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ABSTRACT: Harmful brown tides caused by the pelagophyte Aureococcus anophagefferens have
occurred in mid-Atlantic estuaries for 2 decades. Low grazing rates by microzooplankton have been
implicated as a possible cause of these events, but no study to date has concurrently quantified zoo-
plankton population densities and zooplankton grazing rates of A. anophagefferens cells. We con-
ducted field studies from 2002 to 2004 to quantify grazing on the brown tide alga A. anophagefferens
by meso-, micro-, and nanozooplankton, while concurrently establishing the composition of the
plankton community. Research sites included an estuary that experienced an intense brown tide
(Chincoteague Bay, Maryland [MD]; 2004: 2 x 10° cells ml™!) and one that experienced sporadic
blooms (Quantuck Bay, New York [NY]; 2002: 8 x 10° cells ml™}; 2003 and 2004: <3 x 10% cells mlI™}).
The MD site was dominated by small autotrophs (<5 pm), such as A. anophagefferens and other
picoeukaryotes, and small heterotrophs, such as Paulinella ovalis, while the NY site hosted a range of
large and small autotrophs and zooplankton. Experiments indicated that small zooplankton (3 to 5
pm) were consumers of A. anophagefferens at bloom and non-bloom locations. However, dilution
experiments documented active grazing on most picoplankton except A. anophagefferens in MD,
while grazing rates on the brown tide alga in NY were comparable to grazing rates on the total phyto-
plankton community and other picoplankton. Experimental enrichment of estuarine waters with
mesozooplankton indicated a preferential avoidance of A. anophagefferens by grazers during
intense blooms, but active consumption during non-bloom conditions. Differences in the effect of
grazing between sites suggest that zooplankton may be controlling brown tides in NY, but allowing
blooms to form due to low grazing pressure in MD. These findings further suggest that the zooplank-
ton community in NY has changed from one which formerly avoided the consumption of A. anopha-
gefferens to one which currently contributes to top-down control of brown tides.
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INTRODUCTION

The picoplanktonic pelagophyte Aureococcus ano-
phagefferens Hargraves et Sieburth is responsible for
harmful brown tides in mid-Atlantic estuaries of the US
(reviewed in Gobler et al. 2005). A. anophagefferens is
considered harmful due to its detrimental effects on
eelgrass Zostera marina beds, shellfish populations,
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and zooplankton. Significant reduction in light pene-
tration during intense blooms (10° cells ml!) has
caused die-offs of eelgrass (reviewed in Gobler et al.
2005), and feeding cessation and mortality have been
noted for suspension-feeding shellfish (Greenfield &
Lonsdale 2002, Gobler et al. 2005). Successive brown
tides in the 1980s led to the collapse of Long Island's
bay scallop Argopecten irradians fishery, and blooms
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have negatively affected the hard clam Mercenaria
mercenaria fishery as well (reviewed in Gobler et al.
2005).

Aureococcus anophagefferens may adversely affect
the growth and survival of micro- and mesozooplankton
(Caron et al. 1989, 2004, Lonsdale et al. 1996, Sieracki et
al. 2004). Microzooplankton (20 to 200 pm; Sieburth et al.
1978, Omori & Ikeda 1984) are particularly important in
marine food webs as a trophic link between pico-
(<2 pm) and nanoplankton (2 to 20 pm) and mesozoo-
plankton (>200 pm; Lonsdale et al. 1996, Kigrboe 1998,
Calbet & Landry 1999, Klein Breteler et al. 1999). During
brown tides, feeding selectivity by microzooplankton
may result in lower grazing rates on A. anophagefferens
relative to grazing rates on co-occurring phytoplankton,
thereby promoting blooms (Gobler et al. 2002, 2004,
Caron et al. 2004, Sieracki et al. 2004). Microzooplankton
grazing may contribute to the decline of a bloom (Gobler
et al. 2004) during a period when microzooplankton
abundances often increase (Calbet et al. 2003). However,
the species of microzooplankton that may be responsible
for grazing on A. anophagefferens have been poorly
characterized. Moreover, the effect of grazing by larger
zooplankton (mesozooplankton), such as copepods, on
phagotrophic protists that might consume A. anopha-
gefferens has not been investigated.

Although blooms of Aureococcus anophagefferens
have been reported in the US since 1985, the geo-
graphic range of these blooms has changed. In the
1990s, severe blooms (>10° cells ml~!) began to appear
further south in the mid-Atlantic region of the US, such
as Chincoteague Bay in Maryland and in Virginia,
which did not experience blooms in the 1980s
(reviewed in Gobler et al. 2005). Concomitantly,
blooms ceased in more northern regions of its initial
range, such as in Rhode Island and the Peconic Estuary
of Long Island, New York. Physical dispersal of cells
may account for blooms in new regions, but the factors
influencing the abatement of blooms from estuaries
are not clear. Analysis of physical (temperature, salin-
ity, light) and chemical (organic and inorganic nutri-
ents) parameters suggests that the physiochemical
conditions of these latter systems have not changed
since blooms ceased to occur (Taylor et al. 2006).

We hypothesize that changes in the zooplankton
community structure and/or grazing activity during
the years following the initial outbreak of brown tides
in the mid-1980s has influenced the geographical dis-
tribution of blooms caused by Aureococcus anophagef-
ferens in US estuaries. Prior research demonstrating
the ability of zooplankton communities to adapt to
toxic algae would support such a hypothesis (Hairston
et al. 2001, Colin & Dam 2002). Colin & Dam (2002)
studied the latitudinal differences in copepods ex-
posed to blooms of highly toxic strains of the dino-

flagellate Alexandrium sp. (northern range; Maine/
Massachusetts) compared to those exposed to less fre-
quent and less toxic blooms (southern range; Connecti-
cut/New Jersey). They found that copepods which
were frequently exposed to blooms were able to graze
highly toxic strains of Alexandrium sp., while cope-
pods which rarely experienced blooms could not. A
similar degree of adaptation in zooplankton communi-
ties exposed to A. anophagefferens might alter brown
tide dynamics in formerly bloom-prone estuaries. In
the present study, we tested this hypothesis by con-
ducting field research within the south shore estuary
system of Long Island in the spring and summer of
2002, 2003, and 2004. Chincoteague Bay, Maryland,
was also studied in the summer of 2004, during an
intense brown tide. Our objectives were to estimate
the grazing effect of different size classes of zooplank-
ton (nano-, micro-, and meso-) on A. anophagefferens
and co-occurring phytoplankton, and to determine the
diversity and abundance of protists and mesozoo-
plankton in estuaries that experience frequent and
intense brown tides, as well as in bays where blooms
are sporadic and/or absent.

MATERIALS AND METHODS

Field sampling and seawater incubation experi-
ments were conducted during the spring (May) and
summer (June, July, and August) of 2002, 2003, and
2004. Field sampling was conducted in Quantuck Bay
(NY, 40.81° N, 72.62° W), which is located in the south
shore estuary system of Long Island and has experi-
enced brown tides for nearly two decades (Fig. 1;
reviewed in Gobler et al. 2005). Public Landing (MD,
38.15°N, 75.29°W) in Chincoteague Bay was sampled
in the summer of 2004, during an intense brown tide
event (Fig. 1).

