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ABSTRACT: Heterocystous, planktonic cyanobacteria capable of fixing atm ospheric N2 into available 
nitrogen (N) are common and critically im portant to nutrient cycling in m any lakes, yet they are 
rarely observed in estuaries at salinities >10 ppt, even w hen strongly N limited. In a series of meso- 
cosm experim ents using w ater from N arragansett Bay (Rhode Island), we m anipulated top-down 
(grazing) and bottom -up (nutrient) factors hypothesized to exclude heterocystous cyanobacteria from 
estuaries. We previously reported  that planktonic, heterocystous cyanobacteria grew  and fixed N in 
the absence of grazers. Here, w e focus on responses to phosphorus (P) additions and grazer m anipu­
lations. Zooplankton (Acartia sp.) populations typical of tem perate zone estuaries suppressed 
cyanobacteria, and their influence w as direct through grazing rather than indirect on nutrient stoi­
chiometry. Cyanobacterial abundance and heterocysts w ere low in treatm ents w ith no external P 
inputs. Concentrations of dissolved inorganic P com parable to those in N arragansett Bay w ere 
obtained only in P-fertilized mesocosms. Unlike previous estuarine mesocosm experim ents w ith P 
fertilization, planktonic cyanobacteria grew  and fixed N in our experim ental systems. However, 
m ean cell and heterocyst abundances under the most favorable conditions (high P, low N:P, and low 
grazers) w ere m uch lower than in com parable freshw ater experim ents, w ith N limitation m aintained. 
These results support the hypothesis that intrinsic grow th of heterocystous cyanobacteria in saline 
estuaries is slower than in freshwater, and that slower grow th is unlikely to be due to systematic dif­
ferences in P availability. Slow growth, com bined with grazing, can severely limit developm ent of 
planktonic, N-fixing cyanobacterial blooms in estuaries.
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INTRODUCTION

Cyanobacterial blooms are common in m any fresh­
w ater lakes, w here nitrogen (N) fixation by these 
organism s helps to m aintain phosphorus (P) limitation 
of prim ary productivity (Schindler 1977, Howarth et al. 
1988a, H yenstrandet al. 1998). Cyanobacteria (primar­
ily Trichodesmium  sp.) also commonly fix N in tropical

and subtropical oceanic waters, helping to m aintain a 
close balance betw een N and P limitation over decades 
and longer (Karl et al. 2002). Recent evidence suggests 
that picoplankton also may be im portant N fixers in 
these oligotrophic areas (Zehr et al. 2001). In sharp 
contrast, N-fixing cyanobacteria are rarely observed in 
the plankton of estuaries even though most tem perate 
zone estuaries are strongly N limited (Fogg 1987,
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H owarth et al. 1988a,b, 1999, Paerl 1996, NRC 2000, 
Paerl & Zehr 2000). As M cCarthy (1980) observed, 'the 
phytoplankton capable of N2 fixation are relatively 
common in fresh water, scarce in the open sea and vir­
tually unknow n in estuaries.' Blooms of heterocystous 
cyanobacteria that can fix N have been  reported  in 
some nutrient-enriched estuaries and coastal seas, 
such as the Baltic Sea, at relatively low salinities (Lin­
dahl & Wallstrom 1985, Sellner 1997, Stal et al. 2003) 
and in a few shallow, highly eutrophic estuaries in 
Australia and South America, w here blooms begin 
w hen the estuaries are largely fresh or exhibit very low 
salinity and persist as salinity increases (Huber 1986, 
Jones et al. 1994, Sellner 1997, Pérez et al. 1999). How­
ever, blooms of heterocystous N-fixing cyanobacteria 
have not been  reported  in any estuarine systems 
w here salinities are persistently >10 to 12 ppt (How­
arth et al. 1988a,b, NRC 2000).

The virtual absence of heterocystous cyanobacteria 
from the plankton of higher-salinity, nutrient-enriched 
estuaries w ith a low availability of N relative to P is sur­
prising, as rivers provide a source of these organisms, 
and heterocystous cyanobacteria can grow and fix N at 
high salinities in cultures and in saline lakes (Marino et 
al. 1990, 2003, M oisander et al. 2002a). Benthic and 
epiphytic cyanobacteria are found in shallow estuaries 
across a broad range of salinity conditions (Carr & 
W hitton 1982, Howarth et al. 1988a,b, Paerl 1996), p ro­
viding another source for planktonic populations in 
estuaries, further indicating that salinity alone does not 
prevent their growth.

The most likely controls for the relative lack of 
planktonic N fixation in estuaries are those that con­
strain initial developm ent of a cyanobacterial popula­
tion (Howarth et al. 1999), rather than factors such as 
light availability, dissolved organic carbon (DOC) con­
centrations, or partial pressure of C 0 2 (pC 02), which 
often change as a bloom progresses and may provide 
positive feedbacks for blooms in freshw ater (Paerl 
1996, H yenstrand et al. 1998). The concentration of P 
and the N:P ratio can be im portant controls on the ini­
tiation of N-fixing cyanobacterial blooms in freshw ater 
lakes (Schindler 1977, Howarth et al. 1988b) and low- 
salinity regions of the Baltic Sea (Niemi 1979, Moi­
sander et al. 2003).

We have hypothesized that the developm ent of 
blooms of heterocystous N-fixing cyanobacteria is 
severely limited in saline estuaries, due to an in terac­
tion of grazing mortality w ith slow grow th rates at sul­
fate concentrations typical of these estuaries, rather 
than any single, causal m echanism  (Howarth et al. 
1999, M arino et al. 2002, 2003). The general absence of 
planktonic, N-fixing cyanobacteria from saline estuar­
ies has created  limited opportunities for m anipulative 
tests of possible factors that constrain their grow th and

N-fixing activity. Here, we report on the results from 
experim ental mesocosms, testing the effects of nutrient 
availability and grazer pressure on seasonal, cyano­
bacterial blooms in estuaries.

Between 1994 and 1998, w e ran mesocosm experi­
m ents using estuarine w ater from N arragansett Bay 
(Rhode Island, USA, 27 to 32 ppt salinity). We have p re ­
viously sum m arized the m ean responses of 2 of these 
experim ents, in w hich heterocystous cyanobacteria 
(Anabaena  spp.) w ere able to grow at high salinities 
w hen  Zooplankton grazing pressure was low and P 
availability was high (Marino et al. 2002, 2003). Here, 
w e em phasize the effects of grazing in the context of N 
and P biogeochem istry and com pare responses of 
heterocystous cyanobacteria in seaw ater mesocosms to 
N-fixing cyanobacteria in freshw ater experim ental sys­
tems that received com parable P loads. The P additions 
in our experim ents paralleled whole-lake m anipula­
tions at the Experim ental Lakes Area (ELA, Schindler 
1977, Findlay et al. 1994) and a mesocosm experim ent 
at O neida Lake, NY (Howarth et al. 1993). A com pan­
ion paper (Chan et al. 2006, this issue) further explores 
phytoplankton-zooplankton interactions in the m eso­
cosms and m echanism s w hereby Zooplankton grazing 
suppresses cyanobacterial grow th in estuaries.

MATERIALS AND METHODS

M esocosm and site description. We ran 3 experi­
ments, 1 each in the summers of 1994, 1996, and 1998, 
with 10 to 16 mesocosms in each experim ent. The 
experim ents w ere conducted outdoors on the shore of 
N arragansett Bay and w ere run from the last w eek of 
June until early September. Mesocosms w ere 1.83 m 
diameter, 1.15 m deep (3 m3 total volume) cylindrical 
tanks of Kalwal fiberglass covered with opaque insula­
tion; tank surfaces w ere left open to the atm osphere. 
Mesocosms w ere gently bubbled w ith air to prevent 
stratification. Turbulent mixing intensity was esti­
m ated for the tanks using a M arsh-M cBirney Model 
523 electrom agnetic, 2 -dimensional current meter, as 
described in Howarth et al. (1993). Energy dissipation 
averaged 0.008 mW kg-1 (range 0.001 to 0.03 mW 
kg-1), corresponding to the lower range of values m ea­
sured in identical tanks w here turbulence was m anip­
ulated  (Howarth et al. 1993) and w ithin the range esti­
m ated for N arragansett Bay (0.025 mW kg-1) and other 
natural systems (Howarth et al. 1993).

