzooplankton to fiiter-feeding molluscan shellfish. A brown tide
bloom requires two conditions: environmental conditions and nutrient levels capable of
supporting a dramatic increase in the biomass of A. anophagefferens and at least a temporary
failure or inability of the grazing community to consume the increased production. Several

96



topics are involved in developing a better understanding of the role of grazing in the onset and
termination of brown tide blooms.

A. Timing of grazer presence and grazing activity

A temporary absence or reduction in the abundance of grazers, in particular
microzooplankton, may contribute to the onset of a brown tide bloom. Determination of the
composition of the microzooplankton assembiage immediately prior to the onset of a bloom 1s
difficult as the occurrence of 2 bloom cannot presently be predicted. Research is needed to both
document microzooplankton community variability in space and time and also, via semi-
controlled field experiments, assess the impact on 4. anophagefferens abundances of changes in
the zooplankton grazing communities (e.g., manipulaticns such as removing the larger
zooplankton),

1. Extensive examination of potential grazers. Limited work has been done examining
the relative ability/inclination of bacterivorous and herbivorous microflageilates and protozoans
to graze on the brown tide organism. Experimental work has shown that, given a choice of
several picoplankton species, many grazers will avoid 4. anophagefferens. More work of this
type is required, invoiving uni-algal cultures of brown tide and mixed cultures of several
phytoplankton species to elucidate grazing preferences of micro-grazers. A suite of studies is
recommended here, encompassing culture-based lab and field manipulations. Studies using
experimental mesocosm systems are also impontant. Significant knowiedge gains are achievable
in the short-term (3 years); work conducted over a longer ime frame (5-10 years) will produce
more fundamental understandings.

2. The palatability/susceptibility of the brown tide organism te grazers. 4,
anophagefferens may produce a natural metabolite that makes it unpalatable to most grazers.
The small size of the organism alone will provide it a refuge from predation by mosr large
metazoans and some smaller microzooplankton. Either or both of these factors would give the
brown tide a competitive advantage over other microaigae. Studies are needed to examine these
possibilities and to document whether they, in fact, occur and, if they do, what part they play in
irutiating or sustaining brown tide blooms. As with several of the above research areas, this work
would benefit remendously from additional isolates of 4. anophagefferens. The research would
be largely culture-based. Both short- (3-year) and long-term {10-year) studies are recommended.

B. Activity of viruses

Limited experimental work suggests that viral pathogens may play a major role in halting
brown tide blooms. Moreover, field observations of the dissipation of rampant brown tide
blooms within a week or so are consistent with the aggressive and fast-acting affect of viral
agents. More work is recornmended to determine the nature and extent of the role of virai
pathogens in the demise of brown tide blooms. This research would require the development of
additional brown tide isolates. Both laboratory and field-based studies would be desirable.
Short-term (3-year) research should produce important knowledge advances.
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C. Autolysis

Bloom termination in some marine microalgae has peen shown to be artributabie to the
organism breaking down and lysing itself. Itis impertant to document whether this process is
involved in termination of brown tide blooms.

1. What aspects of benthic-pelagic coupling may be important in brown tide blooms?

Numerous pathways exist by which energy flows between the pelagic and benthic
components of shallow, nearshore maringe ecosystems, the two are tightly coupled. What effect
does this coupling have on the propensity for a brown tide bloom, or the prolongation of a
bioom?

A. Benthic filter-feeders and the removal of suspended particles

It is suggested that clearance rates of filter-feeding, benthic bivalves may impact the
hahitability of the water column for A. anophagefferens. Large-scale reduction of bivalve
populations, by natural or anthropogenic causes (e.g., fishing), may favor the dominance of
picoplankton of the size of the brown tide organism. [t would appear that the biomass of bivalve
molluscs in the Great South Bay was greaier prior t0 the mid-1980's, when brown tide first
appeared. There is lirle evidence that this is s0 in the Peconic Bays system, however. Research
to assess the impact of benthic flter-feeders on water column suspended particle joads and the
size structure of phytoplankton communities is recommended. This research should use
experimental mesocosm chambers to compliment laboratory studies and include both short-term
and long-term studies.