Light penetration of the water column was character-
ized for each sampling date using a Secchi disk. Tem-
perature, salinity, and dissolved oxygen concentrations
were measured using a Quanta probe from Hydrolab.
Duplicate micro-/mesoplankton (>64 pm) samples
were collected by concentrating 40 1 of subsurface
(~0.5 m depth) seawater and preserving it in 5%
buffered formalin. Additionally, 20 1 of water was col-
lected just below the surface without bubbling in Nal-
gene polycarbonate carboys for further phytoplankton
and zooplankton quantification, as described below.
Carboys, experimental bottles, Nitex mesh filters, filter
cartridges, and tubing were stored in 10% HCI
between sampling dates and were rinsed liberally with
distilled-deionized water before use.

Water samples were kept cool and in the dark during
transport to the laboratory, where they were processed



Deonarine et al.: Zooplankton and brown tides 183

-76° -75° -74° -73° -72°W
L — — ]
. >
41°N 3
Quantuck
Bay, NY
40°
39°
N e
38° ¥ +<— Chincoteague
L Bay, MD
37°

Fig. 1. Locations of the 2 study sites on the eastern seaboard
of the US: Quantuck Bay, New York (NY), and Public
Landing, in Chincoteague Bay, Maryland (MD)

immediately. Subsamples were removed for size-
fractionated chlorophyll a (chl a) analysis, Aureococcus
anophagefferens quantification, flow cytometry, trans-
mission electron microscopy, microplankton enumera-
tion, and nutrient analyses. Phytoplankton biomass in
whole (unfractionated) seawater was obtained from
subsamples collected by filtering 60 to 120 ml of sea-
water directly onto glass fiber filters (GF/F, 25 mm,
nominal pore size = 0.7 pm). Chlorophyll in the <5 pm
size range was obtained from 60 to 120 ml subsamples
filtered through a <5 pm pore size polycarbonate filter,
and then onto a GF/F filter. Triplicate chlorophyll sub-
samples were analyzed by standard fluorometric
methods (Parsons et al. 1984).

Triplicate 4.5 ml seawater samples for the enumera-
tion of Aureococcus anophagefferens and for flow
cytometric quantification were preserved in 1% glu-
taraldehyde. Flow cytometry samples were flash
frozen in liquid nitrogen and stored at -80°C. A.
anophagefferens sampled were kept at 4°C and densi-
ties were determined using an ELISA-based mono-
clonal antibody labeling technique (Caron et al. 2003).
This method estimates abundances of A. anophagef-
ferens in natural samples to a lower threshold concen-

tration of approximately 5 x 10° cells ml~!. Densities of
phycoerythrin-containing picocyanobacteria and pho-
tosynthetic picoeukaryotes were determined using a
FACScaliber (BD) flow cytometer to determine fluores-
cence patterns and particle size from forward angle
light scatter for samples collected in 2003 and 2004.

Transmission electron microscopy (TEM) was used
to identify dominant species of nanoplankton (most
were between 2.0 and 16 pm) that occurred in the 2003
and 2004 samples. Since June is traditionally the
month when brown tides initiate (reviewed in Gobler
et al. 2005), we examined all June samples from all
sites and years. We also examined all samples from
MD. Seawater samples (180 ml) were preserved with
2% glutaraldehyde in 0.05 M cacodylate solution.
Samples were stored at 4°C. TEM was performed in
the Electron Optics Laboratory of Columbia Univer-
sity's Lamont-Doherty Earth Observatory. TEM sam-
ples (200 ml) were allowed to settle, and then the over-
lying supernatant was removed until only 20 ml
remained. These samples were resuspended, and each
was divided into 2 equal portions. These portions were
subsampled, and individual drops were deposited on
carbon-reinforced, formvar-coated, copper grids
(200 pm mesh) and air-dried at room temperature
(25°C). The grids were shadow-coated with a carbon-
platinum source at approximately a 45° angle using a
Denton High Vacuum Evaporator. The shadow-coated
particulates were examined in a Philips 201 transmis-
sion electron microscope. Transmission electron micro-
graphs were prepared using 35 mm fine-grain-positive
Kodak film. The films were scanned digitally using a
Polaroid high-resolution scanner to produce digital
images of the TEM micrographs. At least 2 grids were
prepared for each sample and systematically exam-
ined by scanning each of the grid spaces to obtain the
relative abundances of the biota.

Duplicate microplankton samples were analyzed
according to Hasle (1978) to identify and quantify the
major taxonomic categories of microzooplankton and
phytoplankton present in the water column during
2003 and 2004. Seawater samples (180 ml) were pre-
served with acid Lugol's solution (final concentration
10 %) and counted using an inverted microscope. The
duplicate mesoplankton (>64 pm) samples that were
generated in the field during 2003 and 2004 were
counted on a dissecting microscope. Organisms were
identified to the major taxonomic category and abun-
dance established. A minimum of 200 organisms or 100
grids (microplankton enumerations) were counted per
sample (Omori & Ikeda 1984).

Dissolved organic and inorganic nutrients were col-
lected in duplicate from filtered seawater prepared
using a low-pressure, peristaltic pumping system
equipped with an acid-cleaned polypropylene filter
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capsule (0.2 pm, MSI) and acid-washed Teflon tubing
(Gobler & Safiudo-Wilhelmy 2001). Filtered seawater
(~200 ml) was collected and frozen. Inorganic nutrients
were analyzed by standard spectrophotometric meth-
ods (Newell et al. 1967, Jones 1984, Parsons et al.
1984). Total dissolved nitrogen was determined using
the persulfate oxidation method according to
Valderama (1981), and dissolved organic nitrogen was
determined by subtracting dissolved inorganic nitro-
gen (nitrate, nitrite, ammonium) concentrations from
total dissolved nitrogen levels.

For incubation experiments, 120 1 of seawater was
collected and transported back to the laboratory.
Treatments were prepared in triplicate in 1.2 1 polycar-
bonate bottles. Treatments included microzooplankton
grazing/dilution experiments (Landry & Hassett 1982,
Landry et al. 1995), predator-exclusion experiments,
and copepod-addition experiments (Lonsdale et al.
1996, Calbet & Landry 1999). Incubations were con-
ducted for 24 h.

The microzooplankton-grazing/seawater-dilution ex-
periments were performed to determine the effect of
zooplankton grazing on algal mortality. These experi-
ments involved 4 treatments (100, 70, 40, and 15%
whole seawater) each performed in triplicate. Whole
seawater was diluted with filtered seawater made
using an in-line 0.2 pm cartridge filter. Levels of dis-
solved organic and inorganic nutrients in this filtered
seawater did not differ from levels measured using
combusted (2 h at 450°C) glass fiber filters. An addi-
tional bottle was filled with 0.2 pm filtered seawater to
verify that the 0.2 pm filters removed all phytoplank-
ton. All bottles were amended with nitrate (20 pM final
concentration) and orthophosphate (1.25 upM final con-
centration) in order to assure nutrient-replete growth
of phytoplankton (Landry et al. 1995). An additional
triplicate set of experimental bottles of whole seawater
without nutrients was used to examine the effect of
nutrient additions (Landry et al. 1995).