New tanks w ere scrubbed, rinsed, and filled with 
seaw ater to leach before use. Tanks w ere filled with 
w ater from 2 to 3 m above the bottom of N arragansett 
Bay using a centrifugal vortex pum p with a screened 
intake. W ater was pum ped through a 5 cm PVC pipe 
into a header tank and then gravity fed to the meso-
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cosms through hoses that w ere rotated at 5 min in ter­
vals am ong tanks. Complete filling of the mesocosms 
took from 1 to 1.5 d and spanned 3 to 4 tidal cycles. 
Experiments w ere run in batch mode, w ith no further 
introduction of bay water, except for that added in 
small amounts as a cyanobacterial 'seed ' source (see 
below). The batch design w as chosen to provide favor­
able physical conditions for slow-growing cyanobacte­
ria. Each experim ent lasted 2 to 2.5 mo, m aking the 
w ater residence time in the tanks approxim ately twice 
that of N arragansett Bay (Nixon et al. 1995). No sedi­
m ents w ere added  to the tanks. To minimize periphy­
ton growth, sidewalls w ere scrubbed every 1 to 2 d. 
Each tank  had  a dedicated scrub brush as well as sam ­
pling tube and sam ple-receiving bucket to prevent 
cross-contamination. Floating particulate m aterial p ro­
duced w ithin the tanks was rem oved periodically, 
rinsed, and stored frozen until analyzed. Additional 
details are given in M arino (2001).

An im portant requirem ent for these experim ents 
was a source of heterocystous cyanobacteria to seed 
the tanks. We previously observed small num bers of 
Anabaena  filaments with heterocysts in w ater fed to 
experim ental seagrass lagoons at the same site. This 
w ater was draw n from N arragansett Bay and recircu­
lated over a m acroalgal 'nutrient scrubber' bed 
designed to lower concentrations of N and P below 
those in am bient bay w ater (Taylor et al. 1995). The 
heterocystous cyanobacteria w ere likely present in this 
scrubber system, associated w ith the m acroalgae. We 
set up a m acroalgal bed  similar in design to generate 
the 'seed ' w ater used in all 3 mesocosm experiments. 
N arragansett Bay w ater pum ped into a 700 1 holding 
tank was circulated w ith a diaphragm  pum p over an 
algal bed continuously for 1 w k and subsequently 
added in small volumes (20 1) to our experim ental 
tanks. For all treatm ents in all 3 mesocosm experi­
ments, this 20 1 cyanobacterial 'seed ' was added once 
per w eek to each tank.

Light extinction was m easured using a LiCor LI- 
1935A 4 pi sensor and LI-1000 data logger. Values 
ranged from 80 % of surface photosynthetically active 
radiation (PAR) reaching tank bottoms early in the 
experim ent to a minimum of 40 to 50%  of surface irra­
diance (700 to 1400 pE n r 2 s-1 on a clear mid-August 
day) in the tanks w ith the highest phytoplankton bio­
mass. Tem perature and salinity w ere m onitored in 
each tank daily. M ean salinities for the 3 experim ents 
w ere very similar (32 ± 0.6 ppt in 1994, 31.2 ± 0.8 ppt in 
1996, and 29.3 ± 1 .5  ppt in 1998). M ean tem peratures 
w ere also quite similar (26.4 ± 3.5°C, 24.9 ± 1.8°C, and 
26.2 ± 3°C in 1994, 1996, and 1998, respectively) and 
w ere approxim ately 2 to 3°C higher than average July 
and August tem peratures in N arragansett Bay (Durbin 
& Durbin 1981).

Experimental design. Expt 1 (1994) tested  w hether 
planktonic, heterocystous cyanobacteria could be 
stim ulated by creating strong N-limited conditions 
(low N:P) while mortality, due to Zooplankton graz­
ing, was kept low by adding zooplanktivorous fish 
(Menidia beryllina). A  total of 5 replicate tanks each 
w ere used for no-fertilization (Control) and P-addi- 
tion (+P) treatm ents; 15 juvenile M enidia  (-2 mo old, 
2.5 cm long) w ere added to each tank. Fish biomass 
density w as scaled to that of zooplanktivorous fish 
used in the freshw ater pond and mesocosm experi­
m ents (Schaffner et al. 1994, Howarth et al. 1993). 
P was added twice per w eek as a phosphoric acid 
solution at a loading rate of 160 pmol P n r 3 d-1; no N 
w as added. This fertilization level was used in earlier 
freshw ater mesocosm experim ents with large blooms 
of N-fixing, heterocystous cyanobacteria (Howarth et 
al. 1993). M esocosms w ere fertilized 2 to 3 d before 
sam pling for w ater chemistry. Algal m aterial and 
detritus accum ulated on the bottoms of all tanks d u r­
ing the experim ent, and w ere rem oved and collected 
twice, on Day 28 and at the end  of the experim ent, 
by either siphoning or pum ping the m aterial through 
a 250 pm pore polyethylene sieve into the clean 
bucket used for w ater chemistry. The w ater was 
im m ediately re turned  to the tank, and the particulate 
m atter collected on the sieve was rinsed, placed in 
bags, and frozen.

Expt 2 (1996) tested  the effect of 3 grazing trea t­
ments, w ith 4 replicates for each treatm ent. The zoo- 
plankton-grazing treatm ent (Gr) had no fish added. 
The no-zooplankton-grazing treatm ent (NGr) had  zoo­
planktivorous fish added, as in 1994. A third treatm ent 
(+Mussels) had  zooplanktivorous fish and blue mussels 
M ytilus edulis to test the effect of a benthic grazer. 
M ussels (35 to 45 mm long) w ere collected locally and 
suspended -0.35 m below the surface in plastic cages, 
at a density of 7 animals tank-1. This density corre­
sponded roughly to a clearance rate of 10% of the 
w ater volume per day, a reasonable value for N arra­
gansett Bay (Tracey 1988). All treatm ents w ere fertil­
ized w ith P and seeded for cyanobacteria as in Expt 1. 
Copepod densities w ere low in the w ater used to fill 
the tanks, so mesozooplankton (>100 pm, predom i­
nantly Acartia tonsa) w ere added to all 12 mesocosms 
on 8 July at a density of -7000 animals m-3. These Zoo­
plankton w ere concentrated from tanks established to 
rear Zooplankton collected from N arragansett Bay 
(Chan et al. 2006). Two w eeks after filling and again at 
the end  of the experim ent, the bottoms of the m eso­
cosms w ere cleaned as described for Expt 1 to remove 
accum ulated material. Algal surface floe was rem oved 
every other day using a net, rinsed, and frozen for later 
analysis. Individual floe samples for each tank  w ere 
pooled over time.
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Expt 3 (1998) w as a 2 x 2 factorial test of the hypo­
thesis that an interaction betw een grazing and slow 
grow th due to low availability of molybdenum  (Mo) 
controls the developm ent of heterocystous cyano­
bacterial populations in estuaries. Each treatm ent had 
4 replicates, totaling 16 experim ental tanks. The facto­
rial treatm ents were: (1) w ith and w ithout zooplanktiv­
orous fish (NGr and Gr, respectively) and (2) w ith and 
w ithout added  Mo. The Mo addition, reported  in 
M arino et al. (2003), had  a relatively small effect on the 
cyanobacterial grow th that was only apparent in the 
low-grazing mesocosms. Here, we report only on the 
effects of the grazer m anipulations, so this experim ent 
collapses into the same design as Expt 2, but w ith 8 
treatm ent replicates. Fish (NGr) and P (all tanks) w ere 
added as in Expt 2. Procedures for cleaning tank bot­
toms, rem oving algal surface floe, and supplem enting 
Zooplankton followed Expt 2.

