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ABSTRACT: Rates of photosynthesis and nitrogen fixation were measured along with species
composition and plankton biomass during cyanobacteria blooms in the upper Sassafras River, a
poorly buffered tidal freshwater tributary of Chesapeake Bay, USA. The mixed species composition of the cyanobacteria consortium appears to allow these species to take advantage of temporal
variations in dissolved inorganic carbon (DIC) and dissolved oxygen (DO) to fix carbon (C) and
nitrogen (N) under conditions limiting to most phytoplankton. At the early stage of the bloom, diazotrophic (nitrogen fixing) cyanobacteria species became dominant, likely as a consequence of
nitrogen limitation; both rates of N2-fixer biomass-normalized N2 fixation and chlorophyll a-based
photosynthesis increased with irradiance during this bloom stage. When the bloom reached peak
biomass, photosynthetic carbon uptake and oxygen production resulted in DIC depletion and oxygen oversaturation. The constraint of oxygen on nitrogenase activity and concomitant C limitation
on photosynthesis caused inhibition of N2 fixation in the light during bloom peaks. N2 fixation in
the dark period accounted for ~40% of daily N2 fixation when pH and DO were extremely high,
and cyanobacteria species known to fix N2 in the dark were dominant in the consortium at these
times. The presence of cyanobacteria species with different environmental tolerances resulted in
bloom persistence under limiting conditions for most eukaryotic phytoplankton. N2 fixation by
cyanobacteria consortia is an important component of the nitrogen cycle in some oligohaline and
tidal freshwater estuaries.
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INTRODUCTION
Cyanobacteria blooms often cause degradation in
water quality, and pose a toxic threat to human
health and aquatic production in the oligohaline and
freshwater reaches of some temperate and eutrophic
estuaries as well as in marine and freshwater ecosystems (Codd et al. 2005). Cultural eutrophication, together with global warming, may support the global
expansion of cyanobacteria and increase the likelihood of blooms in temperate estuaries (Paerl 2008,
Paerl & Huisman 2008, O’Neil et al. 2012). Interestingly, in contrast to many other types of harmful algal
*Corresponding author: ygao@umces.edu
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blooms that tend to be monospecific, estuarine
cyanobacteria blooms often consist of a mixture of
several species.
Due to their specific physiological mechanisms,
cyanobacteria can successfully compete for dissolved
inorganic carbon (DIC), nitrogen (N), and phosphorus (P) under bloom conditions. During dense blooms,
particularly in poorly buffered oligohaline and fresh
waters, DIC can limit photosynthesis as inorganic
carbon is quickly consumed. CO2-concentrating
mechanisms allow cyanobacteria to photosynthesize
and grow when DIC levels are limiting to most other
phytoplankton (Mogelhoj et al. 2006). Another impor© Inter-Research 2014 · www.int-res.com
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tant physiological attribute of many bloom-forming
cyanobacteria is their ability to perform N2 fixation,
converting dissolved N2 gas to ammonium and ultimately biomass (Capone et al. 2009). Under N-limited conditions, N2 fixers may out compete non-N2fixing phytoplankton, support bloom proliferation,
and bring new N into aquatic ecosystems (Paerl
2008). To protect the nitrogenase enzyme from oxygen produced by photosynthesis, several different
strategies occur among cyanobacteria, including
protection of nitrogenase within specialized nonphotosynthetic cells (heterocysts) and nighttime N2
fixation in non-heterocystous cyanobacteria (Fay
1992). Moreover, cyanobacteria may alleviate potential P limitation by luxury uptake and storage of P
(Krauk et al. 2006), and utilize dissolved organic P
pools (Dyhrman & Haley 2006) as well as surfaceadsorbed phosphate (Sañudo-Wilhelmy et al. 2004).
Thus, as a group, cyanobacteria are well adapted to
proliferate under dense bloom conditions unsuited to
many other phytoplankton, conferring a competitive
advantage.
Cyanobacteria blooms also modify the environment
in ways that affect their photosynthesis, nitrogen
fixation, and growth. Especially in low-carbonate
buffered systems, the high rates of photosynthesis,
together with the efficient acquisition of DIC, can
result in dramatic pH elevation and DIC depletion
during cyanobacteria blooms. Oxygen production in
the day during dense blooms can dramatically enhance intracellular oxygen concentrations and release oxygen into the water column, all of which can
suppress nitrogenase activity in many cyanobacteria
(Bergman et al. 1997, Capone et al. 2009). Bloommediated changes in water chemistry can affect carbon fixation, cellular C:N ratios, and phytoplankton
species composition, which in turn can affect N2 fixation and diel cycles of physiological processes (Engel
et al. 2008, Fu et al. 2008).
N loading into most temperate coastal ecosystems
is high, potentially minimizing the role of N2 fixation;
as a result, cyanobacteria N2 fixation has not been
considered in most estuarine ecosystem models
(Boynton & Kemp 2009). However, blooms of noxious
cyanobacteria occur frequently in the tidal freshwater and oligohaline zone (salinity < 3) of tributaries
(Tango & Butler 2008), as well as in the Baltic Sea and
some other low-salinity coastal ecosystems (O’Neil et
al. 2012). In the tidal freshwater region of the Sassafras
River, a tributary of Chesapeake Bay, cyanobacteria
assemblages contain a diversity of co-occurring species, with N2 fixers and non-N fixers both present.
The frequency and abundance of cyanobacteria

blooms have been increasing during recent decades
in the upper river (W. Butler unpubl.). This system
presents a good opportunity to determine how
changes in environmental variables may affect
cyanobacteria blooms, including species succession
and the physiological responses of the cyanobacterial
consortia to unsuitable conditions (low N:P ratios and
DIC, high pH and dissolved oxygen [DO]).
During summer blooms in 2010, seasonal changes
in cyanobacteria species abundance and biomass
were measured along with potential regulating environmental factors. Photosynthesis and N2-fixation
rates were quantified as a function of irradiance levels in laboratory experiments, and the responses of
the assemblage to the light-mediated differences in
pH, DO and DIC concentrations were analyzed.

