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ABSTRACT

A bloom of the marine cyanobacterium Lyngbya majuscula in Moreton Bay, Audrdia
(27°05’ S, 153°08' E) has been reoccuring for severa years. This bloom was studied in detail
over the period Jan-Mar 2000. /n situ dataloggers and field sampling characterised various
environmental parameters before and during the L. majuscula bloom which was mapped
repeatedly. The effect that the L. majuscula had on various seegrassesin the bloom region
was assessed with repeated biomass sampling.  Various ecophysiological experiments were
conducted on L. majuscula collected in the field and transported to the laboratory. In these
experiments, short term (2 h) **C incorporation rates and longer term (7 d) pulse amplitude
modulated (PAM) fluorometry assessments of photosynthetic capacity were measured. The
bloom initiated in January 2000 following December rainfall events and water temperatures

in excess of 24°C and high light conditions, expanded rapidly (100 m? mint) to amaximum
extent of 8 kmi? and an average biomass of 210 gy, * m? in late February, followed by arapid
decline. Seagrass biomass declined in areas of dense L. majuscula accumulation, especidly
Syringodium isoetifolium biomass. Dissolved and tota nutrient concentrations did not
sgnificantly (p > 0.05) differ preceding or during the bloom. However, water samples from
the creeks discharging into the study region indicated elevated concentrations of total iron

(2.7 —80.6 mM) and dissolved organic carbon (2.5-24.7 mg L%, associated with low pH
values (3.8-6.7). **C incorporation ratesby L. majuscula were significantly (p < 0.05)
elevated by additions of iron (5 mM Fe), an organic chdator, ethylenediaminetetra- acetic acid
(5 mM EDTA) and phosphorus (5 mV PO,™3). Photosynthetic capacity measured with PAM
fluorometry was aso stimulated by various nutrient additions, but not sgnificantly (p >

0.05). Thesereaults suggest that the L. majuscula bloom could have been simulated by
availability of bioavailable iron, perhaps complexed by dissolved organic carbon. The rapid
bloom expansion observed could then be sustained by additiond inputs of nutrients and iron
through sediment efflux, simulated by decomposing L. majuscula méats.







INTRODUCTION

Cyanobacterid bloomsin Audrdia s freshwater supplies have been well documented in
Australia snce early 1878, when areport was published in Nature, on stock deaths resulting
from water contamination in Lake Alexandring, South Audtrdia (Francis, 1878). While
much of the early research and observations of cyanobacterid abundance was restricted to
freshwater environments, the ecology and proliferation of marine cyanobacteria, especialy
toxic forms, is becoming increasingly important. Of particular concern isthe increasing
frequency of nuisance cyanobacterial bloomsin urbanised coastd aress, such as Lyngbya
majuscula occurrences in Southeast Queendand (Dennison et al., 1999; Duffy & O'Nell,
submitted).

Lyngbya majuscula (Oscillatoriaces) is a filamentous, non-heterocystous marine
cyanobacterium inhabiting tropical and sub-tropical estuarine and coastal waters (Jones,

1990; Shannon et al., 1992). Itiscomposed of thin, unbranched filaments, often olive- grey
in colour (Cribb, 1996). L. majuscula is often found forming benthic mats loosdly attached to
a substrate form, such as seagrass, macroagae or rock outcrops (Diaz et al., 1990; Dennison
et al., 1999). Additionally, mats can rise to the surface through the accumulation of gas
bubbles (Benz et al., 1979; Diaz et al., 1990; Dennison et al., 1999). Seasond bloomsof L.
majuscula have been reported in the Deception Bay/ Pumicestone passage areas of Moreton
Bay, Queendand, for nearly a decade (Dennison & Abd, 1999). There is anecdota evidence
that the blooms have increased in severity and extent Snce first reports were made in the

early 1990s.

Nitrogen has been identified as the mgor limiting nutrient for productivity in Moreton Bay
(Horrocks et al., 1995; O'Donchue & Dennison, 1997; Udy & Dennison, 1997). Therefore, it
isnot surprising to find the proliferation of a nitrogen-fixing organism under potentialy N-
limiting conditions. Substantia rates of nitrogen fixation (0.09-1.24 mM ¢! ht) have been
recorded for L. majuscula in Deception Bay (Duffy & O'Nell, submitted). Estimates of
nitrogen input through nitrogen fixation have been calculated at 1.14 mg N mi2 h't during the
peak periods of blooms (Duffy & O'Neil, submitted). Once fixed as cyanobacteria biomass,
this nitrogen has the potentia to be released to the environment through direct release, or

trophic interactions.
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Phosphorus often becomes a limiting nutrient controlling cyanobacterid growth through high
metabolic demands (ATP) and atendency to precipitate from solution (Cosgrove, 1977).
Growth of cyanobacteriais often directly related to phosphorus loading Since nitrogen
deficiencies can be overcome through nitrogen fixation (Paerl et al., 1987), which is often
limited by phosphorus availability (Paerl et al., 1991)

Micronutrients, such asiron (Peerl et al., 1994) and molybdenum (Howarth & Cole, 1985;
Paerl et al., 1987), can be potentidly limiting factors for N fixation and consequently,
cyanobacterid growth. Iron has been identified as an important limiting nutrient in plankton
productivity (Tranter & Newel, 1963; Martin et al., 1990), and in particular, cyanobacteria
productivity (Paerl et al., 1994). Ironisamgor component of ferredoxin, one of the primary
condtituents of Photosystem | (Syrett, 1981), which provides energy for N fixation. The
nitrogenase enzyme, required for N fixation, contains iron in both of its subunits (Postgate,
1987).