B. Resuspension of bottom material and "conditioning" of the water column

Mechanical clam harvesting resuspends large amounts of bottom sediments, pore waters,
etc. into the water column. In Long Island's shallow embayments, this resuspended sediment
load can be readily mixed throughout the water column by tidal and wind action. This
resuspended material may be a source of trace metals, organics, etc. that play a stimulatory role
for the brown tide and perhaps also has an inhibitory effect on other species of microalgae.
Research is recommended to address this question oVver both a short (3-year) and long (5-10 year)
rime frame. This question is also best addressed experimentally using mesocosm chambers.
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Physical Factors

The work group stressed the need to take a quantitative approach to understanding the
population dynamics of bloom occurrence, persistence. and subsidence in the system. Modeling
is the appropriate, and one couid argue. the only tool to address this issue. The key elements
supporting this understanding would relate the occwrrence and growth ot brown tide to predation
by other organisms, water circulation inside affected bays, and removal of water to areas not
affected by brown tide. The eventual goal of this effort would be to predict why brown tides
appear in one place versus another, allow evaluation of potential response/remediation strategies,
and identify mechanisms to prevent or eliminate the problem. There are a wide range of
madeling approaches that can be used to address this issue. Future efforts should take tull
advantage of insights and approaches obtained from past and present efforts to model the key
elements involved in the areas affected by brown tide.

I. What relationsbip exists between historicat data on meteorological and oceanographic
parameters and the occurrence and distribution of brown tide in the Peconic Bays System
and Great South Bay?

A thorough review of all available data on the physical, chemical, and biclogical factors
potentially related to bloom dynamics should be conducted to allow an initial comparison
between trends in space and time. Data sets on the following groups of parameters should be
constdered:

A_ wind patterns and precipitation;

B. groundwater inflow, tributary streamflow, and current velocity and direction;

C. temperature, salinity, dissolved oxygen;

D. brown tide cell counts; and other appropriate parameters suggested by the chemical

and biological work groups.

IL. Can a simple quantitative model be developed that explains historic and current trends
in the variation of these parameters tbroughout the system?

The approach here would be to develop a relatively simple model within a 2- to 3-year
time frame that would allow quantitative assessment of the relative importance of various
parameters to brown tide distribution and cccurrence. Such a mode! would ailow an initial
evaluation of various remediation strategies and provide estimates of flushing and circulation
within bays affected by brown tide. It is anticipated that on-going measurement of key factors
would be required to generate the data needed to develop and test the model.

I11. How can we best quantitatively describe the temporal and spatial (3-dimensional)
distribution of biological, chemical, and physical parameters associated with brown tide?

Development of a fully integrated 3-dimensional model relating biological, chemicai, and

physical factors associated with brown tide occurrence is likely to be a longer-termed effort
requiring 3-10 years. Such a model would tie together all available data on parameters connected
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with bloom formation, and would provide a tool for managers to evaluate various mitigation
strategies and predict the location and persistence of future blooms.

it is important that whatever modeling efforts are supported by this research initiative be
closely linked to other, current work on brown tide. Modeling work should be evaluated by
technical experts not directly involved in the effortat regular intervals to ensure that the most
effective approach is being pursued.
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Chemical Factors

Chemical factors can play an important role in initiating phytoplankton blcoms. Such
factors help select one species or group of species over another. As a stimulator of blooms,
perhaps the most important are those that serve as nutrients - either as macronutnients (N, P, S1)
or as micronutrients (e.g. trace elements). Major research questions are summarized betow.

I. What is the role of major nutrients (e.g. N,P), including organic nutrients, in stimulating
a brown tide bloom?

Dissolved nitrogen and phosphorous have several forms. both inorganic and erganic, that
can be used by organisms. Sources of these nutrients include fluxes from sediments,
groundwater, sewage treatment facilities, and run-off. Nutrient budgets help w© idenufy the
relative importance of the different nutrient sources and the relative preportions of N and P
available to organisms, Nutrient budgets have been estimated for portions of the Peconic system.
This approach should be expanded and refined as appropnate.

Because organic numients such as dissolved organic nitrogen may play an important roie
in stimulating a brown tide bloom, it is important to include these forms of N and P in any
budget. The ability of the brown tide organism to take up organic nuwments and the cellular fate
of this material (whether incorporated or respired) should be investigated.