MATERIALS AND METHODS
Sampling and in situ measurements
Water samples were collected in the upper Sassafras River for N2- and C-fixation measurements
weekly or biweekly from May to September 2010 at
2 adjacent areas, Budd’s Landing (BL, 39.3723° N, 75.
8399° W) and Drawbridge (DB, 39.3641° N, 75.8820° W)
(see Table 1). BL is located near the head of the river,
and DB is further downriver close to a marina in
Georgetown, Maryland (Fig. 1).
Photosynthetically active radiation (PAR) was
measured at depth intervals of 0.2 m using a Li-Cor
underwater PAR light sensor (Li-192). The vertical
changes of temperature, pH, DO, and salinity were
measured at the surface (~0.2m), middle (~0.5 m),
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Fig. 1. Sampling stations in the upper Sassafras River, Maryland, USA. Budd’s Landing (BL) and Drawbridge (DB) are
located on the upper river, with BL close to the river head
and DB slightly downstream from BL
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and bottom (1.0 to 2.0 m) of the water column with a
YSI sensor (XLM 600). Continuous monitoring for
temperature, pH, DO, and salinity occurred every
15 min at BL using a YSI 6600 data logger, which was
installed at 1m depth by the Maryland Department of
Natural Resource (MD DNR, reported at www.
eyesonthebay.net).

Experimental design
Laboratory experiments were designed to examine
the seasonal changes of C- and N2-fixation rates in
response to environmental and self-regulated factors. After acclimation in uniform light for ~2 h in a
temperature-controlled chamber with gentle mixing,
75 ml of each water sample was dispensed into
125 ml glass serum bottles, with gas-tight suba-seal
or crimp-seal stoppers. Irradiances ranging from 0 to
250 µmol photons m−2 s−1 were used to generate different pH, DO, and DIC concentrations in the water
samples based on the assumption that carbon removal and oxygen production rates change with light
availability (Ploug 2008). Because water samples
were delivered in the afternoon to Horn Point Laboratory, the incubations were started in the evening to
keep their natural diel cycles. All bottles were incubated in a 10 h dark:14 h light cycle at 25°C, close to
the average summer temperature. Samples for N2fixation rates were incubated in triplicate bottles.
Rates of primary production (H14CO3− fixation) were
measured in duplicate. Before and after the 24 h
incubations, values of pH were measured immediately, and subsamples for dissolved inorganic nutrients, DO, and DIC were collected in triplicate. The
second time point samples were taken from the N2fixation bottles rather than those for C fixation to
avoid 14C contamination.

N2-fixation and photosynthesis rate measurements
N2-fixation rates were measured for 24 h on a
light:dark cycle using the acetylene reduction assay
(Capone 1995). Experiments were initiated with the
injection of 1 ml (10% gas phase volume) acetylene
(C2H2), generated by reacting calcium carbide with
distilled water, into the headspace of each bottle.
Except for the preliminary experiments to choose the
range of irradiance, sample bottles were incubated in
the dark and at 2 light irradiances levels (125 and 250
µmol photons m−2 s−1) on a 10 h dark:14 h light cycle.
Gas phase subsamples (100 µl) were taken from the
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headspace every 4 h during 24 h incubation and
analyzed for ethylene gas, which is produced preferentially by the enzyme nitrogenase through the
reduction of acetylene rather than the reduction of
nitrogen to ammonium in this substrate analog assay.
Ethylene samples were analyzed using a flame ionization detector (FID) on a Shimadzu gas chromatograph (GC-8A). The production of ethylene was corrected using the Bunsen gas solubility coefficient
(Breitbarth et al. 2004), and then ethylene production
was converted to N2 fixation using a theoretical ratio
of 4:1 (Capone 1995).
In parallel with the estimations of N2-fixation rates,
photosynthesis under similar experimental conditions
was also measured. After adding 30 µl NaH14CO3
standard solution (10.5 µCi 100 µl−1) into the sample
bottles, C-fixation rates were measured at irradiances of 0, 62.5, 125, and 250 µmol photons m−2 s−1
(Parsons et al. 1984). Samples were incubated for
24 h to estimate net daily photosynthesis. The water
samples were filtered on GF/F filters, washed with
deionized water, dried overnight after adding a drop
of HCl, and then placed into a scintillation vial containing 10 ml of scintillation fluid (Ecoscint). All Cfixation rates were calculated using the initial DIC
concentrations. Distilled water was used in control
bottles and processed separately for C- and N2fixation measurements.

Chlorophyll a, nutrients, and phytoplankton
Water samples for chlorophyll a (chl a) were filtered on Whatman glass fiber filters (GF/F) in triplicate and frozen in the dark. Samples for particulate
C, N, and P were filtered onto pre-combusted (450
°C, 4 h) GF/F filters. Subsamples for soluble reactive
phosphorus (SRP) and dissolved inorganic nitrogen
(DIN, including NO3−, NO2−, and NH4+) were filtered
through 0.45 µm cellulose acetate syringe filters and
frozen until analyzed. Samples for cell counting were
preserved with 2.5% glutaraldehyde and filtered on
0.2 µm polycarbonate filters.

DO, DIC and pH in laboratory incubations
Samples for DO and DIC were siphoned into 10 ml
air-tight tubes, with HgCl2 addition to a final concentration of 10 mg l−1 to inhibit microbial activity (Kana
et al. 1994); the glass tubes were stored under water
at incubation temperature until analysis. The pH of
samples was measured using a standard calibrated
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Radiometer glass pH electrode (sensitivity 0.01). On
several occasions, water samples were dispensed into
the 1 l air-tight bottles, leaving 2/5 headspace beyond
the water surface. Changes in pH and DO at each
irradiance were monitored continuously using pH
and DO microsensors (NexSens Technology) installed
through the top of these bottles and immersed into
the water. Samples of DIC and DO were collected
from N2-fixation incubators, and compared with results from microsensors and chemical analysis.