Routine sampling procedures and methods. Stop­
pered, 1 m long PVC tubes (0.038 m diameter) w ere 
used for in tegrated  w ater-colum n sam pling (Howarth 
et al. 1993). Mesocosms w ere sam pled weekly. For 
each sample, w ater was em ptied into the clean bucket 
then poured into a 1 1 sam pling bottle that was placed 
in a cooler (no ice). Care was taken  to prevent contam ­
ination am ong mesocosms by having sampling gear 
designated  specifically to each tank and by careful 
cleaning and rinsing of equipm ent after every use. 
Within 1 to 2 h, samples w ere processed as follows: 
(1) duplicate 100 ml aliquots w ere preserved w ith acid 
Lugol's (Wetzel & Likens 2000) in glass bottles and 
stored in the dark until counted, (2) a 100 ml aliquot in 
a polyethylene bottle was frozen for later analysis of 
total N and total P (TN, TP), (3) a 250 to 350 ml aliquot 
was filtered at low vacuum  through a glass fiber filter 
(GF/F, 0.7 pm nominal pore size) directly into a 
polypropylene receiving bottle (1 for each tank). The 
filter was w rapped in foil and im m ediately frozen until 
analysis for chlorophyll. Aliquots of filtrate w ere kept 
refrigerated or stored if necessary frozen (DIN only) 
until analysis for dissolved inorganic N (DIN = NH4+ + 
N 0 3~ + N 0 2~) and dissolved inorganic (soluble reac­
tive) P (DIP). All sam ple-processing containers w ere 
either rinsed well w ith deionized w ater or rinsed with 
10% HC1 and deionized w ater betw een uses.

Phytoplankton samples w ere counted for cell num ­
bers and heterocysts in a 5 ml counting cell at lOOx and 
400x on a Wild M-40 inverted microscope. Samples 
w ere concentrated by gravitational settling or diluted 
w ith cell-free w ater as necessary (Wetzel & Likens
2000). Because cell and heterocyst abundances 
spanned 3 to 4 orders of m agnitude over time and the 
data showed regular heteroscedascity, num bers w ere 
log-transform ed before statistical analysis to equalize 
variance and properly w eight the data  over time

(1 added to all num bers <10, Steel & Torrie 1981). To 
focus the analysis of treatm ent effects, tim e-w eighted 
treatm ent m eans of log-transform ed cell and hetero ­
cyst abundances for each experim ent w ere calculated 
as derived variables (Diggle et al. 1994). Simple analy­
sis of variance (ANOVA) was used to determ ine trea t­
m ent significance levels.

Chlorophyll a (chi a) concentrations w ere d e te r­
m ined w ith a Turner Designs M odel 10 fluorometer 
after pigm ent extraction in m ethanol (Holm-Hansen & 
Riemann 1978). The assay was standardized spec- 
trophotometrically using m ethanol solutions of pure 
chi a and appropriate extinction coefficients. The 
N2-fixation potential was assayed periodically during 
Expts 1 & 3 on in tegrated  w ater-colum n samples using 
the acetylene reduction (AR) technique, modified to 
introduce the acetylene as a saturated solution in 
0.2 pm filtered seaw ater (Marino 2001). Mesozoo- 
plankton w ere concentrated from w eekly samples, 
using 73 or 100 pm nets (capture efficiency of adults 
plus copepodites and nauplii >99%  for both; Chan
2001). Details of the Zooplankton sampling, p reserva­
tion, and counting techniques are described in Chan et 
al. (2006).

W ater-column TN and TP w ere m easured colorimet- 
rically as N 0 3~ + N 0 2~ or DIP after persulfate oxidation 
(Koroleff 1983) using a microwave digestion (CEM 
Instrum ents MDS 2000) at 150°C for 30 min. DIN and 
DIP w ere m easured in duplicate on a Lachat Instru­
m ents Quik Chem  8000 flow injection analyzer. Stored 
particulate algal m aterial and bottom floe samples 
w ere thaw ed, freeze-dried, weighed, and ground 
finely w ith a m ortar and pestle under liquid N. Particu­
late N and C w ere m easured on a Carlo Erba NA 1500 
CHN analyzer; particulate P was m easured colorimet- 
rically after combustion and hot HC1 extraction 
(Marino 2001).

Bulk atm ospheric deposition samples w ere collected 
in an acid-w ashed stainless steel bucket w ith a large 
funnel at the top; the collection apparatus was located 
on a platform 5.7 m above ground w ithin 50 m of the 
mesocosms. The bucket was em ptied and rinsed daily 
w ith HC1 and deionized water. Samples w ere trans­
ferred into polypropylene bottles and frozen until 
analysis for DIN, DIP, TN, and TP as described above. 
Rain volume for each event was m easured using a 
gauge m ounted near the collector.

RESULTS

In all 3 experim ents, planktonic, heterocystous 
cyanobacteria grew  in the m oderately high salinity 
estuarine w ater of the mesocosms (Fig. 1). The dom i­
nant cyanobacterium  in all 3 yr was a filamentous, het-



M arino et al.: N itro g en  fixation  b y  h e te rocystous cy an o b acte ria 29

100000
10000  -

1000 -

NGr

Gr = 0

NGr

7/15 7/25 8/4 8/14 8/24 9/3

NGr

NGr

G r

7/15 7/25 8/4 8/14 8/24 9/3

1994 1996 1998
Fig. 1. Anabaena  spp. Heterocyst (upper panels) and cell (lower panels) abundances over time during seaw ater mesocosm Expts 
1 (1994), 2 (1996), and 3 (1998). Treatm ent m eans (±1 SE) are plotted for each sam pling date. In 1994, C (■) denotes Control (i.e. 
no P addition) and +P (♦) denotes P added. Grazing potential was low in both treatm ents. In 1996 and 1998, NGr (♦) denotes low 

Zooplankton grazing potential and Gr (^) denotes h igh grazing potential. M (A) in  1996 denotes mussels added

erocystous type morphologically similar to Anabaena  
oscillarioides, a species found in a variety of littoral and 
pelagic freshw ater habitats (Carr & W hitton 1982). A 
Nodularia species w as also observed in low abundance 
in 1 mesocosm (NGr) in Expt 3. Heterocysts, the active 
site of N fixation in both Anabaena  and Nodularia spe­
cies, w ere present in all 3 experim ents for 2 to 5 wk 
and w ere highly correlated w ith cell num bers (Fig. 1). 
Heterocyst num bers are often correlated with N-fixa- 
tion rates (e.g. Levine & Lewis 1987, Howarth et al. 
1993, Findlay et al. 1994), and a sustained presence in 
the mesocosms provides strong evidence of active N 
fixation.

Nitrogenase activity, m easured periodically during 
the experim ents as AR, spanned 2 orders of m agnitude 
and showed high variation am ong replicates, in part 
because heterocyst densities had  already peaked  and 
heterocyst num bers tended  to be low (<200 ml-1 for 
90%) for several of the dates the assay was run. M ean 
AR rates above detection (95% Cl > blank) normalized 
to heterocyst abundance ranged from 42 to 470 x 
1(T15 mol ethylene heterocysh1 I r 1 and w ere 370 x 
1(H5 mol ethylene heterocysh1 I r 1 or g reater w hen 
heterocyst num bers w ere reasonably high. These val­
ues are w ithin the range reported  for freshw ater sys­
tems (Howarth et al. 1993, Findlay et al. 1994). Peak AR 
rates of 500 to 1000 x IO-15 mol ethylene heterocysh1 I r 1 
have been  reported  in low-salinity areas of the Baltic 
Sea and the Peel-Harvey Estuary during blooms, 
though rates per heterocyst can vary by a factor of 5 or

more w ithin an individual study (Lindahl & Wallstrom 
1985, H uber 1986, W asmund et al. 2001). Our AR data, 
while limited, confirm the potential for N2 fixation at 
high rates under some conditions in the mesocosms.

In Expt 1 (1994), w here grazing was elim inated in 
both treatm ents, the addition of P (+P) had  a clear and 
highly significant effect on abundance of both hetero ­
cysts and cyanobacterial cells (Fig. 1, Table 1). After an 
initial increase in heterocyst and cell num bers on 
25 July in both treatm ents, cyanobacterial populations 
w ere sustained only in +P (Fig. 1). Control tanks had 
extrem ely low DIP throughout the experim ent com ­
pared  to +P (Fig. 2), w hich likely affected the ability of 
cyanobacteria to grow and produce heterocysts, as 
these organism s have a high P requirem ent relative to 
other algae (Fogg 1987). The DIP concentrations m ain­
tained in the +P mesocosms during Expt 1 (Fig. 2) w ere 
not unusual for N arragansett Bay (Nixon et al. 1980, 
1995). In Expts 2 & 3, all treatm ents received P loads 
equivalent to +P in Expt 1, and DIP rem ained w ithin or 
above the range for N arragansett Bay during the peak 
grow ing season (Fig. 2).

