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Abstract

The influence of nutrient additions and sediment exchangeimaococcus anophagefferens growth was studied using 2001
mesocosms deployed in situ at the Southampton College Marine Science Center in Long Island, NévaXopkagefferens
cell density increased in mesocosms with separate additions of the following materiaks:gltemse and desiccation-stressed
Enteromorpha tissue. A decrease iA. anophagefferens cell density was observed in mesocosms with either no additions
(control) or with added nitrate. A treatment containing a sediment layer exhibited an increase in average cell densities, but
the increase was not statistically significaRt£ 0.15). In the 9 day experiment, net growthAfanophagefferens was only
observed during the last 3 days, which corresponded to a period of high solar irradiation. Total chlorophyll concentration
declined in all treatments during the first 6 days, which corresponded to relatively low daily irradiance, suggesting low-light
stress on the phytoplankton assemblage during the initial phase of the experiment. During the ensuing sunny period, a
4-5-fold increase in chlorophyll concentration was observed in the nitrate and urea treatments with lesser increases in the
other treatment#\. anophagefferensdensity increased relative to total phytoplankton biomass (Chl basis) in the \glegose
and Enteromorpha treatments. Results are consistent with a prevailing hypothesis that organic nitrogen nutrients favor the
growth of A. anophagefferens. Specifically, our evidence indicates thfatanophagefferens exhibited net population growth
under organic N, but not inorganic N nutrient (specifically ;NQloading.
© 2004 Published by Elsevier B.V.
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1. Introduction