Cell density and biomass
Cells were counted using epi-fluorescence microscopy (Ex 465-495, DM 505 and BA 515-555; Guillard
& Sieracki 2005). Because of differences in cell size
among species, we used biomass to characterize
changes in phytoplankton community composition.
Based on cyanobacteria identification (Gronberg &
Annadotter 2006) and geometric approximations
(Hillebrand et al. 1999), biomass was calculated
using a regression model for 1 to 1000 µm3 cells preserved in glutaraldehyde (Verity et al. 1992):

Statistical analysis
The effects of light on C- and N2-fixation rates
were assessed with a nested ANOVA at the level of
sampling time for BL and DB. Linear regressions
were used to quantify the influence of irradiance on
rates of C and N2 fixation, as well as the influence of
photosynthesis on N2 fixation. A Pearson correlation
was used to examine co-variation of pH, DO, and
DIC with irradiance during incubations. A forward
stepwise regression was used to analyze the effects
of nutrients, irradiance, pH, DIC, and DO on photosynthesis and N2-fixation rates for samples spanning
the whole bloom season. All data analyses were conducted with SAS system for windows (9.0) (Delwiche
& Slaughter 2003). At the beginning and end of
incubations, the concentrations of available carbon
source (CO2 and HCO3−) for cyanobacteria were calculated from DIC and pH using the package
AquaEnv of R software, which is suitable for application to oligohaline waters (Hofmann et al. 2010).
RESULTS

log C = −0.363 + 0.863 × log BV

In situ conditions

where BV and C are biovolume (µm3 cell−1) and carbon content of biomass (pg cell−1), respectively.

The upper Sassafras River is a shallow (~2 m), turbid, tidal freshwater sub-estuary of Chesapeake Bay.
Water temperature increased from spring to summer
and declined gradually after September, with the
MD DNR continuous monitoring values similar to our
field observations (Fig. 2). Within the period that N2
fixation was detectable, average water temperatures
were 25.9 ± 2.1°C, close to our incubation setup.
Salinity increased slightly from the upper river site
(BL) to the downstream site (DB). Salinity showed a
clear seasonal pattern that decreased from 0.4 to 1.5
in May to below 0.2 in summer and then increased up
to 1.8 after late August. Cyanobacteria were not concentrated in or near surface layers but were relatively
uniformly distributed in the water column. PAR
reduced dramatically from ~1000 µmol photons m−2
s−1 at the surface to zero at the bottom (Fig. 3).
Although PAR varied at the surface, our irradiance of
250 µmol photons m−2 s−1 was close to PAR at the 0 to
0.5 m horizontal layer; our irradiances of 62.5 and 125
µmol photons m−2 s−1 were often found between 0.5
and 1.0 m depth, and the dark incubation was representative of the bottom water (0.2 to 0.5 m above sediment). The light attenuation coefficient (Kd), estimated from the light flux at different depths, ranged
from 3.0 to 5.8 m−1, approaching a maximum value
during the peak of the bloom at the BL site.

Chemical analysis
Subsamples for chl a were extracted with 90% acetone overnight, and determined with a 10-AU-005CE fluorometer (Parsons et al. 1984). Concentrations
of SRP and NH4+ were measured colorimetrically
(Parsons et al. 1984). Both NO3− and NO2− were analyzed using ion chromatography. The analysis of particulate organic C and N were conducted by the
University of Maryland Center for Environmental
Science, Horn Point Laboratory Analytical Services
using a CE-440 Elemental Analyzer (Exeter Analytical). Particulate organic P was analyzed according to
the protocol of Parsons et al. (1984). DO concentrations were determined with the O2:Ar method using
membrane inlet mass spectrometry analysis (MIMS),
calibrated with equilibrium water at incubation temperature and ambient salinities (Kana et al. 1994). To
measure total concentrations of dissolved carbon
(CO2, HCO3−, and HCO3), samples for DIC were preacidified with the automatically refilled H3PO4 solution and followed with infrared radiation analysis
(Apollo Scitech Model A5-C3).
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Fig. 2. Seasonal patterns of temperature, pH, dissolved oxygen
(DO) and salinity. (a) Continuous changes at Budd’s Landing.
Circles represent the daily average of the continuous records.
Daily maximum and minimum values are indicated with solid
and dotted lines, respectively (Maryland Department of Natural
Resources). (b) In situ measurements at both Budd’s Landing
(solid dark circles) and Drawbridge (empty white circles). Data
are shown for bloom Stages I, II, and III

Bloom development and succession
Over 20 cyanobacteria species were observed during summer 2010, with the dominant cyanobacteria
varying over time. The most abundant of the non-N2fixing cyanobacteria were Microcystis spp. (M. aeruginosa, M. wesenbergii, and M. botrys) and Merismopedia spp. (e.g. M. glauca). Based on morphology,
several groups of diazotrophic cyanobacteria were
found including: filamentous heterocystous Anabaena spp., such as A. circinalis, A. planctonica, A.
Oscillarioides, A. spiroides, and A. flos-aquae; non-

Fig. 3. Seasonal variation in (a) precipitation, (b) chlorophyll
a concentrations (± SE) and (c) vertical profiles of photosynthetically available radiation (PAR) from early May to
mid-September in 2010. Precipitation data at Georgetown,
Maryland were obtained from weather.com. Chlorophyll a
and PAR were measured at Budd’s Landing and Drawbridge.
Data are shown for bloom Stages I, II, and III
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Table 1. The total cyanobacterial concentration (log10 cells
ml−1) at Budd’s Landing (BL) and Drawbridge (DB) from
May to September 2010. The average standard error is < 2%
of cell concentration
Phase

Date

Cyanobacteria concentration
BL
DB

Stage I

10 Maya
24 Maya
10 Juneb
15 Juneb
24 June

0.12
5.11
5.41
5.62
6.08

0.24
4.38
5.36
6.15
5.57

Stage II

30 June
16 Julyb
10 Augustb

5.92
6.22
5.98

5.86
6.10
4.17

Stage III

24 August
2 September
15 Septemberb

6.57
6.96
5.92

5.53
6.60
6.17

a

Although N2-fixation rates were measured at each sampling time, N2 fixation was undetectable on May 10 and
May 24

b

Sample date for carbon fixation

heterocystous Pseudanabaena sp. and Lyngbya sp.;
unicellular Synechocystis sp. and Chroococcus spp.
Field observations of cell densities (Table 1), DO
and pH (Fig. 2), chl a (Fig. 3), and biomass of phytoplankton (Fig. 4) were all indicative of cyanobacterial
bloom development. The bloom period can be divided
into 3 periods: Stage I (the bloom initiation period,
May to mid-June), Stage II (first bloom, from midJune to mid-August), and Stage III (second bloom,
after late August) (Fig. 3b).
In Stage I, the cyanobacteria bloom was initiated
with rising temperature, and led to the sharp increases in cell concentration, chl a, pH, and DO from
May to early June. The cyanobacteria population
increased more than 10-fold at the BL and DB sites
(Table 1). Although diel changes in irradiance led to