The presence of Zooplankton (Gr) in Expts 2 & 3 
(1996 & 1998) had a significant negative effect on both 
heterocyst and cyanobacterial cell num bers (Fig. 1, 
Table 1). Zooplankton abundances in Gr in both years 
averaged approxim ately 45 ind. L1 (predominantly 
Acartia tonsa), a value well w ithin the range observed 
in N arragansett Bay (Durbin & Durbin 1981). In con­
trast, abundances in tanks with fish present (all tanks

10000

o  1000
CL
w 100
<n
o  100
3 10
1

Low Grazing, High vs. Low P Low vs. High Grazing, High P Low vs. High Grazing, High P
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Table 1. Simple factorial ANOVA of heterocyst abundance and of water-colum n increase in  total nitrogen (TN) during the 3 
mesocosm experiments. S tandard errors are in  parentheses. Units are: heterocysts, w eighted  m ean (log counts per ml), see 'M ate­
rials and methods'; water-colum n TN change (pM N). TN changes w ere calculated as the difference betw een  the final and initial 
values for each treatm ent, uncorrected for the N addition due to atm ospheric inputs (see Fig. 2 and 'M aterials and methods'). 
Similar levels of significance result w hen linear regression slopes of TN concentration over tim e are used  as the derived variable.

Note that heterocyst abundance for the 1998 experim ent was analyzed for 2 time periods

ANOVA 
(dependent variable)

Treatm ent m ean  (SE) - df F

1994 experiment 
(all NGr) Control +P

1996 experiment 
(all +P)

1998 experiment 
(all +P)

Heterocyst abundance 0.420 (0.101) 1.06 (0.134) (1.8) 14.6 0.005
W ater-column TN change 23.6 (3.96) 54.5 (7.01) (1.8) 14.8 0.005

NGr Gr Mussels

Heterocyst abundance 1.19 (0.382) 0(0) (1.6) 9.63 0.021
- 0(0) 0.638 (0.246) (1.6) 6.71 0.041

1.19 (0.382) - 0.638 (0.246) (1.6) 1.45 0.271
W ater-column TN change 28.7 (5.94) 23.4 (3.23) - 0.605 0.466

- 23.4 (3.23) 25.9 (5.58) (1.6) 0.143 0.719
28.7 (5.94) - 25.9 (5.58) (1.6) 0.120 0.741

NGr Gr
Heterocyst abundance

through 17 Aug 1.34 (0.152) 0.920 (0.094) (1,12) 4.99 0.045
through 6 Sep (end) 1.10 (0.205) 0.694 (0.071) (1,12) 3.33 0.093

W ater-column TN change 83.2 (11.1) 34.9 (6.99) (1,12) 16.5 0.002

in 1994, NGr in 1996 & 1998) averaged 0.5 to 1.1 ind.
I-1. No cyanobacteria w ere detected  in Gr in 1996. Both 
cyanobacterial cells and heterocysts w ere detected  in 
Gr in 1998, but abundances w ere much lower than in 
NGr, w here Zooplankton densities w ere generally <2 
animals I-1, as in Expts 1 & 2 (Chan et al. 2006). During 
the last 2 w k of Expt 3 (24 August to 6 September) 
there w as a spiked increase in the calanoid copepod, 
A. tonsa in 3 of the 8 NGr tanks (20 to 120 ind. I-1), 
although the cause of this late bloom is unclear. Nutri­
ent concentrations (Fig. 2) and phytoplankton biomass 
did not have any clear response to the increase in Zoo­
plankton. Considering that heterocyst num bers might 
respond quickly to a newly introduced grazing p res­
sure, w e analyzed for a grazing treatm ent effect in 
Expt 3, using both the entire data set and the data col­
lected prior to the Zooplankton increase only (Table 1). 
In both cases, there was a significant effect of grazing 
treatm ent on the abundance of heterocysts, w hich is 
consistent w ith in tegrated  m easures of N fixation as 
discussed below. There was an interesting, though not 
statistically significant, trend  tow ard reduced cyano­
bacterial cell and heterocyst num bers in Expt 2 w hen a 
benthic filter feeder w as added after Zooplankton w ere 
rem oved (+Mussels vs. NGr treatm ent, Fig. 1, Table 1). 
The duration of the cyanobacterial response in this

experim ent was short, with the effect of mussels most 
pronounced in the last 4 d of the experim ent, and tank- 
to-tank variance in cell and heterocyst num bers was 
large during the abbreviated period w hen Anabaena  
w ere present (Fig. 1).

The timing and duration of the cyanobacterial 
response in the mesocosms varied from year to year. 
While cyanobacteria in com parable treatm ents (low 
grazing and P enriched) responded similarly in 1994 
(+P) and 1998 (NGr), cyanobacteria appeared  much 
later in the season in the 1996 experim ent (NGr, 
Fig. 1). Cooler, cloudier w eather during July and early 
August in 1996 may have delayed grow th and hetero ­
cyst formation. The m ean tem perature in the tanks 
during 1996 was 24.9°C and did not go above 24°C 
until after 16 August. In contrast, in both 1994 and 
1998, the m ean tem perature during each experim ent 
was 26.4°C, and the m eans for July through 17 August 
w ere 26.5 and 28.5°C, respectively. As tem perature 
and cloud cover are related, PAR availability over most 
of 1996 was likely lower than in 1994 or 1998. Light 
intensity influences the ratio of active heterocyst to 
resting cell (akinete) formation in cyanobacteria, 
though it is unclear how differences in the light e n ­
vironm ent and/or tem perature might affect he tero ­
cystous cyanobacterial grow th and N2 fixation over a
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appearance of
heterocystic
cyanobacteria

7/2 7/16 7/30 8/13 8/27 9/10 7/2 7/16 7/30 8/13 8/27 9/10

Narragansett Bay July - Sept

1994 1996 1998
Fig. 2. Dissolved inorganic phosphorus (DIP, upper panels), dissolved inorganic nitrogen:dissolved inorganic phosphorus ratio 
(DIN:DIP, m iddle panels), and water-colum n total nitrogen (TN) increase (lower panels) for seaw ater mesocosm Expts 1, 2, and 
3. Treatm ent m eans (±1 SE) are plotted for each sam pling date (mm/dd). Symbols and abbreviations are as described for Fig. 1. 
D ashed lines on DIP plots indicate upper and lower range for N arragansett Bay during summer; dashed vertical line on water- 
column TN plots indicates appearance of heterocystous cyanobacteria. Horizontal solid line on water-colum n TN (1994,

1998) indicates initial TN plus cumulative TN added in deposition

7/2 7/16 7/30 8/13 8/27 9/10

grow ing season (Wyman & Fay 1987, Levine & 
Schindler 1992, Findlay et al. 1994).

Temporal patterns in DIP in the mesocosms differed 
across treatm ents and experim ents as well, and w ere 
related  to the m agnitude and duration of cyanobacter­
ial cells and heterocysts in the w ater column. As noted 
above, DIP concentrations w ere very low in Control 
and fairly low in +P in Expt 1 relative to the same trea t­
m ent (NGr) in Expt 2 (Fig. 2). In Expt 3, DIP levels in 
NGr w ere similar to those in +P in Expt 1 (Fig. 2), as 
expected, since both m anipulations w ere the same 
(low grazing, P-enriched) and had cyanobacteria p re ­
sent for similar periods (Fig. 1). DIP concentrations in 
Gr during Expt 3 gradually increased to m uch higher 
levels than in NGr (Fig. 2), and w ere inversely related 
to the differences in cyanobacterial abundances in the 
treatm ents (Fig. 1). In Expt 2, DIP gradually increased 
over time in all treatm ents, and reached  particularly 
high levels in Gr (Fig. 2), w here cyanobacteria w ere 
absent during the entire experim ent. The higher DIP 
concentrations in NGr in Expt 2 relative to those 
observed in Expts 1 & 3 likely reflect both the later

appearance of cyanobacteria and the lower num ber of 
cells over time (Fig. 1). These DIP patterns suggest that 
heterocystous cyanobacteria are m ediating removal of 
P from the w ater column, either by direct uptake or by 
providing a labile N input to the tanks, w hich then 
allows for further grow th of other species am ong the 
highly N-limited phytoplankton. A combination of 
these 2 m echanism s is most likely.