There are now close to 20 years of monthly mea-
surements of\ureococcus anophagefferenscell counts
and water quality parameters in the South-shore and
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Dauphin Island, AL 36528, USA were started in response to a massive “brown tide” in
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1985 that had devastating effects on the seagrass andtrating a relationship between the existence of pre-
shellfish populations of those economically produc- cursor phytoplankton blooms and brown tide events
tive water bodies. Unlike the brown tide caused by (Gobler and Safiudo-Wilhelmy, 200%eracki et al.,
another pelagophytédureoumbra lagunensis, found 2009); (b) cross-ecosystem correlations between ra-
in Laguna Madre, Texas, which persisted unabated tios of organic C, N, and P and bloom or non-bloom
for years, the Long Island brown tides have occurred conditions {omas et al., 2001 and (c) bioassay
sporadically and inconsistently among the many em- or other nutrient enrichment experiments on nat-
bayments of the affected area. These extensive spaceural samples Keller and Rice, 1989 Gobler and
and time-series records from the Long Island bays Safiudo-Wilhelmy, 2001; Gobler et al., 2Q02aron
have proven useful in narrowing down the number et al., 2004. In this study, we designed an experi-
of factors that potentially control the blooms. In par- ment to test whether simple and/or complex mixtures
ticular, they helped identify an inverse relationship of dissolved organic nitrogen and dissolved organic
between nitrate loading via subsurface groundwa- carbon (DOC) added to whole plankton systems
ter discharge and\. anophagefferens abundance on  would selectively promote net population growth of
a climatic time-scale (12-month averageaRoche A. anophagefferens.
et al., 1997. The suppression oA. anophagefferens
relative to other phytoplankton by increased nitrate 1.1. Experimental rationale
loading from groundwater discharge suggested that
A. anophagefferens blooms must come about and be It has been previously established tBhatnophag-
supported by alternative nitrogen sources. Dissolved efferens is capable of taking up dissolved organic
organic nitrogen (DON) was proposed in that study carbon (DOC, e.g. acetate) as well as DON (e.g.
to be the source, insofar as ammonium concentrationsamino acids) and dissolved organic phosphorus
were apparently insufficient to support significant (DOP) (e.g. glycerol-phosphate) compounds in cul-
biomass accumulation. The importance of DON to ture Ozurica et al., 1989; Berg et al., 2002In
A. anophagefferens growth was also suggested by addition, urea and amino acids, which are function-
physiological evidence of a significant capacity for ally categorized within the DON pool, and dissolved
direct and indirect DON uptakédgurica et al., 1989; peptides have been shown to provide both C and
Berg et al., 1997, 2003and enzymatic hydrolysis N in the production ofA. anophagefferens cells
of DON compoundsHerg et al., 2002; Mulholland  (Lomas, 2003; Mulholland et al., 20p2Although
et al., 2002. a requirement for DOC byA. anophagefferens for
Evidence in favor of the so-called ‘DON hypothesis’ its growth in nature has not been demonstrated, it is
has been largely circumstantial or correlative. It has plausible that DOC utilization can confer an advan-
not been possible to completely isolate the uptake andtage to phytoplankton under bloom conditions with
utilization of DON by nativeA. anophagefferens from associated light limitation. Therefore, in addition to
that of other phytoplankton to demonstrate that DON DON sources, we included a strictly organic carbon
uptake byA. anophagefferens is effectively greater  source (glucose) along with a DON source in selected
than DON uptake by any of the other indigenous treatments.
phytoplankton, or to demonstrate that the abnormally  The sources and chemical characteristics of DON
high bacterial densities associated withanophag- and DOC in the bays with brown tide are not fully
efferens are not responsible for DON hydrolysis and characterized, but there are several sources that may
subsequent uptake (but s&erg et al., 2002 The come into play at different times. These sources in-
validity of the DON hypothesis currently rests on clude allochthonous inputs from rivers, streams or
evidence obtained from a breadth of scales and levelsbordering marshes, inputs from sediment porewater
of complexity. In addition to the supportive evidence exchange or the benthos, and autochthonous inputs
from climatic-scale behavior and physiological up- from the turnover of plankton biomas&d@bler and
take responses, evidence consistent with the hypoth-Safiudo-Wilhelmy, 2001 Simulation of some of
esis is available from: (a) time-series data covering these potential sources was done using independent
event-scale (i.e. blooms) ecosystem behavior demon-additions of either defined chemicals or materials that
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deliver complex dissolved organic compounds to the ment. The bags were submerged and filled with water
water column. Urea was selected as a defined re- at the staging site. At the beginning of the experiment,
duced nitrogen source because it has been shownapproximately 10| of water collected from Quantuck
to be episodically abundant in these baysvély Bay was added to each mesocosm to provideAan
et al., 1983; Kaufman et al., 198and utilized by anophagefferens seed population. Total volume was
A. anophagefferens (Lomas et al.,, 1996 Nitrate ~2001. The top of each bag had a buoyant collar that
was tested in an independent treatment, because it isfloated the mesocosms with the tide. The mesocosms
thought to give a competitive advantage to other phy- were randomly arranged and tied to a floating dock at
toplankton species in both Long Island balyaRoche the Marine Science Station at Southampton College.
et al., 1997 and experimental mesocosnke(ler and The water was mixed intermittently using gentle bub-
Rice, 1989. In addition to these defined sources, two bling through an air stone for 30 min each hour during
separate sources of complex dissolved organic com-daylight and 30 min at midnight. The experiment was
pounds were tested. One potential source is from sed-conducted between 12 June 2001 (day 0) and 21 June
iment. The rationale for testing sediment comes from 2001 (day 9).
the fact that brown tides occur in shallowZ m deep) Five treatments were tested: (1) control (no addi-
bays where benthic fluxes could be a potential source tion), (2) nitrate + phosphate addition, (3) ure#
of nutrients Lomas et al., 2004; Maclintyre et al., glucoset+ phosphate addition, (4) sun and desiccation-
2004). The second complex DOM source used in this stressedEnteromorpha sp., and (5) sandy sediment
study was from the green macroaldateromorpha collected from Quantuck Bay, a bay with above av-
sp. This treatment was inspired by a significant brown erage frequency of brown tides. Nitrate and urea
tide event that occurred in the fall of 1999 in Great compounds were added at equivalent N concentra-
South Bay, Long Island (R. Cerratto, personal com- tions (40uM-N final for each dose). Phosphate was
munication). In that year, water clarity was unusually added in Redfield ratio (with respect to added N) and
high in the summer due to a dense and wide-spreadit increased the ambient concentrations byM-P.
population of the clamMulinia sp., which cropped  Glucose was added in an amount of 1(-C final
the phytoplankton assemblage to low concentrations concentration (not including ambient glucose) at each
(R. Nuzzi, personal communication). Increased wa- addition. Additions of chemical nutrients were made
ter clarity resulted in significant growth of benthic on days 0, 5, and 6Enteromorpha sp. (60gf.w.)
macroalgae during the summer. It has been demon-was collected from nearby substrates and placed on
strated that organic material in the green macroalgae a dock in air for 2-3 h of direct sun. The material
Ulva rigida is labile and rapidly consumed by bac- was then placed in weighted mesh bags and dropped
teria (Castaldelli et al., 2003and it was suspected to the bottom of the replicate mesocosms on day
that recycling of the nutrients bound in the abundant 0. Sediment was manually collected from the top
macroalgae fueled an intense brown tide of 1999, 10cm of a shallow part of Quantuck Bay and placed
which began in late September and lasted until the baysin the 30cm diameter PVC cylinders with attached
iced over in January of that wintel(zzi and Waters, = bottoms. To allow the sediment to compact and for
2009. resuspension-prone particulates to stabilize or wash
away, the containers were set in a shallow area near
shore for approximately 18 h before clamping them