daytime increases and nighttime decreases, the average daily pH from the real-time records were similar
to the discrete in situ observations at BL (Fig. 2) and
the laboratory analysis using a pH probe (Fig. 5). The
pH in the field gradually rose from 7 to 9 at both stations. The diel fluctuation in DO was large but the
daily average DO was relatively constant at 300 to
400 µmol l−1 (Fig. 2), which was close to our field
observations and laboratory incubations. The change
in chl a concentrations was similar at both sites,
increasing rapidly from ~20 µg l−1 to ~80 µg l−1
(Fig. 3). The dominant phytoplankton shifted from
eukaryotes and non-N2-fixing cyanobacteria, Microcystis spp. and Merismopedia spp., to heterocystous
N2-fixers Anabaena spp. (Fig. 4). The biomass of nonN2 fixers increased slightly (less than ~1 mg C l−1) at
both stations. Biomass of Anabaena spp. increased
dramatically to 7 mg C l−1 at BL and 4 mg C l−1 at DB.
Anabaena spp. grew from a small fraction (12 to
24%) of the total phytoplankton biomass in May to
~95% at BL and over 60% at DB by the end of
Stage I.
In Stage II, the cyanobacteria bloom fully developed at the river head and gradually declined towards the downstream site. At the upriver station BL,
chl a peaked at ~180 µg l−1 in August (Fig. 3), with
cyanobacteria abundance (Table 1) and biomass
(Fig. 4) reaching to maximum values. The pH increased dramatically to 10.5, with the daily average
pH sustained above 9.2 for several weeks (Fig. 2).
Meanwhile, the daily average DO almost doubled
after entering Stage II and reached the maximum of
773 µmol l−1. During the same period, bloom-mediated changes (chl a, pH, and DO) at the downstream
station (DB) were lower than observations at the river
head site (BL) (Figs. 2b & 3b), with the highest value
occurring in early July and dissipating in August.
The cyanobacteria community at both of the study

Fig. 4. Estimated biomass of phytoplankton at Budd’s Landing and Drawbridge in 2010, including non-diazotrophic cyanobacteria (mostly Microcystis spp.), diazotrophic cyanobacteria (heterocystous Anabaena spp., unicellular Synechocystis sp. and
Chroococcus spp.; filamentous non-heterocystous Pseudoanabaena sp.), and eukaryotic phytoplankton. Data are shown for
bloom Stages I, II, and III
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Fig. 5. Average pH and dissolved oxygen (DO) in the laboratory incubations in (a,b) the dark and at 2 light irradiances levels
— (c,d) 125 and (e,f) 250 µmol photons m−2 s−1 — of samples from Budd’s Landing and Drawbridge. The bars are pH ± SE; the
circles are DO ± SE. Data are shown for bloom Stages I, II, and III

sites became dominated by diazotrophs, such as
Anabaena spp., Synechocystis sp., and Chroococcus
spp. (Fig. 4), with the biomass of N2-fixers Anabaena
spp. peaking in July, and reaching 10.5 mg C l−1
upriver at BL and 6.2 mg C l−1 further downstream
(DB). The biomass of the unicellular N2 fixers, Synechocystis sp. and Chroococcus spp., was relatively
low but constant (< 0.8 mg C l−1) from July to August.
The second cyanobacteria bloom (Stage III)
occurred after heavy precipitation from August 13 to
17 (Fig. 3a). The bloom developed quickly, with the
peak of cell abundance and chl a in early September
(Table 1, Fig. 3b). The non-heterocystous filamentous
N2-fixer Pseudanabaena sp., together with a small
fraction of Synechocystis sp. and Chroococcus spp.,
comprised up to 94% and 42.2% of the total phytoplankton biomass at BL and DB, respectively (Fig. 4).
Although the peak cell concentration was higher
during Stage III than our observations during Stage II
(Table 1), the highest concentrations of chl a were
close to or less than the values in Stage II, which
were up to 158.2 µg chl a l−1 at BL and 124.7 µg chl a

l−1 at DB (Fig. 3). This may be due to the fact that the
small diazotrophic Pseudanabaena sp. (average BV:
19.89 µm3 cell−1) became prevalent after the decline
of Anabaena spp. (BV ranging from 81 to 1192 µm3
cell−1). The estimated biomass of Pseudanabaena sp.
was 5.72 pg C cell−1, 2.6 to 27.4% of biomass per cell
of Anabaena spp. The N2-fixer Pseudanabaena sp.
reached a maximum of 12 mg C l−1 at BL, approximately twice its biomass at DB (Fig. 4). At the end of
September, a slight increase in salinity and decrease
in water temperature were observed at both sites
(Fig. 2). Coincidently, the bloom rapidly dissipated
(Figs. 3 & 4), accompanied by sharp decreases in pH
and DO in the upper Sassafras River (Figs. 2 & 5).

Dissolved inorganic nutrients and particulate
C, N, and P
The concentrations of dissolved inorganic nutrients
decreased with bloom development from spring to
summer (Fig. 6). The sharp decline in NO3− concen-
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Fig. 6. Changes in inorganic nutrient concentrations (NH4+, NO3−, soluble reactive
phosphorus [SRP]) and the ratios of dissolved inorganic N to SRP (DIN:SRP) at
Budd’s Landing (dark circles) and Drawbridge (white circles). Data are presented
as the mean ± SE for nutrients during
bloom Stages I, II, and III