Predator-exclusion experiments (Calbet & Landry
1999) were conducted to elucidate the effects of differ-
ent size classes of zooplankton on lower trophic levels.
Removing larger size classes presumably reduces the
grazing pressure on plankton in the next-smallest size
class. Changes in the net growth rate of the latter size
class provides insight into the structure of the plank-
tonic food web. Seawater was filtered by in-line grav-
ity filtration through Nitex mesh to remove different
size classes of plankton. Treatments consisted of whole
(unfiltered) seawater, and seawater filtered through 10
and 5 pm mesh. In MD in 2004, the same experiments
also included a <3 pm size fraction made with car-
tridge filters. All bottles were amended with nutrients
as described for the dilution experiments. Filtrate was
collected from all mesh sizes for triplicate chl a analy-

sis. Filtrate from the <3 pm size fraction was also pre-
served and analyzed for the abundance of Aureo-
coccus anophagefferens in MD.

Mesozooplankton-addition experiments were per-
formed according to Calbet & Landry (1999) to eluci-
date the effect of mesozooplankton grazing on plank-
ton communities. Mesozooplankton were concentrated
from ambient seawater using 200 pm netting, and
added to 5 bottles (1.2 1 each) that were filled with
200 pm filtered seawater. The specific volume of zoo-
plankton concentrate added depended on the concen-
tration to be achieved, which was 4-fold the natural
assemblage in the summer of 2003 and 8-fold in the
summer of 2004. Organisms on the mesh were care-
fully transferred to the filtered seawater beaker using
200 pm filtered water. This solution was then gently
mixed, and the volume required to attain each level of
enrichment was transferred back into each experimen-
tal bottle, with care being taken to mix between trans-
fers. Two bottles were immediately sacrificed follow-
ing the experimental setup to obtain T; samples for
analysis of mesozooplankton and microplankton abun-
dance, and triplicate chl a analyses. All bottles used for
the incubations were amended with nutrients as
described above.

All experimental bottles were incubated for 24 h just
below the surface of Old Fort Pond at the Southampton
College Marine Station, NY, USA (Gobler et al. 2002,
2004). The bottles were covered during incubation
with 1 layer of neutral-density screening if it was
cloudy (33 % reduction in light) and 2 layers if it was
sunny (66 % reduction), mimicking the light intensity
at approximately 1 m depth (Gobler et al. 2002, 2004).
Samples for chl a analysis, Aureococcus anophageffer-
ens abundance, and flow cytometric analysis were ob-
tained from each of the experimental bottles at the end
of the incubations.

Net growth rates of Aureococcus anophagefferens,
picocyanobacteria (i.e. Synechococcus sp.), photosyn-
thetic picoeukaryotes, and the total phytoplankton
community (TPC) were determined using initial and
final cell densities or chl a concentrations. Growth
rates were calculated using the formula: k = [In
(B;/By))/t, where k is the net growth rate, B, is the bio-
mass or cell density at t = 1 d, By is the biomass or cell
density at t = 0 d, and t is the length of the experiment
(Gobler et al. 2002). Net growth rate takes into account
the intrinsic growth rate and the mortality rate. In our
experiments, changes in net growth rate indicated
changes to the mortality rate because the intrinsic
growth rate should remain constant among treatments
under the nutrient-replete and common light and tem-
perature conditions of our experiments. Mortality rates
in the dilution experiments were determined from lin-
ear regressions of net (apparent) growth rate versus
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the proportion of whole seawater (0.15, 0.40, 0.70, 1.0).
The slope of this regression yielded the mortality rate,
which we assumed was predominantly due to micro-
zooplankton grazing, and the y-intercept, adjusted for
nutrient addition, was equivalent to the theoretical
growth rate in the absence of predators (Landry & Has-
sett 1982, Landry et al. 1995). Three-point regressions
of dilution curves during this study did not indicate sat-
uration of grazing during experiments (Gallegos 1989).

RESULTS
Dynamics of plankton populations

Chincoteague Bay experienced an intense brown
tide during the summer of 2004. Aureococcus anopha-
gefferens abundances in MD were highest on 17 June
(mean + SD = 2.5 + 0.1 x 10° cells ml™}; Table 1) and
remained at bloom densities throughout the summer
(>5 x 10* cells mI"}; Table 1). A moderate brown tide
occurred in Quantuck Bay, NY, during 2002, but not
in 2003 or 2004. A. anophagefferens densities during
2002 were highest on 18 June (8.6 = 0.36 x 10° cells
ml!) and then declined throughout the rest of the sam-
pling season (Table 1). Densities in NY during 2003
and 2004 were much lower, averaging 2.0 + 0.6 x 10*
cells ml™! in 2003 and 1.7 + 0.2 x 10* cells m1™! in 2004
(mean + SE, Table 1).

Chl a concentrations were similar among all years
and sites during this study, with levels ranging from 5
to 25 pg 1! (Fig. 2). The dominant size class of phyto-
plankton in MD was <5 pm for the duration of sam-
pling (seasonal mean + SE = 18 + 2.8 pg 1"! was <5 pum).
In contrast, concentrations of chl a

during mid-June, July, and August were significantly
higher than those in NY in 2003 and 2004 (Tukey, p <
0.05; parameter not measured for NY 2002; Table 1).
Maximal abundances of Synechococcus spp. in MD
were also substantially greater than those in NY dur-
ing 2003 and 2004 (Table 1).

Electron microscopic examination of autotrophic
nanoplankton indicated that, although there were sim-
ilarities in community composition between the 2 sam-
pling locations, the dominant species differed between
MD and NY (Table 2). The most abundant nanoplank-
ton in MD were the centric diatom Thalassiosira pro-
schkinae (mean + SE = 15 + 4.6 % of total) and biflagel-
lates (20 + 4.6 % of total counted; Table 2). In NY, the
dominant nanoplankter in June during 2003 and 2004
was the centric diatom Cyclotella choctawhatcheeana
(2003: June mean + SE = 29 + 6.6 % of total; 2004: 42 +
13 % of total), a species which was rare in MD (6.0 +
3.0%). In 2003, biflagellates (16 + 4.4 % of total) and
pennate diatoms (16 + 2.2% of total) were also abun-
dant in NY, and in 2004 the centric diatom Skele-
tonema costatum represented 15 + 4.5% of the total
counted.