The DIN:DIP ratio was always well below the Red- 
field ratio of 16:1 in P-enriched mesocosms (Fig. 2), 
providing conditions extrem ely favorable for N fixation 
in freshw ater (Flett et al. 1980, Howarth et al. 1988b). 
For +P in Expt 1 and for all treatm ents in Expts 2 & 3 
(which received P loadings as in +P), the DIN:DIP 
ratios w ere generally <1:1 (Fig. 2). These DIN:DIP 
ratios are driven largely by DIP concentrations. DIN 
concentrations rem ained low and fairly constant in all 
experim ents, at approxim ately 0.5 to 1 pM, and there 
w ere no significant treatm ent differences in DIN in any 
experim ent (data not shown, M arino 2001).

The TN in the w ater column increased over initial 
levels in all treatm ents and experim ents over the grow ­
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ing season (Fig. 2). A portion of the w ater-colum n TN 
change in the tanks is due to the atm ospheric deposi­
tion of N, and, in Expt 1, the TN increase in the Control 
can be attributed almost entirely to this input (Fig. 2). 
The TN increase in the +P treatm ent in Expt 1 was sig­
nificantly greater than  in the Control (Table 1), and is 
presum ably due to N fixation associated with a greater 
abundance of heterocysts and cyanobacterial cells 
(Fig. 1). We do not have data on the atmospheric depo­
sition of N during Expt 2; however, it is likely that most 
of the w ater-colum n TN increase during that experi­
m ent w as due to deposition, as cyanobacterial biomass 
and heterocyst num bers w ere low during most of that 
experim ent. Accordingly, w e did not find significant 
treatm ent differences in TN increase in Expt 2 (Fig. 2, 
Table 1). In Expt 3, the water-colum n TN increase was 
highly significant w hen Zooplankton grazers w ere 
rem oved (NGr) and was much greater than  the N input 
from atm ospheric deposition (Fig. 2, Table 1). Again, 
we attribute this increase to a larger N input from N 
fixation associated w ith the g reater abundance of 
cyanobacterial cells and heterocysts in NGr relative to 
Gr. The small water-colum n TN increase in Gr above 
that from atm ospheric deposition is likely also due to N 
fixation (Fig. 2), but this input w as clearly much less 
than in NGr. For both the 1994 and 1998 experiments, 
the rate of TN increase appears to accelerate in the 
P-addition, low-zooplankton treatm ents (+P, NGr) after 
heterocystous cyanobacteria appear (Fig. 2).

We constructed N budgets for each tank in Expt 3, 
allowing further exploration of the significance of the 
cyanobacteria as an N source to the mesocosms. In 
addition to the increase in w ater-colum n TN, we 
accounted for N that accum ulated in other forms, such 
as particulate N. The input from N fixation is calcu­
lated as the excess TN present in the tanks [2 final N 
pools -  (2 N initial pools + 2  atmospheric N inputs)]. 
The specific pools quantified were: TN increase in the 
w ater column, TN rem oved in particulates (floating 
algal m aterial and bottom floe), and net TN change in 
fish biomass. Net change in fish biomass in NGr over 
time was a trivial portion of the N budgets (<1 %) and 
is not considered further. Since all tanks w ere well 
oxygenated and did not stratify, we believe that den i­
trification was not a significant loss term  in any of the 
budgets. A lthough we have no detailed data to q uan ­
tify gaseous NH3 losses over time, we can estim ate the 
relative im portance of this term  across treatm ents 
based on periodic m easurem ents of pH. In NGr tanks 
pH values of 8.7 to 9.2 w ere observed during peak 
hours of sunlight (10:00 to 14:00 EDST), w hereas in Gr 
tanks the pH stayed <8.4. All tanks re turned  to sea­
w ater pH values of 8.2 to 8.3 during hours w hen pho­
tosynthesis was low. If NH3 w ere being volatilized to a 
significant extent, the overall N loss due to this p ro­

cess would be g reater in NGr tanks, since pH values 
w ere higher during peaks of photosynthesis. Hence, 
the assum ption of no NH3 loss for the N budgets is 
conservative in that we may have underestim ated the 
im portance of N fixation in NGr relative to Gr. An 
analysis of treatm ent effect on the complete N budget 
indicates a highly significant main effect of grazing 
(p = 0.0002) on total N input attributed to biological N 
fixation, w ith NGr having a m ean TN increase over 
twice that of Gr (Fig. 3).

As a check on the accuracy of the sam pling and an a­
lytical digestion procedures used to construct the nitro­
gen budgets, we also constructed P budgets for each 
tank  by summing the various P pools as for N. For P, 
there are no gaseous flux terms, the cumulative exper­
im ental addition can be determ ined accurately 
(24.8 mmol P tank-1), and the total input of P from 
atm ospheric deposition (0.17 mmol P tank-1) is very 
small. The P budgets, expressed as m ean percent P 
recovered, balanced to w ithin 5%  (Gr = 98.6 ± 2.8; 
NGr = 94.9 ± 3.0). These m ean recoveries and the asso­
ciated standard  errors (n = 8) are quite acceptable, 
especially given the multiple sample collections and 
analyses, providing support for our N budgets.

DISCUSSION

Heterocystous cyanobacteria have not been  reported 
in the plankton of estuaries that are persistently saline 
(>10 ppt), yet our findings indicate these organisms 
can grow and fix N in a near-full-salinity seaw ater 
system (27 to 32 ppt) under some conditions. The dom ­
inant cyanobacterium  in our mesocosms was A n a ­
baena, 1 of 3 genera of heterocystous N-fixing cyano­
bacteria that form large blooms in the phytoplankton 
of mesotrophic and eutrophic lakes (Carr & Whitton 
1982, W hitton & Potts 2000). Anabaena  spp., as well as 
Nodularia and Aphanizom enon  species, are common 
in the Baltic Sea, w here salinity is generally <10 to 
12 ppt (Lindahl & Wallstrom 1985, M oisander et al. 
2003, Stal et al. 2003). In those few estuaries w here 
cyanobacterial blooms initiate w hen the salinity is very 
low and then persist as the salinity increases, N odu­
laria spp. dom inate (Huber 1986, Jones et al. 1994, 
Pérez et al. 1999). The major N-fixing cyanobacterium  
in oceanic w aters is a colonial, non-heterocystous form 
(Trichodesmium), found almost exclusively in warm, 
oligotrophic regions (Fogg 1987, Karl et al. 2002).

We observed strong control by Zooplankton on 
cyanobacterial cell and heterocyst num bers, and on N 
accumulation in our mesocosms over time (Figs. 1,2).  
Thus, abundances of mesozooplankton characteristic 
of an estuary such as N arragansett Bay w ere sufficient 
to greatly suppress cyanobacterial populations in our
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0.5

NG r  Gr

Fig. 3. M ean TN increase for the 1998 mesocosm experim ent 
for Gr and NGr treatm ents. S tacked bars are treatm ent means 
for each N pool. White: water-colum n TN increase, exclusive 
of N input from deposition; light grey: N rem oved in  floating 
algal/particulate material; dark grey: N in  bottom  floc/detri- 
tus at the end of the experiment; black: N input in  atm os­
pheric deposition; other abbreviations see Fig. 1. Treatm ent 

differences are significant at p  < 0.0002

experim ents. Work in freshw ater ponds indicates that 
Zooplankton can exert some control on cyanobacterial 
abundance (Schaffner et al. 1994, Hansson et al. 1998). 
Heterocystous cyanobacteria are particularly suscepti­
ble to grazing control (compared to other phytoplank­
ton), as m any photosynthetic cells are necessary to 
support N fixation in a heterocyst (Howarth et al. 1999, 
Chan et al. 2004). W hen grazing shortens or breaks up 
filaments, the potential for N fixation is greatly re ­
duced, and population grow th under N-limiting condi­
tions is constrained. Acartia spp., including A. tonsa, 
the dom inant Zooplankton species in our experiments, 
can graze on heterocystous cyanobacteria (Meyer- 
Harms et al. 1999). Short-term  assays done during Expt 
3 dem onstrated A. tonsa grazed on the cyanobacteria 
present in these mesocosms (Chan et al. 2006).