In the context of the major nutrients, it is important to assess the varability in nutrient
supply and partitioning among the different forms, both within 2 given year and between years.

II. What is the role of micronutrients in stimulating brown tide blooms?

Micronutrients such as trace elements also can play an important role in triggerning
phytoplankton blooms. For example, the role of iron as a limiting micronutrient for some open
ocean phytoplankton has been demonstrated. Iron enters the Peconic system via bottom
sediments, groundwater, terrestrial run-off, and the atmosphere. Relatuve to macronutrients, less
is known about micronutrient sources in the Peconics, and an iron budget is not available.
Moreover, the speciation or chemical forms of the iron is not known, and this can play a crucial
role in determining its availability to organisms. )

For iron and a host of other potential micronutrients, the cellular quotas for growth are
unknown. These quolas are important to determine for 4. anophagefferens and should be
compared with the requirements for other species. Such determinations should be made both in
the field and the laboratory; the {arter would require an axenic culture.
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[11. Research objectives

These considerations of the roie of the macro- and micronutrients in causing brown tide
suggest the following research objectives. The approach taken should successively eliminate
candidate chemical factors based on a series of culture-based {aboratory and field experiments.

A. Calculate budgets for the major nutrients (N. P, Si), to the extent possible using exasting data.
This calculation should be done especially for the bays most strongly affected by brown tide.
Inadequacies in the existing data should be remedied by additional sampiing.

B. Continuously monitor various chemical and physical parameters in the field before, during,
and after brown tide blooms. This can be a labor-intensive exercise and is facilitated through the
use of moored instrumentation.

C. [n an effort to determine the relative imporance of macro- and micronutrients in stimulaung
the growth of 4. anophagefferens, a suite of experiments shouid be conducted in the field, with
mesocosms and with bottle experiments. The goal of these experiments is to determine the
growth response to additions of selected nutrients and trace elements. A parallel set of
measurements should be conducted in the laboratory using axenic cultures.

D. As the efforts proceed to identify chemical factors important in stimulatng brown tide
biooms, it is necessary to characterize important sources and sinks of such factors. Sources
inctude, but are not limited to, the flux from bortom sediments, groundwater inflow, sewage
treatment plant effluent, aimospheric deposition, and storm water run-off. The idenufication of
causative factors and sources can provide the kind of information that suggests management
strategies to coutrol brown tide blooms.
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Ecological Effects

Given the structure and functioning of inshore marine ecosystems, many ecosystem
impacts caused by a perturbation of the phytoplankton community such as brown tide can be
hypothesized. Only two such impacts. however, have been clearly documented o date: a
reduction of eeigrass biomass and distribution attributable to brown tide-caused light attenuation
and severe impacts (recruitment failure, mortalities, growth inhibition) on several commercially
important filter-feeding bivalve molluscs, in particular the bay scallop. Even for these
docurnented impacts, however, the mechanisms by which they occurred generally remain
obscure and their long-term significance for the ecology of these bays remains a matter of
speculation. The effects of brown tide on secondary consumers (e.g. crabs and finfish) remain to
be determined.

The following are key research needs to better understand the broad ecological
significance of brown tide and to evaluate resource management strategies to, if necessary,
accommodate its persistence in Long [sland waters. Answering most questions reiated to the
ecological impacts of brown tide will require both field and laboratory studies.

I. How does brown tide impact commercially important bivalves and other filter-feeders?
A. Brown tide's effect on bivalve physiology

1. What is the /7 vivo mechanism responsibie for grazing suppression and other
adverse effects? Grazing suppression by bivaives exposed to brown tide is frequently noted; it
has been suggested that this reflects chronic toxicity of the organism. The precise mode of action
responsible for grazing suppression and other negative impacts should be determined.

2. What are the density- and time-dependent effects of brown tide on survival,
growth, and reproduction of bivalves? It is clear that effects of A. anophagefferens on
bivalves depend on both cell concentrations and duration of exposure to brown tide. What are
the response thresholds and how do they vary by bivalve species and, within a single species, by
life history stage. Do these responses vary depending on whether the animals are exposed to
mono-cultures of brown tide as opposed to mixed species assemblages? Can bivalves acclimate
or adapt to long-term and recurrent exposure to brown tide?