2. Methods to the mesocosm bags. The sediment was predom-
inantly sand, with fine particles, shells and organic
2.1. Mesocosm experimental design matter interspersed. All treatments and controls were

replicated in triplicate for a total of 15 mesocosms.
Experimental treatments were conducted in translu- Water samples were removed daily for chemical
cent polyethylene film tubes (0.45mdiameter constituents and other selected parameters, and at
1.5mlong) sealed at the bottom by clamping a 30cm several day intervals for flux measurements. The re-
diameter PVC plastic plate or a 30 cm diameter PVC moval of sample water was10% of the starting
plastic receptacle containing approx. 5cm deep sedi- volume.
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2.2. Flux measurements Modifications of the original technique included in-
creasing the amount of primary and secondary an-

System metabolism was assessed as the rate of oxy{ibody used by~2-fold. A minimum of 100 cells
gen production and dark respiration. Water samples were counted per sample in at least 10 fields, which
were incubated in 20 ml glass-stoppered test tubes thatyielded a relative standard deviation of 15% for repli-
were suspended in the water column at a depth equal tocate counts of the same sampte 6). To ensure ac-
50% of the mesocosm depth. Additional samples were curate results, the immunofluorescence technique was
kept in darkness at ambient water temperature. Initial compared to counts performed with a hemacytome-
and end-point measurements of oxygen concentrationter on a light microscope. The two techniques yielded
were made using membrane inlet mass spectrometrystatistically identical results usirg anophagefferens
(Kana et al., 1994 Rates were calculated from differ- clone 1708.

ences in the measured/@r ratio, adjusted for the Ar Samples for particulate analysis were collected
concentration, which was assumed to remain constanton GF/F filters by vacuum filtration at low pres-
at the saturation concentration. sure. Chlorophyll was measured by fluorometry

Water column nitrogen uptake rates were measured (Welschmeyer, 1994after extraction in 90% ace-
on samples { = 1) from each mesocosm (except tone for 24h at-4°C in darkness. Daily irradiance
the first time point which was determined on one was measured using a LiCor quantum ensor and
mesocosm from each treatment) asLiomas et al. electronic integrator.

(1996) Briefly, >™NOs~, 1°NH4*, 1°N-urea, and Samples for dissolved inorganic and organic nutri-
15N-glutamic acid (all > 98% enriched) were added to ents were collected from particulate sample filtrates
100 ml samples in polycarbonate bottles to a final con- and immediately frozen in pre-combusted (480
centration of 1Q.M-N and incubated for~1 h at 60% 5h) glass scintillation vials (dissolved free amino
of surface irradiance. Saturating additions of substrate acids and dissolved monosaccharides) or acid-cleaned
were used since half-saturation concentrations for HDPE bottles (all others). Dissolved inorganic ni-
Long Island plankton populations have been shown to trogen, NQ~/NO3~ and NH;*, PQ;~3, and urea
be very low, < 0.15uM-N (Lomas et al., 1996and were analyzed using standard colorimetric methods
there was a concern for depletion of tracer substrate (Parsons et al., 1934Dissolved organic carbon was
and/or isotopic substrate dilution during short incu- analyzed by high temperature catalytic oxidation on
bations Glibert et al., 198 The measured saturated a Shimadzu TOC-5000 total organic carbon analyzer
rates were used to estimate in situ uptake rates byand calibrated against a glucose standafdniell,
applying a Michaelis—Menten kinetic type equation 1993. Samples for dissolved organic nitrogen and
parameterized with the measured ambient nutrient dissolved organic phosphorus were oxidized by per-
concentration and kinetic constants determined previ- sulfate addition and autoclaviny/dlderrama, 1981
ously on phytoplankton populations in Long Island’s and then analyzed as NO and PQ 3, respectively.
coastal baysl(omas et al., 1998.omas, unpublished
data). The kinetic parametds;, does not vary sys-
tematically with respect tdA. anophagefferens cell 3. Results and discussion
density for any of the nitrogen substrates. The ambi-
ent concentration of glutamic acid was assumed to be 3.1. General patterns
0.02uM-N (seeBerg et al., 199).
The experiment was carried out during a weather