Among autotrophic microplankton, there was an
abundant, co-occurring, subdominant assemblage of
microplanktonic pennate diatoms (>1.7 x 10* I"'!) and
dinoflagellates (>7.8 x 10° I"!) during the peak of the
brown tide in MD (Fig. 3C). These groups were also
present in NY, but at lower maximal densities (pennate
diatoms ~7.9 x 10° 11, dinoflagellates ~1.1 x 10° 1"%;
Fig. 3B). Photosynthetic microflagellates were always
present at moderate densities during both years in NY
(2003: mean + SE = 5.3 + 2.2 x 10° cells ml™!; 2004: 2.1
+ 1.2 x 10* cells ml™}; Fig. 3), but were not apparent in

<5 pm in NY during 2002, 2003, and ~ 30 [A 30lB
2004 were less than half of the levels Tm 20
found in MD (2002: seasonal mean + = 20
SE =7.2 £ 1.9 ng I"'! was <5 am; 2003: 10 10
8.1 +2.0ng 1" was <5 pm; 2004: 7.3 + 2 o 0T
2.0 ug I"! was <5 pm). g é’ g _% 5 3 3 <§’ g g‘ § é § 3 3
Densities of autotrophic picoplank- ] T 5 © o Y 2 I o LI s o 8 e
. < IV N - o T o«
ton populations paralleled trends O
observed in size-fractionated chl a. B 30dC 30dD
In MD in 2004, after the peak of the © 20
brown tide, densities of other pico- e 20
planktonic species remained high g 10 10
(Table 1). A maximum in the density L gfb—F—""7"——"— o——————
of Synechococcus spp. occurred in & g’ E% 5 5 3 g § 5 § 3 3 ?
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ml™!), and the maximal density of
photosynthetic picoeukaryotes oc-
curred on 13 July (2.8 + 0.07 x 10°
cells ml™!; Table 1). Densities of pho-
tosynthetic picoeukaryotes in MD

-+ WSW <5 pum

Fig. 2. Time series of total (whole seawater, WSW) and <5 pm chlorophyll a in
(A) Quantuck Bay, NY, in 2002, (B) Quantuck Bay, NY, in 2003, (C) Quantuck
Bay, NY, in 2004, and (D) Public Landing, MD, during the bloom in 2004



186 Aquat Microb Ecol 44: 181-195, 2006

samples from MD until the last sampling date.
Microflagellates in NY were almost exclusively eugle-
noids, with occasional silicoflagellates present.
Abundances of smaller grazers (<64 pm) differed
among sites during this study (Fig. 3, Table 2). Ele-
vated densities of the heterotroph Paulinella ovalis

(<5 pm, 23 + 7.1% of total counted by electron micro-

scopy) were found in MD, while this species was
almost absent in NY during 2003 and 2004 (Table 2).
NY hosted moderate densities of rotifers through the
month of May (>40 pm, 2003: monthly mean + SE =
43 + 25 I'Y; 2004: 61 = 54 I'Y; Fig. 4A,B), while these
grazers were not present in any of the samples from
MD during the months sampled there (June to

Table 1. In situ conditions at each sampling site during the present study. Temperature (T, °C), salinity (S, psu), and Secchi depth
(m) are shown. Mean densities (cells ml™!, +SD) of triplicate measurements of Aureococcus anophagefferens (BT), photosyn-
thetic picoeukaryotes (PEUK), and Synechococcus (SYN) are also shown. All nutrients represent means (+SD) of duplicate

measurements
T S Secchi BT PEUK SYN DIN DIP DON
depth (x10%) (x10%) (x10%) (1M) (1M) (nM)
NY 2002
19 Apr 20 29 1.3 1.0 £0.35 0.38 +0.15 0.42 +0.21 38+1.1
09 May 16 30 1.2 3.2+0.16 0.59 + 0.42 0.35+0.21 23+54
23 May 16 28 1.4 3.7 £0.33 1.2 +0.89 0.11 £ 0.03 31+1.5
04 Jun 20 29 1.5 6.8 +0.19 1.2 +0.70 0.26 + 0.04 37 £2.0
18 Jun 21 26 0.8 86 + 3.6 1.1 +0.65 0.28 £0.10 43 +0.80
11 Jul 24 30 0.7 11 £0.19 26+1.2 0.31 £ 0.10 42 +0.92
08 Aug 24 29 0.5 1.0 £ 0.06 0.19 £ 0.20 1.0+0.12 55+ 7.3
Mean+SE 20+1 29+1 1.0+0.1 16 + 12 1.0 £ 0.30 0.40 + 0.11 39 + 3.7
NY 2003
03 May 15 27 1.8 1.5+0.24 35 +2.7 0.91 + 0.32 0.84 +0.29 0.51 +£0.29 15+5.2
10 May 15 26 1.1 7.9 +0.48 84+29 2.0+0.71 0.36 + 0.48 0.46 + 0.21 21 +4.3
19 May 15 28 1.6 2.1+0.19 28 +0.16 1.8 +0.58 85+13 0.40 £ 0.09 21+ 7.7
29 May 15 25 1.5 1.3+0.28 13 2.5 4.7 +£0.58 0.34 £ 0.02 16 +£1.1
03 Jun 18 24 1.4 1.1 +£0.16 4.0 £ 0.87 1.5 +£0.43 0.88 + 0.40 0.25 £ 0.06 18 +0.34
09 Jun 18 21 1.3 1.0 £ 0.37 8.6 + 0.30 24+19 1.5+0.72 0.44 +0.14 19+ 3.3
16 Jun 19 25 1.3 1.2+0.19 10 + 0.37 2.8+0.29 1.1 +£0.16 0.36 £ 0.03 25 +0.04
25 Jun 24 23 1.5 0.68 + 0.20 6.5+1.2 24+1.0 0.92 +0.20 0.27 £ 0.06 27 +0.64
30 Jun 25 25 1.9 1.6 £0.33 7.6 +0.01 2.5+0.13 1.32+0.14 0.47 + 0.08 32+1.1
08 Jul 29 22 0.9 2.7+0.13 23 +£0.28 0.55 +0.01 0.60 + 0.08 0.80 £ 0.10 36 +0.26
21 Jul 26 25 1.6 1.8 +£0.28 27 +0.17 19 £ 0.05 5.0 +£0.73 0.78 + 0.04 32 +0.02
06 Aug 27 27 1.0 1.6 +£0.16 110 £ 7.5 170 £ 8.7 0.39 + 0.39 0.19 £ 0.01 36 +5.8
Mean+SE 20+2 25+1 14+0.1 2.0 £0.55 23 +8.4 17 £ 14 2.2+0.73 0.44 + 0.05 25+2.2
NY 2004
01 May 15 25 1.3 1.4 +£0.09 17+ 2.5 4.1+1.2 4.5 +0.49 0.30 + 0.03 23+24
08 May 16 25 1.8 1.9+0.54 50 + 0.77 2.7+0.12 0.69 + 0.40 0.57 £ 0.15 26+ 1.1
15 May 19 23 1.3 1.4 +0.36 79 3.1 4.7 +0.48 0.50 + 0.26 26 + 2.7
25 May 19 27 1.6 1.4 +0.09 4.9 +0.33 1.1 +£0.93 0.05 +0.04 0.16 + 0.22 24 +4.8
03 Jun 21 26 1.1 2.1 +0.32 7.7+0.14 2.2+0.69 3.5+1.6 0.20 £ 0.11 22+1.2
08 Jun 20 28 1.8 2.1+0.17 52+1.4 4.6 + 0.800 4.2 + 0.67 0.45 £ 0.25 32+5.8
14 Jun 20 28 1.4 1.6 +£0.14 54 +4.1 50+1.4 3.4 +£0.11 1.1 +£0.04 25+6.2
21 Jun 22 27 1.3 26+0.14 31 +0.79 14 + 0.50 3.8+0.24 0.61 +£0.11 27 +2.4
06 Jul 25 28 1.5 0.98 +0.14 19 £ 0.61 77 + 4.7 9.4 +0.51 0.54 +0.14 34 +£4.8
19 Jul 24 28 1.1 1.9+0.13 58 +3.2 250 +6.3 0.62 + 0.08 0.88 + 0.09 28 +0.40
Mean+SE 20+1 27+1 14+0.1 1.7+0.15 37+7.8 36 £ 25 3.5+0.86 0.53 £ 0.09 27+ 1.2
MD 2004
19 May 25 23 31
03 Jun 25 24 45
09 Jun 26 24 51
17 Jun 25 28 0.5 250 +8.9 180 + 6.8 75+ 3.1 0.96 + 0.16 1.4 +0.04 34 + 3.3
28 Jun 24 30 0.7 59 +3.8 170 £ 8.5 130 £ 15 3.2+0.05 1.2+0.35 56 + 0.65
13 Jul 26 31 0.4 6.7+ 1.2 280 + 7.0 84 + 2.7 1.1 £0.50 1.1 +£0.20 52 +8.4
25 Jul 52+0.21 220 + 41 65+7.4
10 Aug 24 27 0.5 8.4 +0.41 83 +£6.8 96 + 8.7 0.69 + 0.44 1.5+0.13 53 +3.5
Mean+SE 25+0 29+1 0.5+0.1 57 £ 29 190 + 32 90 + 11 1.5+ 0.59 1.3+0.11 49 + 5.0