initiation in May, the ratios of DIN:SRP
declined from >100 to ~3, which remained
below the Redfield Ratio most of the summer at the upper river site (BL). At the end
of the bloom season, an abrupt increase in
DIN:SRP (> 40) occurred in September at BL
(Fig. 6). At the downstream site (DB), N:P
ratios demonstrated a similar declining
trend with relatively higher values than
those observations in the upper river (BL).
The ratio of C:N, N:P, and C:P in particulate organic matter varied with time and
location (Fig. 7). At the upriver station BL,
the ratios ranged from 6 to 12 for C:N, from
18 to 32 for N:P, and from 84 to 265 for C:P.
With bloom development, the ratios of C:N
decreased from stage I (>12) to the high pH
and DO periods in Stages II and III (below
or close to 6.6, the Redfield ratio). In
response to the reduction of DIN:SRP in
water and the dominance of N2-fixing
cyanobacteria, ratios of N:P in particulate
organic matter decreased from 20 to 32 in
Fig. 7. Particulate molar ratio of C:N:P at Budd’s Landing and DrawStage I to ≤16 in Stages II and III. Ratios of
bridge. (*) missing data. Horizontal dot-dashed line = Redfield ratio.
C:P were generally higher than the RedData are shown for bloom Stages I, II, and III; dates given as mo/d
field ratio during bloom Stage I when
bioavailable P was limited in the water, and
trations occurred at both sites in the Sassafras River,
then reduced to less than or near to the Redfield ratio
decreasing from > 40 µmol l−1 in May to <1.2 µmol l−1
during bloom Stage II. At DB, the patterns of C:P and
in June and remained low (sometimes below detecN:P were similar, declining from > 250 and 25 to 38,
tion limit) the whole summer. Concentrations of NH4+
respectively, in Stage I to at or below the Redfield
exhibited similar patterns, although they were genratio in Stages II and III. The ratios of C:N remained
erally lower at the riverhead than downstream. SRP
lower (~6.6) at higher pH and DO periods than bloom
concentrations at both stations decreased from 0.5 to
initiation (>10) and dissipation (~9.5) after September
~0.6 µmol l−1 to 0.03 to ~0.2 µmol l−1. After the bloom
10, 2010.
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in Stage I to <2 mg C mg chl a−1 h−1 in Stage II, and
then rose to 2 to 4 mg C mg chl a−1 h−1 at the end of
Stage III (Fig. 9). Moreover, photosynthetic efficiency
(αCF ), the linear regression coefficients of irradiance,
and chl a-normalized C-fixation rates changed with
bloom development (Table 2). The estimated αCF decreased from Stage I to a minimum range of 1.6 to 8.3
mg C mg chl a−1 h−1 (µmol photons m–2 s−1)−1 in Stage
II, and then rose again when the bloom dissipated
(Table 2).
However, increases in irradiance had non-significant effects on net photosynthesis in 3 out of 4 incubations under the conditions of low DIC and elevated
pH during the high biomass peaks in bloom Stage II
(Table 2, Figs. 5 & 9). Particularly, net C-uptake rates
were low when available DIC (sum of CO2 and
HCO3−) concentrations decreased, as the combined
result of decreases in total DIC with high pH (9.3 to
11) (Fig. 10).

Response of DO, pH, and DIC during laboratory
incubations
Fig. 8. Photosynthesis and N2-fixation rates as a function of
irradiance in laboratory incubations of samples collected
from Budd’s Landing (dark circles) and Drawbridge (white
circles) on June 10, 2010. The irradiance levels were 0, 31.5,
62.5, 125, 250 and 500 µmol photons m–2 s–1

Photosynthetic C uptake and oxygen production

Photosynthesis
A preliminary 4 h experiment was conducted
to determine the irradiance range that was not
inhibitory for subsequent experiments (Fig. 8).
According to results at both stations, photoinhibition of C fixation was not observed at the
irradiance range of 0 to 500 µmol photons m−2
s−1. However, N2 fixation was constrained at
irradiances above 250 µmol photons m−2 s−1.
Irradiances ≤250 µmol photons m−2 s−1, close to
the average PAR of the top 0.5 to 1.0 m at the
Sassafras River, were therefore used for subsequent incubations.
C-fixation rates, normalized with daily averages of chl a, were close to zero in the dark bottles and often positively related to irradiances.
The chl a-normalized C-fixation rates at the
same light level often decreased with a greater
abundance of cyanobacteria, although photosynthesis rates (per volume) usually increased
in the water samples (Fig. 9). The chl a-normalized C-fixation rates at 250 µmol photons m−2
h−1 declined from 6.2 to 7.8 mg C mg chl a−1 h−1

Fig. 9. Mean (± SD) of available dissolved inorganic carbon (DIC)
concentration and C-fixation rates in laboratory incubations of samples from Budd’s Landing and Drawbridge. Samples were taken during bloom Stage I (on June 10 and June 15), Stage II (on July 16 and
August 10), and the end of bloom Stage III (on September 15). Available DIC concentrations were calculated from the equilibrium of total
DIC and pH of samples collected before and after incubations at irradiances (I) of 0, 62.5, 125, and 250 µmol photons m−2 s−1
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Table 2. Response of N2 fixation and photosynthesis to irradiance in laboratory incubations of samples collected during
bloom Stages I, II and III at Budd’s Landing (BL) and Drawbridge (DB) on the upper Sassafras River. N2-fixation efficiency (αNF, mg N mg chl a−1 h−1 (µmol photons m–2 s−1)−1)
and photosynthetic efficiency (αCF, mg C mg chl a−1 h−1
(µmol photons m–2 s−1)−1) are the linear regression coefficients of fixation rates as a function of irradiance. *p ≤ 0.05,
**p ≤ 0.01
Phase

αNF

Date
BL

αCF
DB

Stage I

10 Juna
15 Juna

6.70*
1.52*

2.62*
3.96*

Stage II

24 Jun
30 Jun
16 Jula
10 Auga

0.29
−0.16
−0.42
2.98*

0.14*
1.16*
0.23*
1.36*

Stage III 24 Aug
2 Sep
15 Sepa

0.78*
0.04
0.90*

0.57
0.63
0.56

BL

DB

41.94* 45.97*
19.14** 24.20*

8.28
1.63*

significant decrease in bioavailable DIC (CO2 and
HCO3−) for cyanobacteria (Figs. 8 & 9). The incubation irradiance was positively correlated to both average value of pH (corr = 0.61, p < 0.01, n = 76) and DO
(corr = 0.41, p = 0.009, n = 69), but inversely related to
the average of bioavailable DIC (corr = −0.56, p <
0.001, n = 69). For instance, with incubation of BL
samples at 250 µmol photons m−2 h−1 from Stage I to
Stage II, daily average pH increased from ~7.2 to
~10.5, and the daily average DO were enhanced
from ~200 µmol l−1 to > 600 µmol l−1 (Fig. 5). Coincidently, the daily average bioavailable DIC concentration decreased from over 800 µmol l−1 in Stage I to
~300 µmol l−1 in Stage II (Fig. 9).