While feeding on filamentous cyanobacteria would 
not seem to be a good strategy for survival in estuaries, 
due to the general absence of these organism s in the 
plankton, Acartia spp. do graze on other chain-forming 
phytoplankton, such as the diatom Skeletonem a costa­
tum  (Martin 1970). Thus, grazing on developing fila­
m ents of cyanobacteria may be incidental to grazing 
on chain-forming diatoms. Alternatively, Acartia spp. 
have been  shown to discriminate betw een some types 
of food particles and can ingest high-protein foods 
preferentially (Cowles et al. 1988, Butler et al. 1989). In 
the pre-bloom  stages of growth, cyanobacterial cells 
can accum ulate N-rich compounds in accessory p ig ­
m ents such as cyanophycin or in gas-vesicle m em ­
branes (Whitton & Potts 2000), and so would be a high- 
N food. However, the grazing studies by C han et al. 
(2006) showed no selectivity for or against Anabaena  
relative to diatoms.

In a freshw ater experim ent, Elser et al. (2000) also 
found fewer cyanobacteria and less N fixation w hen 
Zooplankton abundances w ere greater. They attrib­
u ted  this relation to an indirect effect of the Zooplank­
ton, differentially recycling N and P so as to m ake the 
nutrient stoichiometry of the w ater less conducive to N 
fixation (i.e. high DIN:DIP). We believe this m echa­
nism was not im portant in our studies, and that grazing 
by the Zooplankton was the dom inant m echanism 
w hereby the cyanobacteria w ere suppressed in the Gr 
treatm ents relative to NGr. Throughout our study, the 
molar DIN:DIP ratio rem ained consistently 5-fold or 
more below the phytoplankton need, as described by 
the Redfield ratio in both the Gr and NGr treatm ents 
(Fig. 2), suggesting highly favorable conditions for 
N-fixing cyanobacteria. Inorganic N concentrations 
also rem ained quite consistent and low, and w ere not 
statistically different betw een treatm ents. However, 
DIP concentrations w ere substantially higher in the Gr 
treatm ents over time (Fig. 2). As higher DIP favors 
cyanobacterial blooms (Howarth et al. 1988b, Moisan- 
der et al. 2003), nutrient conditions in the treatm ents in 
w hich Zooplankton w ere present (Gr) were, if any­
thing, more conducive to N fixation.

Two im portant differences can explain w hy the 
water-colum n DIN:DIP ratio increased in the presence 
of Zooplankton in the experim ents of Elser et al. (2000), 
but not ours. First, Zooplankton biomass did not in ­
crease over time in our experim ents (Chan 2001, Chan 
et al. 2006), so there was no opportunity for differential 
accum ulation of P. Second, the dom inant Zooplankton 
in the freshw ater experim ent, Daphnia spp., have a 
low body N:P in comparison to the Redfield ratio (Elser 
& Hassett 1994, Elser et al. 2000). Therefore, as the 
population increased, Daphnia preferentially seques­
tered  P and elevated the DIN:DIP ratio of the w ater 
above the Redfield ratio. In contrast, the dom inant Zoo­
plankton species in our experim ents, Acartia tonsa, has 
a body N:P that is similar to the Redfield ratio (Waive & 
Larsson 1999). Thus, if Zooplankton populations had 
increased over time in the Gr treatm ent, the effect 
would have been  to m aintain or further lower the 
already low w ater-colum n N:P ratio, not raise it as in 
the freshw ater experim ent (Elser et al. 2000).

Zooplankton could also alter the water-colum n 
DIN:DIP through differential regeneration of N and P 
as microbial excretion products or material from sloppy 
feeding. The net effect on the Gr treatm ent would be to 
increase the already excess DIP supply relative to DIN, 
as organic P generally cycles more rapidly than 
organic N (Capblancq 1990, Vitousek & Howarth 
1991). This effect may have contributed to the increas­
ing DIP concentrations observed in the Gr treatm ents. 
In any case, such preferential regeneration  of P in Z o o ­

plankton excretion products or from sloppy feeding
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would again tend  to favor N fixation in our Gr trea t­
m ent relative to the NGr, not suppress it, as observed. 
M icrozooplankton, w hich can increase in abundance 
w hen planktivorous fish reduce the mesozooplankton, 
can also promote faster P recycling (Capblancq 1990). 
In this case, we would expect an increase in the avail­
ability of P in NGr tanks relative to Gr, w hich was not 
reflected in the w eekly DIP data (Fig. 2). Such an 
effect, if present, is very unlikely to be a significant 
bias in our results, since DIP is already present is large 
excess (DIN:DIP consistently <3, often <1). Hence, we 
are confident in concluding that the prim ary m echa­
nism w hereby Zooplankton suppressed cyanobacterial 
grow th and N fixation in our experim ents w as direct 
grazing.

While not statistically significant, the results of 
Expt 2 suggest that filter-feeding mussels may also 
suppress cyanobacterial num bers and heterocysts 
(Fig. 1, Table 1). The potential impact of mussels on 
phytoplankton populations has been exam ined in estu ­
aries of Prince Edw ard Island, Canada, w here phyto­
plankton biomass was reduced by 50 % or more due to 
mussel herbivory (M eeuwig et al. 1998). In freshw ater 
ecosystems, grazing by zebra mussels (Dressina po ly­
morpha) and other bivalves has been shown to 
decrease overall phytoplankton biomass as well as 
alter the structure of the plankton community and sup­
press populations of some species of N2-fixing cyano­
bacteria (Smith et al. 1998, Strayer et al. 1999). While 
the potential effect of benthic grazers, such as mussels, 
on cyanobacteria requires further study, these organ­
isms may provide another im portant ecological in ter­
action limiting the ability of cyanobacterial populations 
to develop and fix N in some coastal marine systems.

Comparison with other estuarine mesocosm  
experiments

We are aw are of no previous mesocosm experim ents 
w ith estuarine w ater at salinities >10 ppt that resulted 
in the grow th of N-fixing heterocystous cyanobacteria 
in the plankton. Oviatt et al. (1995) fertilized m eso­
cosms at the M arine Ecosystems Research Laboratory 
(MERL) facility, also at N arragansett Bay, w ith com pa­
rable P inputs. As with our results, DIP was never 
depleted  from the w ater column of the P-addition 
treatm ents (levels of -2  pM), DIN levels rem ained low 
(<0.5 pM), and N rem ained limiting to prim ary pro­
duction and phytoplankton biomass. Cyanobacterial 
N-fixers w ere absent from the w ater column through­
out the Oviatt et al. (1995) experim ent, even under 
conditions of extrem e N deficit (only P added, N:P of 
0:1). We hypothesize that grazing prevented  cyano­
bacterial populations from developing in the w ater

column, as N-fixing cyanobacteria grew  to some extent 
as periphyton attached to the walls of the mesocosms 
(Oviatt et al. 1995).

In another experim ent using N arragansett Bay 
water, Taylor et al. (1995) fertilized seagrass-lagoon 
mesocosms similar in depth  and volume to our m eso­
cosms w ith a very high level of P (685 pmol P n r 2 d-1, a 
rate 4 -fold g reater than in our experiments). Once 
again, as we observed (Fig. 2), DIP accum ulated in the 
w ater column of the P-addition treatm ents (up to 
7 pM), while the DIN concentration and the DIN:DIP 
ratio rem ained extrem ely low (Taylor et al. 1995). No 
heterocystous cyanobacteria w ere detected  in the 
w ater column of the lagoon mesocosms (S. Nixon pers. 
comm.), and N limitation w as m aintained throughout 
the P-addition experim ent, except in mesocosms 
w here N fertilizer w as also added (Taylor et al. 1995). 
The lagoon mesocosms had w ater-colum n and benthic 
communities m odeled after those in natural systems of 
southern Rhode Island, including 2 species of benthic 
filter feeders (Taylor et al. 1995). Again, grazing may 
have played a significant role in excluding planktonic 
cyanobacteria from these systems.

The MERL experim ent and the lagoon mesocosms of 
Taylor et al. (1995) both included sediments, w hereas 
ours did not. The rate of P fertilization used in our 
experim ents (all treatm ents except the 1994 Control) 
was similar to the P flux from sedim ents to the w ater 
column of N arragansett Bay in summer (Nixon et al. 
1980), and sedim ents in these other mesocosm experi­
m ents also undoubtedly contributed P to the w ater col­
umn. Thus, the total input of P to the w ater column in 
these other estuarine mesocosms w as likely substan­
tially higher than in ours. The P loading in our experi­
m ents represen ted  well the internal loading and con­
centrations typical of N arragansett Bay during the 
summer season.