Table 2. Organisms identified via transmission electron microscopy in Maryland and New York in 2003 and 2004, including the size range of dominant species. Values

represent percentage of total counted (see ‘Materials and methods’ for details). Rare organisms (mean <1 % for all sites and years) have been omitted
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MD 2004
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03Jun 09Jun 16Jun 25Jun

Size
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Centric

11

30 13 53

72

48 19
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23
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11

18

31

14
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Minutocellus polymorphus
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25 14
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Fig. 3. Field microplankton mean densities on each sampling

date in (A) NY in 2003, (B) NY in 2004, and (C) MD in 2004.

Relative SD of duplicated counts were <20% for all groups
enumerated

August). Non-loricate ciliates were the most abundant
microzooplankton at both locations (2.2 + 0.7 x 10* 1?
and 2.0 + 0.5 x 10* 17! in NY and MD, respectively, in
2004; Fig. 3B,C). The total microzooplankton densities
(20 to 200 pm) were not significantly different between
sites or years (Fig. 3).

Densities of most groups of larger grazers (>64 pm)
in NY (2003 and 2004) and MD were similar through
the June to August sampling periods (Fig. 4). Interest-
ingly, abundances and diversity of mesoplankton in
MD were minimal during the maximum abundance of
the brown tide (Fig. 4C, Table 1). Copepod nauplii and
polychaete larvae were consistently the most abundant
mesoplanktonic organisms in MD and NY during 2003
and 2004 (Fig. 4). The only notable differences among
mesozooplankton densities were those of polychaete
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Fig. 4. Field mesoplankton mean densities on each sampling

date in (A) NY in 2003, (B) NY in 2004, and (C) MD in 2004.

Nauplii, polychaete larvae, and rotifer densities were 10-fold

higher than those displayed. Relative SD of duplicated counts
were <20 % for all groups enumerated

larvae, which were 5-fold lower in MD (9.6 + 1.2 ind.
I"!) than in NY (2003: 52 + 16 ind. 1"1; 2004: 52 + 20 ind.
I; Fig. 4).

Physical and chemical characteristics of MD and NY
during the study did not differ appreciably from previ-
ously published reports of brown tides in US Atlantic
estuaries (Table 1; reviewed in Gobler et al. 20095).
There were no statistically significant differences
between sites and years in temperature, salinity, dis-
solved inorganic nitrogen, or dissolved silicate from
late June through early August (Tukey, p < 0.05;
Table 1). Nutrient levels within the bays were consis-
tent with previously published reports (reviewed in
Gobler et al. 2005), with significantly higher dissolved
organic nitrogen at sites hosting blooms (MD and NY

2002) compared to the non-bloom bays (Tukey, p <
0.05, NY 2003 and 2004; Table 1). MD also had sig-
nificantly higher dissolved inorganic phosphorous
through mid-June, July, and August compared to NY
during all 3 yr (Tukey, p < 0.05; Table 1).

Experimental results
Mesozooplankton-addition experiments

The impact of enhanced abundances of mesozoo-
plankton (>200 pm) on the net growth rates of Aureo-
coccus anophagefferens and other picophytoplankton
differed between bloom and non-bloom sites and
among dates. Additions of zooplankton significantly
reduced net growth rates of A. anophagefferens, com-
pared to the control (t-test, p < 0.05), in NY during the
latter half of the sampling season (late June through
July) during both 2003 (e.g. 30 June: control growth
rate £ SD = 0.27 + 0.05; treatment = 0.01 + 0.08) and
2004 (e.g. 22 June: control = -0.19 + 0.15; treatment =
-0.73 = 0.19; Fig. 5). In NY, photosynthetic pico-
eukaryotes and Synechococcus spp. were significantly
affected by the addition of mesozooplankton only dur-
ing the last experiment of each year (21 July 2003 and
19 July 2004; Fig. 5). Net growth rates of picoeukary-
otes (PEUK) and Synechococcus (SYN) spp. during
2003 were significantly reduced (PEUK: control =
—-0.30 = 0.09; treatment = -0.81 + 0.17; SYN: control =
-0.64 + 0.07; treatment = -1.1 = 0.0), whereas in 2004
net growth rates were significantly increased by the
addition of mesozooplankton (PEUK: control = -0.02 +
0.07; treatment = 0.24 = 0.07; SYN: control = 0.26 =
0.08; treatment = 0.49 + 0.07; Fig. 5). Photosynthetic
picoeukaryote and Synechococcus spp. net growth
rates in MD were significantly reduced in all but 1
experiment (28 June; Fig. 5). A. anophagefferens
abundance in MD was not significantly affected by
mesozooplankton enrichment.