2.3. Analysis system that brougha 5 day period of cloudy, partly

cloudy, and rainy weather (21 mm of rain between

A. anophagefferens densities were determined on 11-18th June, Southampton College rain gauge) fol-
preserved samples by direct count methods employinglowed by 3 days of mostly sunny weather. Daily
an epi-fluorescence microscop&. anophagefferens irradiance during the experiment is showrFig. 1A.
cells were enumerated using an immunofluorescent la- This weather condition, with reduced daily irradi-
bel technique as described Byderson et al. (1993) ances in the early phase of the experiment, was
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Fig. 1. (A) Twenty four hours integrated irradiance for each day of the study. (B) Average water column chlorophyll concentrations in each
treatment. Average coefficients of variation for treatment were: control: 0.65, nitrate: 0.26, uresEfiet&morpha: 0.31, and sediment:

0.34. (C) Average gross oxygen evolution rates for each treatment. Average coefficients of variation for each treatment were: control: 0.67,
nitrate: 0.24, urea: 0.1@&nteromorpha: 0.22, and sediment: 0.31. Symbols as in (B). (D) Average oxygen consumption rates in darkness
for each treatment. Average coefficients of variation for each treatment were: control: 0.42, nitrate: 0.14, urdant&@dréorpha: 0.15,

and sediment: 0.12. Symbols as in (B).
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wholly or partially responsible for the progressive efferens accounted for~1% of the total chl (assum-
30-85% decline in chiRig. 1B) and 70-95% decline  ing 0.05 pg chlcelt!; Lomas et al., 1996; Milligan

in water column photosynthesis observed among all and Cosper, 1997The fraction ofA. anophagefferens
treatments between days 1 andFig( 10Q. The on- chl generally diminished during the stress period, but
set of the sunny period on day 6 brought about a there were substantial fractional gains in the ukea,
return to the initial high photosynthesis rates by day teromorpha, and sediment treatments during the high
8 in all mesocosm groups except tRateromorpha growth period Fig. 2A-E). The Enteromorpha treat-
treatment. Plankton respiration rates remained rela- ment had the highest fractional chl & anophagef-
tively stable during the first 5 day$ig. 1D). From ferens of 2.7% at the end of the experiment, whereas
days 5 to 7, respiration dropped approximately 50% the highest average densities were observed in the urea
in all mesocosmes, after which it increased. The most + glucose (18,000 cells/ml) treatment at the end of the
significant increases in respiration at the end of the experiment.

experiment were observed in the nitrate and urea

treatments. 3.3. Dissolved nutrient dynamics
3.2. Phytoplankton and A. anophagefferens net The inorganic nutrient concentrations were all in
growth the low range at the beginning of the experiment

(0.5 < DIN < 1.0pM-N; DIP < 0.5uM-P). Nitrate
Further inspection of the chl dat&if. 1B) shows remained at trace levels in all mesocosms, except in
that the two treatments with added defined nutrients the nitrate treatment following the second and third
(nitrate and urea) exhibited measurable increases inadditions. The~40uM-N of added nitrate and urea
phytoplankton biomass by the second day of the was consumed within 12 h of the initial addition to
experiment whereas the other treatments and con-the respective treatments. Recovery of this added N
trol showed no appreciable change during this pe- in the form of PON from the water column is esti-
riod. The general trend in chl concentration over the mated at 25% on day 1 and 50% on day 2 in both
first 5 days of cloudy/rainy weather, however, was treatments. Throughout the 9 days of the experiment,
downward, except for the sediment treatment, where DIN and DIP concentrations varied within the ranges
little change was observed. A period of phytoplank- given above in all experimental treatments, except for
ton net growth was observed in all groups starting NO3~, which jumped to and remained a30uwM-N
at day 6, which was the beginning of the sunny following the second addition on day 5. Ammonium

period. concentrations (all measurements werel uM-N)