Although the experim ental systems in the 3 estuar­
ine, nutrient-addition studies discussed above differed 
in m orphom etry and ecological complexity, some of 
the key responses w ere the same. In all cases, phyto­
plankton prim ary production rem ained N limited, and 
the N deficits induced by m oderate to high P inputs 
and low N:P-loading ratios w ere not alleviated by 
blooms of heterocystous cyanobacteria in the plankton. 
Planktonic N-fixing cyanobacteria w ere observed only 
in our mesocosms, and not in those in w hich natural 
communities of grazers w ere present (Oviatt et al. 
1995, Taylor et al. 1995).

Comparison with freshwater experiments

Even though cyanobacteria grew  and fixed N in the 
plankton of our mesocosms w hen grazing pressure
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was very low, prim ary productivity probably re ­
m ained limited by N in all treatm ents, as indicated by 
the extrem ely low DIN:DIP ratios (Fig. 2, NRC 2000) 
and the relatively low chi a concentrations (Table 2). 
This response contrasts to the patterns observed in 
m any lakes, in w hich N fixation can alleviate short­
ages in N relative to P and helps m aintain P lim ita­
tion of prim ary productivity (Schindler 1977, Howarth 
et al. 1988b).

Cyanobacteria and heterocysts in our estuarine m e­
socosms w ere far less abundant than those observed in 
similar freshw ater experim ents. Com paring the +P 
treatm ent in Expt 1 and NGr treatm ents in Expts 2 & 3 
w ith a freshw ater mesocosm study done in the same 
3 m3 volume, 1.15 m deep tanks at O neida Lake, NY 
(Howarth et al. 1993) revealed significant differences 
in cyanobacterial responses. Both sets of experim ents 
used the same P-loading rate (Table 2), w ere vertically 
well mixed at similar turbulent intensities, and used 
fish of similar size and stocking density to keep Z o o ­

plankton populations low. However, while m ean 
heterocyst densities of 50 and 295 m b 1 w ere observed 
in our 3 estuarine experim ents, heterocyst num bers 
exceeded 10 000 m b 1 in the O neida freshw ater experi­

m ent (Table 2). M easured rates of N fixation per 
heterocyst w ere similar in the freshw ater and estuarine 
experim ents, and, overall, inputs of N from fixation 
w ere 1 to 2 orders of m agnitude g reater in the freshw a­
ter experim ent. In the O neida mesocosm experim ent, 
enough N was added  from N fixation over 3 w k to raise 
the water-colum n DIN:DIP from well below to well 
above the Redfield ratio of 16:1 (Howarth et al. 1993), 
w hereas the DIN:DIP ratio in our seaw ater mesocosm 
experim ents under similar conditions rem ained 5- to 
10-fold or more below the Redfield ratio (Fig. 2), indi­
cating continued N limitation of the phytoplankton 
(NRC 2000). Correspondingly, phytoplankton biomass 
(chi a) also reached  substantially higher levels in the 
freshw ater mesocosms (Table 2). The DIP and TP con­
centrations in our 3 estuarine mesocosm experim ents 
w ere either similar to or higher than  those in the 
O neida Lake experim ent (Table 2).

We can further com pare our experim ents w ith fresh­
water, whole-system  m anipulations conducted at the 
Cornell Experim ental Ponds (CEP) facility and at the 
ELA in C anada. The CEP experim ent used a design 
similar to that used for Expts 2 & 3 (Schaffner et al. 
1994), in w hich zooplanktivorous fish w ere either

Table 2. Comparison of heterocyst and phytoplankton biomass (chi a) responses to h igh P (low N:P) external loading in  fresh­
w ater whole-ecosystem and mesocosm experim ents w ith our estuarine mesocosms. Values for heterocysts and chi a are w eighted 
arithmetic m eans over the bloom period, defined by 1 date preceding first appearance of heterocystic cyanobacteria through the 
end of the experim ent (±1 SE). Blooms w ere observed m id-June to Septem ber in the pond and lake systems, and during July to 

early Septem ber in mesocosm experiments. SRP: Soluble reactive phosphorus; TP: total phosphorus; NR: not reported

Experim ental system P loading
(pmol n r 2 d_1)

Loading 
N:P (M)

Heterocysts
(ml-1)

Chi a 
(pg-1)

SRP
(pM)

TP
(pM)

Estuarine mesocosms — low  grazing
Expt 1 (+P) 160 0:1 61 (39) 3.2 (0.6) 1.3 2.6
Expt 2 (NGr) 160 0:1 50 (16) 4.7 (7) 5.5 6.2
Expt 3 (NGr) 160 0:1 295 (224) 14 (3) 1.7 5.2

Estuarine mesocosms — high grazing
Expt 2 (Gr) 160 0:1 0 3.2 (0.9) 8.3 8.9
Expt 3 (Gr) 160 0:1 11 (5) 5.7 (1.9) 5.5 7.0

Oneida Lake mesocosms — low  grazing3
(Howarth et al. 1993) 160 0:1 10220 (3823) 46(7) 1.1 3.2
Cornell Ponds
Low grazing (fish) 117 0:1 34360 69 (15) 0.05 NR
High grazing (no fish) 117 0:1 274 (239) 8.2 (1.8) 0.16 NR

Experimental Lakes Area — Lake 227
(Findlay et al. 1994)
(1975-1989) 129 11:1 1800 (370) 51b NR 1.9C
(1990-1992) 129 0:1 3470 (365) 44b NR 1.7C

3M eans for combined high- and low -turbulence treatm ents, as there  w as no significant treatm ent difference in  heterocyst
abundance

b Chlorophyll a estim ated from m ean  TP data using the relationship betw een  m ean annual TP and chi a in  lakes at the Exper­
im ental Lakes Area, as given in Schindler (1977)

c Annual m eans calculated from reported  P mass in the w ater column, lake area, and m ean depth, as given in  Findlay et al.
(1994)
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added ('Fish') or absent ('No Fish'). This experim ent 
was replicated in 1000 m2, 2 m deep ponds (n = 4), fer­
tilized w ith P at a slightly lower loading rate than used 
in our mesocosms (Table 2). W hen Zooplankton grazing 
was low (Fish), heterocysts averaged 34 400 ml-1, 2 to 3 
orders of m agnitude g reater than the m ean abundance 
in our estuarine mesocosms. Grazing in the CEP exper­
im ent (No Fish) decreased cyanobacterial abundance, 
but m ean num bers w ere still as high as w e observed 
even without Zooplankton (NGr) in estuarine m eso­
cosms, and orders of m agnitude higher than w hen 
grazers (Gr) w ere present (Table 2), despite com para­
ble Zooplankton densities in the No Fish and Gr trea t­
ments. As with the freshw ater mesocosm experim ent 
(Howarth et al. 1993), chi a levels w ere far higher in the 
CEP under low grazing conditions than in any of the es­
tuarine mesocosms. Despite similar P loading, DIP con­
centrations w ere far lower in the CEP experim ent than 
in either of the mesocosm experim ents (Table 2), proba­
bly due to sedim ent uptake in the former.

A comparison of heterocyst and phytoplankton bio­
mass responses to high P and low external N:P loading 
w ith whole-lake experim ents done at the ELA shows a 
pattern  similar to that seen in the direct comparison of 
the freshw ater and saline mesocosm experim ents 
described above. In a long-term, P-fertilization experi­
m ent at Lake 227, heterocyst num bers averaged 
betw een 1800 and 3470 mL1 from 1975 to 1989 and 
1990 to 1992, respectively (Schindler 1977, Findlay et 
al. 1994). Fish populations w ere not m anipulated over 
this time period, so this lake probably experienced 
Zooplankton grazing pressure interm ediate betw een 
the Fish and No Fish treatm ents at CEP or our m eso­
cosm NGr and Gr treatm ents. The m ean heterocyst 
abundances in Lake 227 during the summer season 
w ere an order of m agnitude higher than  the abun­
dances w e observed under a 'best case' scenario for 
reducing grazing mortality (i.e. NGr). The P loading to 
Lake 227 was similar to but som ewhat lower than  in 
our estuarine mesocosms (Table 2), yet, as w ith the 
other freshw ater experim ents discussed here, chi a lev­
els w ere far higher (Table 2).