Predator-exclusion experiments

Analyses of the net growth rates among size classes
within the predator-exclusion experiments suggested
that there were multiple trophic levels within smaller
size classes (<20 pm) of the plankton assemblage. In
general, net growth rates of the TPC increased as
smaller size fractions of the water were incubated
(Fig. 6). Net growth rates of Aureococcus anophagef-
ferens responded similarly. The important significant
changes in the net growth rate of the brown tide alga
in the MD samples occurred between the <10 and
<5 pm and the <5 and <3 pm size fractions. There was
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Fig. 5. Mean net growth rates (d*, +SD) of triplicate measurements of the total phytoplankton community (TPC), Aureococcus

anophagefferens (BT), photosynthetic picoeukaryotes (PEUK), and Synechococcus (SYN) with and without concentrated

mesozooplankton added in NY in 2003 and 2004 and MD in 2004. *: significant difference between control and treatment
(Tukey test, p < 0.05)

a significant increase in A. anophagefferens net
growth rates between the <5 and <3 pm size fractions
in 3 of 4 experiments (28 June, <5 pm: growth rate +
SD = 0.15 + 0.08; <3 pm: 0.83 + 0.05; 12 July, <5 pm:
-0.28 + 0.01; <3 pm: 0.52 + 0.22; 10 August, <5 pm:
-0.13 £0.07; <3 pm: 1.2 + 0.66; Fig. 6). For A. anophag-
efferens in NY in 2004, the <10 pm size fraction gener-
ally yielded substantially higher net growth rates than
the <5 pm size fraction (e.g. 8 June, <10 pm: 0.45 =+
0.15; <5 pm: -2.2 + 0.86; Fig. 6). Most experiments in
NY during 2003 did not yield a significant effect with
the removal of any size class on net growth rates of the
brown tide alga (Fig. 6).

Microzooplankton grazing experiments

Significant rates of microzooplankton grazing on the
TPC and various picoplankton assemblages were con-
sistently obtained in both MD and NY throughout the
study period, with the exception of the late May/early
June date each year in NY (Table 3). Grazing rates on
the TPC were comparable between bloom and non-
bloom years in NY (2002: 0.90 + 0.29 d~%; 2003: 0.77 =
0.11 d°%; 2004: 0.80 + 0.19 d°!; Table 3), and overall
these rates were higher than rates observed for exper-
iments performed in MD (0.41 + 0.12 d~}; Table 3).

Microzooplankton grazing rates on Aureococcus
anophagefferens varied between sites and years. A
significant grazing rate on A. anophagefferens in MD
was only obtained on the date when the abundance of

the brown tide alga was the lowest (12 July, mean mor-
tality rate + SE = 0.64 + 0.12 d°!; Table 3). When A.
anophagefferens densities were high enough to be
measured during a dilution experiment in NY in 2004
(>20000 cells ml™!), grazing rates on A. anophageffer-
ens were higher than those measured in MD on 12 July
(NY: mean = SE = 0.80 + 0.04 d"}; Table 3). Grazing on
A. anophagefferens in 2002 in NY was detected on
most dates (0.40 + 0.17 d°%; Table 3). This average graz-
ing rate on A. anophagefferens in 2002 was lower than
the seasonal average in 2004 (0.80 + 0.04 d’i), but
higher than that in MD (0.16 + 0.16 d°!; Table 3). A.
anophagefferens densities were never high enough in
NY in 2003 to obtain accurate cell densities in the low-
est dilution treatment, and thus mortality rates could
not be established from those experiments.
Microzooplankton grazing rates on Aureococcus
anophagefferens in MD during the period of the
intense brown tide were lower than rates for other
picoplankton populations (Table 3). Although signifi-
cant grazing rates on A. anophagefferens in MD were
often not measured, there was significant grazing on
other picoplankton on almost every date at this site
(0.33 to 0.60 d™!, with the exception of 28 June;
Table 3). Grazing rates on Synechococcus spp. were
higher in NY in 2004 compared to MD when measured
toward the end of the sampling season (NY: mean =+
SE = 1.2 £ 0.29 d°}; MD: 0.41 = 0.12 d°%; Table 3). For
this same time period, however, grazing rates on
photosynthetic picoeukaryotes were similar between
the 2 sites in 2004 (NY: 0.54 = 0.15 d°%; MD: 0.60 =
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Fig. 6. Predator-exclusion experiments in NY in 2003 and 2004 and MD in 2004. Values are the mean growth rate (+SD) of trip-
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did not include a <3 pm treatment and the NY 2003 graphs do not include data for PEUK and SYN

0.16 d % Table 3). When measured, the results from
these seawater dilution experiments indicated that all
populations experienced nutrient limitation for most
dates during the sampling season (Table 3).

DISCUSSION

We compared the response of Aureococcus ano-
phagefferens and co-occurring picoplankton popula-
tions to experimental manipulations of zooplankton
during bloom and non-bloom conditions. Our results
indicated that A. anophagefferens experienced re-
duced grazing pressure during bloom periods com-
pared to other populations, such as Synechococcus
spp. and photosynthetic picoeukaryotes, and com-
pared to A. anophagefferens populations during non-
bloom periods. We also noted differences in the phyto-
plankton and zooplankton community composition
between bloom and non-bloom locations. Below, we
discuss how differences in planktonic community
structure and grazing may influence the occurrence
of brown tides caused by A. anophagefferens in US
estuaries.

Increases in microzooplankton grazing on
Aureococcus anophagefferens

Microzooplankton grazing rates on the TPC were
comparable in NY for all 3 yr, but the grazing rate on
Aureococcus anophagefferens increased from 2002 to

2004 (Fig. 7). Taken together with the general absence
of microzooplankton grazing on A. anophagefferens in
MD, it appears that there is a gradation in microzoo-
plankton grazing on A. anophagefferens, with little-to-
no grazing occurring during intense blooms (MD
2004), moderate grazing occurring in bays hosting a
short, less intense bloom (NY 2002), and high rates of
grazing on A. anophagefferens under non-bloom con-
ditions (NY 2004). These observations are consistent
with prior research, which has demonstrated that
microzooplankton grazing on A. anophagefferens can
be lower than on other populations during a bloom
(Gobler et al. 2002, 2004, Caron et al. 2004). In MD,
microzooplankton grazers consumed other phyto-
plankton at significant rates throughout the sampling
period (Table 3), indicating that grazing is not inhib-
ited by the presence of brown tide, but rather that
A. anophagefferens is often avoided.

1.4
1.2
1| oTPC mBT
0.8
0.6
0.4
0.2
0

Mortality Rate (d-")

MD NY '02 NY '04

Fig. 7. Mortality rates for the total phytoplankton community
(TPC) and Aureococcus anophagefferens (BT) averaged over
the summer for MD and NY for 2002 and 2004. Error bars

represent +SE of triplicate measurements
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Planktonic community composition and the impact of
zooplankton grazing

The grazing impact of micro- and mesozooplankton
on Aureococcus anophagefferens was nearly unde-
tectable in MD, but there was evidence that a small
grazer consumed brown tide. A. anophagefferens ex-

perienced significantly decreased net growth rates in
the <5 pm size fraction of the predator-exclusion ex-
periments, compared to the <10 pm size fraction in MD
(Fig. 6). This result implies a trophic cascade, whereby
small zooplankton (<5 pm) were able to proliferate in
the absence of their predators in the >5 pm size class.
Increased grazing pressure by <5 pm predators likely