3.60
1.86**

N2 fixation
15.21*

9.67*

a

Sample date for carbon fixation

Fig. 10. The response of net C-fixation rates at irradiances (I)
of 62.5, 125, and 250 µmol photons m−2 s−1 to the available
dissolved inorganic carbon (DIC). Net C-fixation rate represents the difference between gross photosynthesis in light
and the dark respiration. CO2 and HCO3− are considered as
the available DIC for cyanobacteria, which were calculated
from pH and DIC (pK1 = 6.01 for H2 CO3  HCO3– + H+ and
pK2 = 9.60 for HCO3–  CO32– + H+ ). Data shown for available
DIC is the average value of beginning and ending points in
the daily simulation

resulted in elevated pH (>10) and supersaturated DO
values (643 µmol l−1) during incubations of dense
bloom samples (Fig. 5), with the laboratory observations within the range of field data (Fig. 2). Generally,
with increased irradiance, enhanced pH and
decreased total DIC were observed during bloom
Stages II and III; those changes along with the pHdriven DIC species conversion to CO32− led to the

N2 fixation was first detected on June 10 when DIN
became limiting (Figs. 6 & 11). In the bloom initiation
period (Stage I), positive relationships were observed
between irradiance and N2-fixing (diazotrophic) biomass-specific N2-fixation rates (Table 3). The maximum N2-fixation rates in the 250 µmol photons m−2
s−1 incubations reached up to ~1800 pmol N (mg C
biomass)−1 d−1 in the samples from BL and over
~900 pmol N (mg C biomass)−1 d−1 in the samples
from DB. In contrast, cyanobacteria in the dark fix N2
inefficiently, with fixation rates < 90 pmol N (mg C
biomass)−1 d−1 and sometimes undetectable.
Compared with Stage I, biomass-specific N2-fixation rates were generally lower in Stages II and III,
and appeared to decrease with rising pH and DO

Table 3. Multiple linear relationships of N2-fixation (pmol N
[mg C biomass]–1 d–1) and C-fixation rates (mg C mg chl a–1
h–1) environmental parameters, estimated by a forward stepwise regression. Data shown are the linear regression coefficients of biomass-specific N2-fixation rates (K_NF) and chlorophyll a-normalized C-fixation rates (K_CF) as a function of
environmental factors. Independent variables are the daily
average value of dissolved oxygen (DO), dissolved inorganic
carbon (DIC), irradiance, soluble reactive phosphorus (SRP),
NO3−, and NH4+. *p ≤ 0. 05, **p ≤ 0.01, ***p ≤ 0.001
Parameters

K_CF

K_NF

Intercept
DIC
Irradiance
DO
SRP
NO3−
N:P ratio
NH4+

−3047.44*
8.21***
24.15***
−13.23**
7425.74*
−191.47
38.71
824.22

371.91*
2.23***
2.24***
−1.40**
−599.31*
−14.12**
−1.54
−102.41
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(Stage III) (Figs. 2 & 5). In addition, N2-fixation rates
during dense bloom periods are negatively related to
the increased irradiance, which cause pH elevation
and carbon depletion. The dark N2 fixation increased
up to 160 pmol N (mg C biomass)−1 d−1. Assuming
that the N2-fixation rates in the 24 h dark incubations
were similar to the rates during the dark period of
light:dark incubation, the N2 fixation during the dark
period could account for up to 40 to 62% of daily N2
fixation in Stage II samples from upriver and for 20 to
45% of daily N2 fixation in samples from the downstream site when the bloom expanded during the
Pseudanabaena bloom (Stage III) (Fig. 12).

Environmental effects on C- and N2-fixation rates

Fig. 11. N2-fixation rates at Budd’s Landing and Drawbridge,
including 24 h dark and 14 h light:10 h dark incubation at
irradiances of 125 and 250 µmol photons m−2 s−1. Note difference in y-axis scales. Data are shown for the bloom Stages I,
II, and III. Error bars are SE

In this study, both DIC supply and irradiance
showed positive effects on C fixation (Table 3); but
increased irradiance resulted in higher C uptake and
decreased DIC in the water as well (Fig. 9), creating
constraints on C fixation. Phosphorus supply was
positively related to C fixation and SRP concentrations decreased sharply over time, reflecting the
importance of P, especially when the water column
dissolved P concentrations became low (Table 3).
DIN was usually more limiting for cyanobacteria
blooms relative to SRP in summer (Fig. 5). The data
from this study showed an inverse relationship
between DIN concentrations and N2-fixation rates,
evidence that nitrogen limitation promoted N2 fixation (Table 3). Consistent with the decline in DIC in
waters due to photosynthetic carbon uptake, there
were positive relationships between the remaining
DIC concentrations with both C- and N2-fixation
rates. Meanwhile, increases in DO exerted a negative effect on N2 fixation (Table 3).

DISCUSSION
during blooms (Figs. 9 & 11). When samples were
collected from high pH (> 9.5) waters at BL on June
30 and July 14 and at both stations on September 1,
N2-fixation rates dropped below 300 pmol N (mg C
biomass)−1 d−1 at an incubation irradiance of 250 µmol
photons m−2 s−1.
Except for the densest bloom periods, biomassspecific N2-fixation rates usually increased as a linear
function of irradiance (Table 2). When waters were
characterized by elevated pH and DO and low DIC,
however, the correlations usually became weak or
non-significant, such as the samples collected from
BL in Stage II and both stations on September 2