A. anophagefferens cell concentrations at the be- exhibited a progressive decline during the experiment
ginning of the experiment averaged3000 cells/ml. independent of treatment (data not shown), whereas
During the first 5 daysA. anophagefferens cell den- urea concentrations showed an upward trend in all

sity decreased by 45% (sediment treatment) to 96% treatments after day 6-{g. 3A), with mean concen-
(urea treatment) as shown ffig. 2 During the later trations at the end of the experiment being in the range
period when phytoplankton biomass (chl) increased of 1.2-3.8.M-N. Urea was notably variable among
in all treatmentsA. anophagefferens exhibited a sta- replicate mesocosms with coefficients of variation
tistically significant P < 0.05) increase in density in  averaging 85%. DON showed little change or only a
the urea anénteromorpha treatments between days 6 modest increase during the first 5 days, but there was
and 9 of the experiment§&ig. 2C-D. The increasein  an upward trend in DON during the high productivity
the averageA. anophagefferens cell density between  period Fig. 3B) and the concentration during the last
days 6 and 9 in the sediment treatment was not sta- 3 days was significantly higher (ANOVAR < 0.05)
tistically significant P = 0.15) (Fig. 2E). AverageA. than the earlier period in all treatments except the con-
anophagefferens cell density remained low in the con-  trol. Average DOC concentrations for the groups were
trol and nitrate treatment$ig. 2A-B) and there was  variable during the entire experiment, ranging between
no statistically significant change between days 6 and 300-50Q.M-C and they did not exhibit a systematic
9. At the beginning of the experimend,. anophag- trend.
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for each treatment were: control: 0.91, nitrate: 0.76, urea: EBtyomorpha: 0.74, and sediment: 0.94. Average coefficients of variation
in DON for each treatment were: control: 0.14, nitrate: 0.13, urea: E0&romorpha: 0.16, and sediment: 0.08.

3.4. Nitrogen uptake The phytoplankton communities in all groups un-
derwent significant changes in total biomass over the
Uptake of NG@~, NH4*, glutamic acid, and urea  course of the experiment. The reductions in chloro-
was measured in each mesocosm at three separat@hyll during the first 5 days of the experiment may
times (days 1, 5, and Fig. 4. The ambient rate  have been due to reduced growth rate from light limi-
of uptake of the organic nitrogen forms, glutamic tation, loss of phytoplankton through sinking or adhe-
acid and urea, did change significantly in some treat- sion to the walls, or a combination of the two factors.
ments, but in a complex manneFi¢. 4). In the Loss by sinking is a possible factor since there was a
control and NQ~ treatments, the uptake of glutamic noticeable accumulation of organic matter on the bot-
acid increased slightly over time whereas urea up- tom plates at the end of the experiment. This flocculent
take decreased slightly over time. The net result was and sedimentary material was not quantified during
no change in the contribution of organic nitrogen the time-series, butitis likely that much of it consisted
uptake to total measured nitrogen uptake in those of phytoplankton cells that had sedimented during the
treatments. The three other experimental treatmentscourse of the experiment. The cellular growth rate
showed significant increases in either glutamic acid during the cloudy period was apparently insufficient to
uptake Enteromorpha and sediment treatments) or overcome losses due to respiration, grazing and other
urea uptake (urea treatment), with the net result be- processes. However, rapid increases in chlorophyll
ing an increase in the relative contribution of organic concentration were observed in the nutrient treatments
nitrogen uptake to total measured nitrogen uptake when daily irradiance levels were high, indicating that
(Fig. 4. phytoplankton growth likely had been light limited.
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Enteromorpha, and (E) sediment treatments. Error bard S.D.