Table 3. Microzooplankton grazing/seawater dilution experiment results for the mortality rate (m, d™!), the intrinsic growth rate
for nutrient-amended incubations (u,, d™!), u, corrected for nutrient additions (i, d™'), and the net rate of change (k = uo— m, d').
r? values are for the regression of the dilution of seawater versus net growth rates. Rates are presented for the total phytoplank-
ton community (TPC), Aureococcus anophagefferens (BT), photosynthetic picoeukaryotes (PEUK), and Synechococcus (SYN).
ND: grazing was not detected; BD: counts were below the detection limit. Rates are means (+SE) based on triplicate treatments

Date r? m Ly Lo k
TPC 2002 NY 23 May 0.75 0.46 + 0.08 1.5 +0.06 0.95 + 0.06 0.49
04 Jun 0.88 0.59 + 0.07 2.0 +£0.05 0.61 +0.05 0.03
18 Jun 0.81 0.76 £ 0.12 1.3 +£0.08 -0.02 +£0.08 -0.78
11 Jul 0.64 1.6 +0.39 2.0 £0.27 1.3 +0.27 -0.30
08 Aug 0.89 1.5+0.17 1.5+0.11 1.4 +0.11 -0.14
2003 NY 19 May 0.59 0.74 £ 0.20 1.4 +0.13 0.96 £0.13 0.22
03 Jun ND
16 Jun 0.56 0.61+£0.17 0.80 £0.11 0.53+£0.11 -0.08
30 Jun 0.75 1.1 +£0.20 2.6 £0.13 1.37 £ 0.13 0.27
21 Jul 0.65 0.62 £ 0.15 1.3 +£0.09 0.91 £ 0.09 0.29
2004 NY 25 May ND
08 Jun 0.62 0.84 +0.21 1.8+0.14 1.42+0.14 0.58
21 Jun 0.45 0.45+0.17 1.5+0.11 0.19+0.11 -0.26
19 Jul 0.92 1.1 +£0.10 1.7 £ 0.06 0.52 + 0.06 -0.58
MD 17 Jun 0.60 0.75 £ 0.20 0.98 +0.13 0.03+0.13 0.78
28 Jun 0.70 0.31 £ 0.07 0.93 £ 0.04 0.18 £ 0.04 0.49
12 Jul 0.63 0.39 +£0.10 1.2 +0.06 0.22 + 0.06 0.61
10 Aug 0.46 0.20 + 0.09 0.20 = 0.07 -0.39 £ 0.07 -0.19
BT 2002 NY 23 May 0.36 0.53 £ 0.22
04 Jun ND
18 Jun 0.37 0.15 £ 0.05
11 Jul 0.47 0.34 £0.11
08 Aug 0.44 0.98 =+ 0.37
2004 NY 25 May BD
08 Jun 0.65 0.84 £0.19 1.6 £0.13 1.24 £0.13 0.4
21 Jun 0.44 0.76 + 0.27 0.25+0.17 0.07 £ 0.17 -0.69
19 Jul BD
MD 17 Jun ND
28 Jun ND
12 Jul 0.76 0.64 +0.12 0.31 +0.08 0.17 +£ 0.08 -0.47
10 Aug ND
PEUK 2004 NY 25 May ND
08 Jun 0.88 1.4 +0.16 2.9+0.10 2.3+0.10 0.96
21 Jun ND
19 Jul 0.62 0.54 +£0.15 0.39 +£0.10 0.02 +£0.10 0.6
MD 17 Jun 0.55 0.30 = 0.09 0.16 = 0.06 -0.19 £ 0.06 -0.49
28 Jun ND
13 Jul 0.70 0.49 +0.10 0.08 + 0.07 -0.03 £ 0.07 -0.79
10 Aug 0.58 0.60 +0.16 0.28 £0.10 0.34 +£0.10 -0.26
SYN 2004 NY 25 May ND
08 Jun 0.77 1.8 +0.31 2.3 +0.20 2.8 +£0.20 0.96
21 Jun ND
19 Jul 0.67 1.2+0.29 1.1+0.19 1.2+0.19 0.01
MD 17 Jun 0.74 0.36 £ 0.07 0.75 £ 0.05 0.05 £ 0.05 -0.31
28 Jun ND
13 Jul ND
10 Aug 0.53 0.41+£0.12 0.66 + 0.08 0.52 +0.08 0.11
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caused lower net growth rates for A. anophagefferens
(Fig. 6; Calbet & Landry 1999). This hypothesis is fur-
ther supported by the dramatic increase in A. ano-
phagefferens net growth rates when plankton >3 pm
were removed (Fig. 6).

The small heterotrophic nanoplankter Paulinella
ovalis was extremely abundant in the <5 pm size class
in MD (up to 50% of total nanoplankton; Table 2).
There was a significantly greater percentage of
P. ovalis (<5 pm) in MD during the brown tide than in
NY during 2004. P. ovalis was completely absent from
NY samples in 2003. Since P. ovalis appears to thrive
during brown tides, while other protozoans are dimin-
ished (Johnson et al. 1988, present study), this het-
erotroph could be the consumer responsible for the
grazing pressure on Aureococcus anophagefferens in
the <5 pm size fraction of the trophic cascade experi-
ments in MD. Moreover, P. ovalis is likely grazed by a
species >5 pm in size, which would account for the
higher growth rates of A. anophagefferens in the
<10 pm size fraction (Fig. 6). However, we suspect that
this species may avoid A. anophagefferens and instead
apply strong grazing pressure on the non-Aureococcus
picophytoplankton in MD (Fig. 2). In past research,
Paulinella spp. have been shown to consume single-
celled cyanobacteria, such as Synechococcus spp.
(Johnson et al. 1988, Lukavasky & Cepak 1992), which
is known to compete with Aureococcus spp. for domi-
nance during summer months in mid-Atlantic estuaries
(Gobler et al. 2004, 2005, Sieracki et al. 2004). This pro-
cess would yield reduced competition for nutrients
among small algae, which may otherwise have a simi-
lar affinity for low concentrations of nutrients (Raven &
Kubler 2002), potentially allowing for a picoplankton
which is ungrazed (Aureococcus) to dominate. Since
the experimental work in NY also yielded low A.
anophagefferens net growth rates in the <5 pm exper-
imental treatments, despite the absence or rarity of
P. ovalis, there are likely other, currently unidentified,
small grazers in these systems that consume brown
tide and other picoplankton.

Copepod nauplii are another potentially important
grazer of Aureococcus anophagefferens, based on the
size particles that these zooplankton are capable of
capturing, and may also represent a trophic link
between A. anophagefferens and mesozooplankton
(Lonsdale et al. 1996). Copepod nauplii were the dom-
inant zooplankton in the >64 pm size category at all
sites studied (Fig. 4), a finding consistent with previ-
ously published reports on Long Island bays (Lonsdale
et al. 1996). A recent laboratory study investigating
nauplii grazing on A. anophagefferens suggested that
nauplii can rapidly graze some, but not all, toxic strains
of this alga and thus may contribute to the demise of
bloom events (Smith 2005). Nauplii were significantly

more abundant in MD from mid-June through August
than in NY in 2003, but not in 2004 (t-test, p < 0.05).
Moreover, between 17 June and 28 June 2004 in MD,
nauplii abundance increased significantly (14-fold;
t-test, p < 0.05; Fig. 4) in conjunction with a decrease in
A. anophagefferens densities there, suggesting that
the increase in naupliar abundance and associated
grazing may have reduced bloom densities. Alterna-
tively, if nauplii are inhibited by wild strains of A.
anophagefferens that bloom in the field, enhanced
nauplii abundances observed in late June may have
been caused by the waning A. anophagefferens densi-
ties, which may have been due to other factors such as
higher temperature or viral lysis (reviewed in Gobler et
al. 2005).