Environmental conditions in the upper, tidal freshwater Sassafras River during summer 2010 promoted
the growth and persistence of cyanobacteria. Water
temperature remained above 25°C for most of the
summer. As temperatures approach and exceed
20°C, cyanobacteria appear to be able to out compete
diatoms and green algae (Coles & Jones 2000). This
is likely because the growth rates of freshwater
eukaryotic phytoplankton generally plateau or
decrease with warmer temperatures while growth
rates of many cyanobacteria increase (Paerl & Huisman 2008, O’Neil et al. 2012).
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trophs, such as Anabaena spp., Pseudoanabaena sp. and Synechococcus sp. The fixed N
from diazotrophs can be released into the water
as NH4+, amino acids or other organic N compounds (Carpenter et al. 1999), which can be
assimilated by the surrounding microbial
community (Mulholland et al. 2004). This may
possibly account for the co-occurrence of nonN2-fixing cyanobacteria and eukaryotic phytoplankton with N2-fixing cyanobacteria during
blooms (Howarth et al. 1988).
In the summer, when dissolved inorganic
nutrients were low, N2-fixing cyanobacteria
were more prevalent at the upper river than the
downriver sites. BL is shallower (0.8 to 1.4 m)
and had a higher water column pH (9.5 to 10.5)
than the downstream DB site. At the BL site,
persistent high pH may continuously drive P
release from sediments and suspended particles may help supply P for cyanobacteria consumption, satisfying a large proportion of P
Fig. 12. Contribution of dark N2 fixation to daily N2 fixation at
demand during cyanobacteria blooms (SeitzBudd’s Landing and Drawbridge. Assuming the N2-fixation rate in
inger 1991, Gao et al. 2012). The N:P ratios
the 24 h dark incubation was equal to that in the dark period of the
24 h light:dark incubation, accumulation of fixed N in the 10 h dark
were lower and nutrient release from sediwas compared with the daily N fixation in the dark:light incubation
ments was higher at the BL than DB site, potenat each light level (125 and 250 µmol photons m−2 s−1). Data are
tially favoring the growth of N2 fixers at the
shown for the bloom Stages I, II, and III
upriver BL site (Gao et al. 2014).
This investigation focused on changes in C
Salinity in the summer was suitable for cyanobacand N2 fixation, interactions between C- and N2-fixateria growth, evidenced by the temporal changes and
tion rates, and the relationship of these rates to
spatial distribution. Overall, cyanobacteria bloomed
changes in cyanobacteria species composition during
when salinity reached its low point for the season in
the course of the bloom over the summer. The posilate June to mid-August. Cyanobacteria were more
tive responses in C fixation to increased light in
abundant at the lower salinity, upriver site than
Stage I were consistent with previous studies (Lewis
downriver, at the slightly more saline site. Estuarine
1984, Coles & Jones 2000). The range of photosyncyanobacteria blooms are usually dominated by
thesis rates observed was similar to observations of
freshwater strains whose growth rates are reduced as
1.4 to 24.5 mg C mg chl a−1 h−1 during a cyanobacterial summer bloom in the tidal freshwater zone of the
salinity increases above 1 to 2 (Sellner et al. 1988).
Potomac River (Jones 1998). Our photosynthetic effiHowever, some estuarine strains of cyanobacteria
ciencies (α CF) were below or close to those reported
can persist over a wide range of salinity. Microcystis
from cyanobacterial blooms (2.8 to 14.4 mg C mg chl
sp. can survive salinity ranges from 0 to 14 (Tonk et
a−1 h−1 (µmol photons m–2 s−1)−1) and cyanobacteria
al. 2007) and Anabaena sp. can survive salinity
cultures (6.5 to 14.4 mg C mg chl a−1 h−1 (µmol phoranges of 0 to 20 (Marino et al. 2002, Moisander et al.
tons m–2 s−1)−1) (Oh et al. 1991, Coles & Jones 2000,
2002). Tidal salinity oscillations and seasonal changes
Sabour et al. 2009).
in the upper Sassafras River may favor cyanobacteria
As blooms develop, photosynthetic C uptake leads
over less-salt-tolerant freshwater or marine eukaryto decreased DIC concentrations and elevated pH
otic phytoplankton (Tonk et al. 2007).
(Ploug 2008, O’Neil et al. 2012). In Stage II, the shift
Nutrient supply and N:P ratios are important facfrom HCO3− towards CO32− under high pH (> 9.5) and
tors regulating species composition and bloom develreduced DIC concentrations at BL resulted in depleopment. As DIN:SRP ratios decreased during the
tion of available inorganic carbon (CO2 and HCO3−).
summer bloom, this ecosystem turned from P limitaMeanwhile, C-fixation rates correlated more to DIC
tion to N limitation, which led to a succession from
availability than to incubation irradiance, suggesting
non-N2 fixers, such as Microcystis spp., to diazo-
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that the combination of limited DIC availability and
high pH caused a substrate shortage for photosynthesis. Although cyanobacteria have carbonconcentrating mechanisms that improve the efficiency of CO2 fixation under these conditions, the
results of this study showed that severe C limitation
during high biomass blooms in tidal freshwater estuaries can reduce photosynthetic C-uptake efficiency.
Similarly in culture studies, C limitation and high pH
can inhibit growth, cell division, and photosynthesis
of freshwater cyanobacteria (Qiu & Gao 2002, Yamamoto & Nakahara 2005).
The increase in N2-fixation rates with irradiance in
Stage I of the bloom was consistent with field studies
of N2 fixation during Anabaena spp.-dominated
blooms in fresh water (Severin & Stal 2008). The positive relationship between C and N2 fixation (Table 4)
suggests a co-dependence of 2 processes. N2 fixation
has a high energy and carbon demand from photosynthesis (Bothe et al. 2010); the formation of ammonium through N2 reduction, in return, supports
growth and photosynthesis of the cyanobacteria
community.
From late Stage I to Stage II of the bloom, the dominance of Anabaena spp. and the higher N2 fixation
in the light bottles than dark bottles are probably
related to their ability to carry out oxygenic photosynthesis and N2 fixation concurrently during the
day. Anabaena spp. can fix nitrogen within specialized heterocysts, which have lost the O2-evolving
photosystem II and retain photosystem I, thereby
protecting the nitrogenase from oxygen and converting light into energy to support N2 fixation (Adams &
Duggan 1999). Moreover, the cell envelope of heterocysts represents a gas diffusion barrier, and any O2
that enters the cell is scavenged by an efficient and
high-affinity respiratory system (Staal et al. 2003). All
those properties favor nitrogenase reduction in the
light.
Table 4. Response of N2 fixation to C fixation in the laboratory incubation of samples collected during bloom Stages I,
II, and III at 2 stations in Budd’s Landing (BL) and Drawbridge (DB). Data shown are the correlation coefficients
between N2- and C-fixation rates. *p ≤ 0. 05, **p ≤ 0.01
Phase