3. How does brown tide cause recruitment failure and other reproductive impacts in
bivalve mollusks? Little is known about the most sensitive life history stage in terms of brown
tide impacts. [s the effect felt principally by adults at the reproductive stage? [s the timing of
spawning affected? Is recruitment failure caused by effects on larval survival in the water
column, or during and following metamorphosis, as the larvae settle to the bottom. How does
the timing of the brown tide, which varies between locations within a year and berween years,
interact with various life stages of key sheilfish to produce catastrophic losses?
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B. Development of a brown tide bioassay

What organism(s) would be useful in Jssessing the relative toxicity of various brown tide
standard bioassay for brown tide would help immeasurably in

isolates? Deveiopment ofa leasu
¢ labs undertaken with different strains

comparing response effects derived from work in differen
or isolates of A. anophagefferens.

{1. How can shellfish management programs be optimized in the presence of brown tide?

A. Determination of management candidate species

1. Are some bivalve mollusc species less vuinerable/sensitive to brown tide? Should
brown tide remain a permanent probiem, the long-term fate of centain sensitive shellfish species
(e.g. bay scallop and, perhaps, oysters) may become problematic. Work should be undertaken to
screen an assortment of bivalve species to identify those that, in the face of a chronic infestation
of brown tide, stand the best chance of sustaining viable, reproducing populations in the affected
area or that might form the basis of an intensively managed “put and take" shellfishery.

B. Refinement of management app roaches

1. How can management practices be improved to reduce losses from brown tide? If
brown tide continues to récur periodically in Long [sland waters, fisheries for such traditionally
important shellfish species as bay scallop and hard clam might remain viable. Much has been
jcarned in Great South Bay over the past Two decades on how 1o artificially enhance hard clam
stocks. Seeding efforts have contributed to the rehabilitation of bay scallop stocks in the Peconic
Bays system. Applied research should be conducted to continue to refine and improve the
effectiveness of such management measures as creation of spawner sanctuaries, transplanting,
seeding, habitat improvement, and related activities.

I1. What is the effect of brown tide on other ecosystem elements?
A. Impacts on submerged aquatic vegetation (SAV)

What are the long-term impacts of brown tide on SAV? Past cesearch has documented
widespread, but apparently temporary deciines in the abundance, distribution, and general
condition of SAV's, especially eelgrass, in brown tide-affected waters. SAV cOMmUMUNItIEs are
afft?c;ed by a multitude of other factors--general eutrophication, disease, sediment resuspension,
saluur_y and temperature, availability of suitable substrate, light, and the activity of epiphytic
Organiss. Research is needed that would ascertain the refative impact of brown tide-related
light atenuation among the various other determinants of the health of SAV communities.
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B. [mpacts on secondary consumers

1. Does brown tide-related light attenuation and increased turbidity affect
organisms, such as finfish, that rely on visual cues in feeding and predato; avoidance?
Many key resource or forage species of finfish in focal waters depend on visual cues. Fishermen
contend that tish avoid areas experiencing a brown tide bloom. Research is needed to ascertain
whether and to what extent shading and increased turbidity associated with brown tide blooms
interferes with feeding and predator avoidance in these species.

2. What are the affects of brown tide-related eelgrass losses on secondary
consumers? Many species of finfish and invertebrates are found in close association with beds
of esigrass. Should brown tide blooms reduce the abundance/distribution of eelgrass in the bays,
this could represent a significant loss of habitat for these species. Research is recommended to
assess the consequences of such habitat reduction for these species and the effects of reduced
food availability (e.g. zooplankton} on secondary consumers,

III. Are there multiple strains of brown tide of varyiag relative toxicity?

Development of new brown tide isolates is key to understanding the range of ecological
effects that might ensue from an outbreak of brown tide. A. anophagefferens appears to be
somewhat plastic in its toxicity, with isolates from closely adjoining water bodies having
different impacts on shellfish. The extent of this plasticity and its implicanon must be
determined if a true understanding of this organism and its likely ecological impacts to particular
areas are to be assessed.
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