Evidence for a trophic cascade from
mesozooplankton to Aureococcus anophagefferens

Mesozooplankton have the potential to influence
brown tide dynamics by directly consuming Aureo-
coccus anophagefferens, co-occurring algae, and/or
micro- or nanoplanktonic zooplankton that might prey
on the brown tide alga or competing algae (Calbet et
al. 2003, Sieracki et al. 2004). In MD, Aureococcus
anophagefferens experienced either no grazing or
lower grazing by mesozooplankton compared to other
autotrophic populations within Chincoteague Bay. For
example, the addition of mesozooplankton in MD
caused photosynthetic picoeukaryote and Synechococ-
cus spp. net growth rates to decrease, while A.
anophagefferens densities were not significantly
affected (Fig. 5). Coupled with the microzooplankton
grazing/dilution experiments, which generally did not
yield significant grazing on A. anophagefferens, but
did on other picoplankton on most dates at this site, it
appears that zooplankton selected against the brown
tide alga in MD (Table 3; Gobler et al. 2002, 2004,
Caron et al. 2004). This conclusion is in agreement
with the experimental results, which indicated that the
enrichment of mesozooplankton had no effect on A.
anophagefferens in MD. During the same mesozoo-
plankton-addition experiments, photosynthetic
picoeukaryotes and Synechococcus spp. experienced
net negative growth rates, which were often signifi-
cantly lower than control treatments (Fig. 5). These
findings imply the existence of an even number of
trophic levels (2 or 4) from mesozooplankton to non-
Aureococcus picophytoplankton in embayments with
blooms. Although mesozooplankton may directly
graze on picophytoplankton (a 2-level food chain), as
suggested by Calbet (2001), experiments removing
meso-, micro-, and nanoplankton suggested that the
system was likely more complex, with mesozooplank-
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ton consuming a secondary consumer that preys on a
primary consumer of picoplankton (a 4-level food
chain and a trophic cascade; Fig. 6; Calbet & Landry
1999, Sieracki et al. 2004, Deonarine 2005).

A shift in planktonic community structure, which
caused the brown tide alga to be negatively affected
by the addition of mesozooplankton, appeared to have
occurred at the NY site in mid-June during 2003 and
2004. The addition of mesozooplankton significantly
decreased Aureococcus anophagefferens net growth
rates, whereas A. anophagefferens in MD was not af-
fected by these additions. There was a similar disparity
in the response of Synechococcus spp. and photosyn-
thetic picoeukaryote net growth rates between MD
and NY. In MD, non-Aureococcus net growth rates
were always significantly decreased by mesozoo-
plankton additions, but, in NY, the net growth rates of
all groups of picoplankton were only significantly af-
fected in late July of both years (¢-test, p < 0.05; Fig. 5).
These results suggest that fundamental differences in
the plankton community structure and function existed
between these sites. Assuming a 4-level food chain,
the addition of mesozooplankton in MD likely applies
strong grazing pressure to microzooplankton, which in
turn releases nanozooplankton from predation, yield-
ing enhanced grazing on picoplankton, with the ex-
ception of A. anophagefferens, which is unaffected
(Fig. 5). In NY, it is possible that similar food chain link-
ages strengthened through the summer such that these
effects were only observed later in the summer.

In NY, in 2003, as the summer progressed, pico-
plankton, including Aureococcus anophagefferens,
were negatively impacted by mesozooplankton enrich-
ment on later sampling dates (Fig. 5). This suggests
that, over the course of June and July, mesozooplank-
ton developed a negative trophic relationship with the
brown tide alga and other picophytoplankton, as
described above. However, in 2004, the final mesozoo-
plankton-enrichment experiments in NY yielded sig-
nificantly increased net growth rates of Synechococcus
spp. and photosynthetic picoeukaryotes (Fig. 5) and a
significantly decreased net growth rate for A. ano-
phagefferens, indicating grazers were preferentially
consuming brown tide. A more permanent shift to
preferential grazing on Aureococcus spp. in NY com-
pared to other populations could potentially suppress
future brown tides in this region.

Role of zooplankton in the onset and demise of
brown tides

Aureococcus anophagefferens was not a recognized
member of the phytoplankton community of NY estu-
aries prior to 1985 and of MD estuaries prior to 1994

(Trice et al. 2004, Gobler et al. 2005). Moreover, A.
anophagefferens possesses pigment and nutrient-
uptake characteristics that are similar to many open-
ocean phytoplankton species (Yentsch et al. 1989,
Lomas et al. 1996) and most other pelagophytes are
oceanic (Thomsen 1986, Andersen et al. 1993). As
such, some have speculated that A. anophagefferensis
an expatriate ocean species, which was introduced into
estuaries that now host blooms (Bidigare 1989, Yentsch
et al. 1989, Popels et al. 2003), perhaps by anthro-
pogenic means (Doblin et al. 2004). Were this the case,
such an invasive species, which is not palatable by
many benthic and pelagic grazers (as reviewed by
Gobler et al. 2005), would be expected to bloom with
minimal predation loses, as was observed formally in
NY (Gobler et al. 2002) and currently in MD (present
study), so long as the prevailing nutrient regime was
favorable for this species (high levels of dissolved
organic nitrogen; Gobler et al. 2002, 2004, 2005, pre-
sent study). Since studies of individual protozoan graz-
ers have shown that some species are adversely
affected by A. anophagefferens, while others can con-
sume this species (Caron et al. 1989, 2004, their
unpubl. data), consecutive blooms in the field would
be expected to alter zooplankton community composi-
tion, with Aureococcus-tolerant species thriving and
those adversely affected becoming less prolific. The
Peconic Estuary experienced more consistent, high-
density blooms than any other system during the 1980s
and early 1990s, and stopped experiencing blooms
after 1995 (as reviewed in Gobler et al. 2005). Estuaries
on the south shore of Long Island (such as Quantuck
Bay) experienced blooms that became more chronic
during the 1990s and early 2000s, but have not experi-
enced blooms since 2002 (as reviewed in Gobler et al.
2005). It is possible that these patterns of bloom occur-
rence are being driven by the emergence and domi-
nance of zooplankton grazers, which are capable of
consuming A. anophagefferens, a pattern which would
be consistent with previous observations of rapid com-
munity evolution of zooplankton exposed to harmful
algal blooms (Hairston et al. 2001, Colin & Dam 2002).
If such a mechanism were in place, MD estuaries,
which did not experience blooms until the mid- to late
1990s, may begin to have more sporadic, less intense
blooms in the future if zooplankton that can consume
A. anophagefferens begin to dominate the plankton
there.
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