We observed complete removal of the added that the phytoplankton assemblage had a high ni-
(40M-N) nitrate and urea in the respective treat- trogen demand (note the high irradiance on day O;
ments within 12 h of the initial nutrient dose (provided Fig. 1A). The nitrate and urea that was added on day
during the evening of day 0). The rapid consump- O alleviated this limitation, as shown by the measur-
tion of nitrogen nutrients on the first day indicates able increase in chl concentration by day 2 in those
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treatments. An increase in chl was not observed in
the other groups indicating that the accessibility of
nutrients from theEnteromorpha and sediment treat-
ments was initially lower than that for the defined
nitrate and urea treatments.

It wasn’t until the senenth day of the experiment

T.M. Kana et al./Harmful Algae 3 (2004) 377-388

days 6 to 8, there was an approximately exponential
increase inA. anophagefferens cell density. During
this 2 day period, growth rates &. anophageffer-
ens were 1.68, 1.05, and 0.74 per day for the urea,
Enteromorpha, and sediment treatments, respectively.
Similarly rapid potential growth rates have been ob-

that phytoplankton exhibited consistent increases in served for naturalA. anophagefferens in bioassay
biomass (measured as chl concentration). Days 6 andexperiments Gobler and Safiudo-Wilhelmy, 2001,
7 were cloudless and potential photosynthesis was Gobler et al., 200R It is seemingly contradictory

therefore high. The modest increase in chl and pho-

that rates higher than approximately 1 doubling per

tosynthesis in the control mesocosms during those day (0.63 per day) are generally not observedAor

days indicates that there was sufficient recycling of
entrained nutrients to support phytoplankton activity
for the duration of the experiment. Tifteromorpha
treatment did not stimulate chl production or pri-
mary production to the extent of the other treatments
(though there was a-4-fold increase relative to the
minimum concentration of 1,8g chl/l on day 5) and

this treatment responded more like the control meso-

anophagefferens grown in culture Macintyre et al.,

this issue), However, the higher temperatures in the
mesocosms as compared to those laboratory cultures
(25 versus 20C) would engender rates of0.8 per

day at 20°C if the Qo for growth were 2, which is

at the low end for values reported for growth rates
(Robarts and Zohary, 198¥erity, 1981). It remains
debatable whethek. anophagefferens is handicapped

cosms. Thus, the release of nutrients from the addedin terms of its maximum growth rate relative to other

macroalgae was likely limiting. Nevertheless, the
teromorpha treatment did affecA. anophagefferens

growth (see below). Among the treated mesocosms,

the greatest chl accumulation and productivity oc-

fast-growing phytoplankton, despite contrary indica-
tions from culture studies.

We were unable to identify the factor(s) responsi-
ble for the suppression d&. anophagefferens under

curred in the nitrate and urea experiments and the high nitrate loading, or the stimulation in the other
responses of those two treatments were compara-three treatments. Although a common factor in the

ble. Thus, the efficiency of utilization of nitrate and
urea for overall phytoplankton growth could not be
distinguished.

The response of thA. anophagefferens population
differed in the nitrate and urea treatments, however.
In the presence of~30uwM-N nitrate beginning on
day 6,A. anophagefferens only showed a transient (1
day) increase in cell density after which there was
a 2 day decline in densityF{g. 2) to a level close
to the minimum observed in this study. The reason
for this decline is unknown and it is surprising in
light of evidence from culture studies that indicate
that A. anophagefferens is capable of growing nearly

urea, Enteromorpha, and sediment treatments is the
addition of a nutrient source rich in organic matter,
the measurements of DON do not support, on the
surface, the hypothesis that DON is responsible for
brown tides. In fact, the highest DON concentra-
tions were found in the nitrate treatment from days
7 through 9 Fig. 3. It will require more detailed
analysis of DON compounds to determine whether
specific DON molecules are responsible for the differ-
ential treatment, or whether some other factor is the
cause.

as fast on nitrate-based media as on urea-based meAcknowledgements

dia (Pustizzi et al., 2004Popels, 2003 Maclintyre
et al., 2004. Given the present results, we conclude
that the competitive disadvantage/fanophageffer-
ens in nitrate rich waters is due to a secondary factor
and not nitrate directly.

The rapid increase in th&. anophagefferens popu-
lations within the ureaEnteromorpha, and sediment
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