Relative controls on planktonic N fixation

The above comparisons clearly illustrate that at com ­
parable P loadings and N deficiencies, the cyanobacte­
rial responses in freshw ater experim ental systems are 
far greater than  in our estuarine mesocosms or in the 
other m arine mesocosm experim ents. Thus, while h e t­
erocystous cyanobacteria could grow in the plankton 
and fix N in our saline estuarine mesocosms w hen 
grazing levels w ere kept low, conditions for growth 
and N fixation were far less optimal than in freshwater.

The m arked contrast in the freshw ater and marine 
experim ental results (Table 2) supports the hypothesis 
of a fundam ental difference in the response of seaw a­
ter and freshw ater planktonic systems w hen there is 
high P availability and N limitation of prim ary produc­
tion (Howarth et al. 1988b, 1999, NRC 2000). H etero­
cystous cyanobacteria do not respond to high nutrient, 
low N:P conditions in saline estuaries by producing 
conspicuous blooms that fix significant quantities of N 
and help alleviate N limitation, as they often do in 
freshwater.

The strong contrast betw een  our estuarine m eso­
cosms and freshw ater systems (Table 2) suggests that 
a systematic difference in P availability is not likely to 
be responsible for the dichotomy betw een the p res­
ence of heterocystous cyanobacteria in N-deficient 
freshw ater and the general lack thereof in estuaries. 
Dissolved inorganic P levels, while variable across 
aquatic systems, are often higher by an order of m ag­
nitude or more in estuaries than in tem perate zone 
lakes (Billen et al. 1991, Howarth et al. 1995), and yet 
heterocystous cyanobacteria are consistently absent 
from the plankton of higher salinity estuaries. While 
cyanobacterial grow th rates are influenced by the 
supply of available P (Karl et al. 2002, M oisander et 
al. 2003), as supported by the results of Expt 1, 
cyanobacterial vegetative cell-growth rates in our 
seaw ater experim ents under consistently high DIP 
concentrations w ere clearly not sufficient to initiate 
filamentous N-fixer blooms to the extent observed in 
freshw ater (Chan et al. 2006).

A variety of factors beyond those we focused on in 
this study can influence grow th and N fixation by 
cyanobacteria in lakes and in the oligohaline Baltic 
Sea (see reviews by Howarth et al. 1988b, Paerl 1996, 
H yenstrand et al. 1998, Paerl & Zehr 2000). For exam ­
ple, in shallow hypereutrophic lakes, cyanobacteria 
can access high DIN concentrations below the eu- 
photic zone by regulating buoyancy using a special­
ized morphology (gas vacuoles), giving them  a com ­
petitive advantage over other types of phytoplankton 
even w hen they are not fixing N (Ferber et al. 2004). 
Turbulence is an exam ple of an im portant physical 
control on N fixation. Cyanobacterial blooms in lakes 
and the Baltic Sea frequently occur w hen the w ater 
column is relatively calm (Paerl 1985, Fogg 1987, 
Kononen et al. 1996). The tendency for blooms to occur 
during calm w ater has been in terpreted  as an adverse 
physiological effect of mixing and turbulent shear on 
cyanobacteria (Paerl 1985, M oisander et al. 2002b). 
However, Howarth et al. (1993) found high num bers of 
cyanobacteria w ith heterocysts and high rates of N fix­
ation at very high turbulence in freshw ater mesocosms 
of the same depth  and volume as those used in this 
study. One alternative explanation for a lack of cyano-
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bacterial blooms in more turbulent w ater bodies is that 
these systems tend to have more deeply mixed surface 
waters, such that cyanobacteria are more constrained 
by another im portant physical factor, light (Levine & 
Lewis 1987, Howarth et al. 1993).

While the N-fixing activity of planktonic cyanobacte­
ria is subject to num erous controls, few of these rep re ­
sent fundam ental differences betw een freshw ater and 
m arine systems. Consider the control by mixing and 
light limitation, for example. While deeper mixing 
adversely affects N-fixing cyanobacteria in both Lake 
Valencia and the oligohaline regions of the Baltic Sea, 
abundant N-fixers nonetheless occur in both of these 
systems, even w hen the depth  of the mixed surface 
layer is 10 m or more (Levine & Lewis 1987, Kononen et 
al. 1996). Similarly, at the time of high P loadings to 
Lake Erie and Lake W ashington, m easurable rates of 
planktonic N fixation w ere observed in Lake W ashing­
ton (Tison et al. 1977) and m oderately high rates 
occurred in Lake Erie (M ague & Burris 1973), even 
though the surface mixed layers in both lakes w ere 
10 m or more. Deeply mixed w ater columns are also 
not generally characteristic of estuaries, and, hence, it 
is unlikely that N-fixing cyanobacteria are absent from 
most saline estuaries for this reason. For example, of 
the 138 estuaries in the global data base of the LOICZ 
program, 68 % have m ean depths <10 m and 36 % have 
m ean depths <3 m (Smith et al. 2003). Some of these 
systems are well mixed, but others are stratified, and, 
hence, the mixed layers of the stratified systems are 
even shallower. Clearly if mixing depth  and light avail­
ability w ere the major controls on the distribution of 
planktonic N-fixing cyanobacteria, these organisms 
would be expected to be much more common in shal­
low estuaries.

Freshw ater experim ental studies (Schaffner et al. 
1994, Chan et al. 2004) have suggested that a grazing 
effect on cyanobacterial blooms may be greatest w hen 
cyanobacteria are grow ing slowly. Our results from 
this study and previous work suggest that a plausible 
general m echanism  for excluding blooms of heterocys­
tous N-fixing cyanobacteria from the plankton of 
saline estuaries may be the interaction of grazing with
2- to 3-fold slower grow th rates associated w ith higher 
sulfate concentrations relative to freshw ater (Howarth 
et al. 1999, M arino et al. 2002). We have found that sul­
fate at typical seaw ater concentrations (24 to 28 mM) 
slows A nabaena-grow th and N-fixation rates com ­
pared  to those observed at freshw ater sulfate concen­
trations, likely due to an inhibitory effect of sulfate on 
the uptake of Mo, w hich is not fully reversible (Cole et 
al. 1993, M arino et al. 2003). In the oligohaline regions 
of estuaries, the lower sulfate concentrations would 
reduce the physiological constraint on rapid cyanobac­
terial grow th necessary for bloom initiation.

Considerations for eutrophication management 
in estuaries

This series of mesocosm experim ents shows clearly 
that heterocystous, N-fixing cyanobacteria can grow 
planktonically at relatively high salinities in estuar­
ies. While a continuous supply of P was required, 
both cell and heterocyst abundances w ere low re la ­
tive to com parable freshw ater experim ents, strongly 
suggesting that available concentrations of P and a 
favorable N:P ratio are not sufficient to stimulate 
large blooms of pelagic cyanobacteria and subse­
quent inputs of N to estuarine systems, as is often 
the case in nutrient-enriched freshwater. G razing by 
Zooplankton at population densities that are charac­
teristic of tem perate zone estuaries, such as N arra­
gansett Bay, greatly suppressed cyanobacterial cell 
num bers, heterocysts, and N fixation. Our data, while 
not conclusive, further suggest that grazing by b en ­
thic filter-feeding animals may also suppress cyano­
bacterial bloom developm ent in estuaries. These 
findings underscore the potential im portance of ben- 
th ic-pelag ic  interactions and seasonal cycles of h e r­
bivores and nutrients w ith regard  to controls on N 
fixation by planktonic organism s in estuaries, and 
how these might change as anthropogenic alteration 
of the coastal zone accelerates (NRC 2000, Paerl & 
Zehr 2000). Com parative analysis of our results with 
other m arine and freshw ater experim ents offers some 
insight into the relationship of the N-fixation po ten­
tial with P loading and availability in estuaries and 
how it differs from that in freshwater, w here 
eutrophication control strategies based on reducing P 
inputs have been  well established (NRC 2000). That 
planktonic N fixation in estuarine ecosystems is not 
generally of sufficient m agnitude to alleviate N 
shortages and m aintain P limitation of prim ary p ro ­
duction and eutrophication over the time scales 
observed in freshw ater ecosystems confirms the 
value in reducing N inputs to estuaries as a control 
strategy to reduce eutrophication.
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