Date

Stage I

10 June
15 June
16 July
30 August
15 September

Stage II
Stage III

Correlation: N2 vs. C fixation
BL
DB
0.14*
0.07*
−0.05*
0.68
0.05

0.06**
0.13*
0.03
0.74*
0.05
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In the incubations with high biomass bloom samples (Table 4), particularly during the high pH and
low DIC periods of Stages II and III, DIC limitation
of photosynthesis may have resulted in a decrease
in N2 fixation. N2 fixation has a high energy demand
(16 mol ATP for the reduction of 1 mol N2) (Bergman
et al. 1997), and requires the photosynthetic production of ‘assimilatory power’ (ATP and reducing
equivalents in the form of NADPH or reduced ferredoxin). In culture studies of marine cyanobacteria,
limited DIC availability can inhibit cyanobacteria
growth, C fixation, and N2 fixation (Levitan et al.
2007, Fu et al. 2008). Moreover, light-stimulated
oxygen accumulation during blooms may constrain
nitrogenase activity (Paerl & Zehr 2000). In addition,
the high pH caused by DIC removal via photosynthetic uptake can lead to precipitation of essential
trace elements, which may consequently inhibit the
physiological activities of cyanobacteria (Stumm &
Morgan 1996). For example, shortages in dissolved
iron and molybdenum can limit N2 fixation by
cyanobacteria (Berman-Frank et al. 2007, Bothe et
al. 2010).
Dark N2 fixation became increasingly important as
the bloom reached high biomass, oxygen became
supersaturated, and pH increased to > 9.5. Synechocystis sp., a unicellular diazotrophic cyanobacteria, became more abundant in Stage II at BL and in
Stage III at DB. Synechocystis sp. and Chroococcus
spp. can temporally separate photosynthesis and N2
fixation, with the latter occurring in darkness
(Capone et al. 2009). Shifts in N2 fixation from light to
dark during 24 h incubations may have minimized
the deleterious effects of O2 on nitrogenase activity.
Alternatively, relatively higher N2-fixation rates may
occur at the beginning of dark incubations. Once
light is no longer available, dark respiration may
alleviate oxygen stress by consuming intracellular O2
and decreasing DO concentrations in the water (Fay
1992). Excess energy produced during the light
period may also become available and cover part of
the energy demand of N2 fixation in the dark (Paerl
1996). For example, heterocystous Anabaena spp.
and non-heterocystous Oscillatoria limosa, Limnothrix aestuarii, and Lyngbya aestuarii may fix N more
efficiently right after the switch from long-period
light incubation to dark (Bergman et al. 1997, Staal et
al. 2003).
Although heterotrophic bacteria have low N2fixation rates relative to cyanobacteria diazotrophs,
their respiration may help maintain suitable conditions for photosynthesis and N2 fixation within the
cyanobacteria consortium (Paerl 1977). Under high
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pH and low DIC conditions, bacterial association
may provide zones of increased CO2 availability
coupled with O2 removal through mineralization of
organics, which may provide protection from O2
inhibition of nitrogenase activity and relax C limitation. In turn, diazotrophs may release surplus nitrogen to the heterotrophic community (Falcón et al.
2004).
Although N2 fixers can balance their assimilation of
C and N during blooms by accessing reservoirs of
atmospheric dissolved N2 and CO2 (Klemer et al.
1996), particulate C:N ratios under high pH and low
DIC decreased to approximately Redfield ratio values. These changes could be due to the reduced carbon availability (Burkhardt et al. 1999). The low particulate N:P ratio during Stage II is consistent with N
limitation in the water column and SRP enrichment
due to pH elevation. In September, a clear excess of
DIN relative to SRP at BL and a decrease in temperature may end the blooms.
This study focused on cyanobacteria species composition, inorganic nutrients, temperature, and salinity as the factors that fostered the growth and
persistence of cyanobacteria blooms in the upper
Sassafras River. However, biotic interactions may
also be important to the timing and location of
estuarine cyanobacteria blooms. Release from topdown control by grazing has been shown to be a
factor contributing to the proliferation of cyanobacteria in oligohaline and tidal freshwaters. In more
saline parts of estuaries, grazing by the copepod
Acartia tonsa can prevent the net growth of filamentous, colonial cyanobacteria such as Anabaena
(Marino et al. 2002, Chan et al. 2006), but Microcystis and Anabaena spp. can produce toxins that
may inhibit grazing. However, not all strains are
toxic (Tango & Butler 2008). The MD DNR monitors
the Sassafras River during dense cyanobacteria
blooms, but toxic events were not reported in summer 2010. Furthermore, even in the absence of
high toxicity, dense cyanobacteria blooms can have
negative effects on other planktonic organisms.
Mogelhoj et al. (2006) found that high pH during
blooms, which were observed in the present study,
can be responsible for many of the negative effects
of cyanobacteria blooms on competitors and grazers. Hence, once cyanobacteria blooms reach high
biomass, high pH and/or toxicity may reduce both
competition with other phytoplankton and mortality
due to grazing, allowing the bloom to persist even
if specific growth rates of the cyanobacteria are
reduced because of nutrient or inorganic carbon
limitation.

CONCLUSIONS
During summer 2010, a persistent and mixedspecies cyanobacteria bloom occurred in the oligohaline and tidal freshwater reaches of the Sassafras
River. The cyanobacteria consortium was able to establish dominance in early summer when N became
limited and formed a high biomass that persisted for
months. Photosynthesis by the high biomass blooms
caused the elevations in pH and oxygen. However,
both reductions in the biomass-specific N2 and chl anormalized C-fixation rates imply that the bloomdriven pH elevation and DO oversaturation caused
negative feedbacks on cyanobacteria growth. Dark
N2 fixation, mediated by diazotrophic species succession and their various physiological adaptations, appeared to supply the ‘missing’ nitrogen during dense
blooms. The presence of a mixture of species allowed
the consortium to exploit both seasonal and diel windows in environmental conditions for photosynthesis,
N2 fixation, and growth. Overall, the cyanobacteria
bloom created conditions unsuitable for growth of
most other phytoplankton, giving the cyanobacteria a
competitive advantage that they are able to exploit to
dominate and persist in the oligohaline region of the
Sassafras River for the summer season.
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