Preiminary studies suggest that iron may be akey nutrient simulating blooms in Deception
Bay (Duffy & ONell, submitted). Concentrations of total Fe measured in the vicinity of the
Lyngbya majuscula bloomsin Moreton Bay were very high (Dennison & Abal, 1999). Itis
hypothes sed that these high concentrations may be due to leachate from hydric soils and
other soil disturbancesinthe area. Previous sudies have shown L. majuscula to be
gimulated by iron additions in culture (Gross & Martin, 1996) and blooms have been
reported in mullet aguaculture facilities in Egypt fed with the effluent from an iron crusher
factory (Sadek et al., 1986).

Bloomsof Lyngbya majuscula have had serious detrimental ecosystem impacts to affected
areasincluding: i) localised seagrassloss, ii) poor crab and fish harvests (reported by
fishermen) in bloom years resulting from decline in biota, iii) increase in bacterid biomass
with bloom decomposition, and iv) sSgnificant localised input of bioavailable nitrogen

through nitrogen fixation and release of organic and inorganic nitrogen through decay (Duffy
& O'Nell, submitted). In addition, the local economy suffers through affected commercia
and recreationd fisheries, declining recreetiond use of the region due to hedlth concerns, and
the removal of large beach wracks of decaying L. majuscula by locad government for hedlth

and aesthetic reasons,
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Lyngbya majuscula has aso been shown to contain a suite of toxic secondary metabolites.
These secondary metabolites have been shown to have adverse affects on humans, with
reports of severe contact dermdtitis, eye irritation and asthma-like symptoms (Dennison &
Abal, 1999). Bloomsof L. majuscula have been implicated as the causative agent in fish kills
(Sadek et al., 1986) and off- flavour infish (Brown & Boyd, 1982).

Therole of abiatic factors (ie. light, water temperature, sdinity and rainfal) and ambient
water quality parameters (ie. dissolved inorganic nutrients and trace metal concentrations)
have been shown to be critica for the formation of cyanobacterid bloomsin both marine
(Sellner, 1992; Sdlner, 1997) and freshwater environments (Codd et al., 1994). Theam of
the present study wasto investigate the role of various environmentd parametersin the
gimulation of Lyngbya majuscula bloomsin Deception Bay. Thisinformation may
ultimately aid in devisng a management Srategy in order to potentidly mitigate future L.
majuscula blooms.







METHODS

STUDY SITE

This study was conducted in northern Deception Bay, at the southern end of Pumicestone
Passage (27°05’ S, 153°08' E). Deception Bay forms part of alarger enbayment, Moreton
Bay, adjacent to the city of Brishane in southeast Queendand, Audtdia (Figure 1). Moreton
Bay isinfluenced by astrong east-west gradient in water qudity through eevated terrigenous
inputs on the western shores (Neil, 1998), and increased oceanic flushing on the eastern
shores via both the North and South Passages (Dennison & Abal, 1999). Deception Bay isho
exception to this, influenced by terrigenous input, via the Caboolture River and Pumicestone
Passage, and oceanic flushing via North Passage. The study areawas largdly restricted to the
shdlow banks adjacent to Pebble and Godwin Beaches (figure 2), based on previous reports
of Lyngbya majuscula bloomsin the region (Dennison et al., 1999; Duffy & O'Neil,
submitted).

Three mgor Stes were chosen within the study areato monitor ambient environmental
parameters (Figure 1). Site 1 was located in a deep channel adjacent to the seagrass beds, at a
water depth of 5.6 m above Lowest Astronomica Tide (L.A.T.) (27°05.777 S, 153°09.297’
E). Site 2 waslocated in shalow mixed species seagrass meadows adjacent to Godwin

Beach conssting of the seagrasses Zostera capricorni, Halophila spinulosa, Halophila ovalis
and Halodule univernis, a an approximate depth of 2.5 m above L.A.T (27°05.755' S,
153°06.976' E). Site 3 was located in shallow monospecific Z.capricorni beds adjacent to
Pebble Beach (27°05.096' S, 153°08.693' E) at adepth of 2.5 m above L.A.T. An additiona
7 stes were sampled to examine water quality in loca creeks and waterways, following a
rainfal event in November 1999.
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FIELD OBSERVATIONS AND MEASUREMENTS

ABIOTIC MONITORING

Water column salinity and temperature were monitored in the bloom area throughout the

study period using a surface data logger (392 Data Recorder) fitted with a
sdinity/temperature sensor. Measurements were taken every 15 min and averaged on adaily
basis. Surface light was monitored adjacent to the bloom area on Bribie Idand (27°05.623' S,
153°09.565' E). A cosine corrected 2p photosyntheticaly active radiation quantum light
sensor was used to take measurements every 15 min and dally tota light calculated (mol
quantam? dl).

The Bureau of Meteorology Climate Centre supplied rainfal and wind data for the study
period. Totd daily rainfal was used from aweather sation agpproximately 20 km from the
study region. Wind speed and direction was recorded at midday, approximately 30 km from
the Study area.

Secchi depth (Zsp) was messured at Ste 1 over the sampling period for al sampling times
with the exception of sampling done on the 20 March 2000. Light attenuation (K g) in the
water can be calculated from secchi depth using the equation described in Kirk (1994).
Although the available secchi depths, which were measured during field trips planned and
undertaken in good weather conditions, could generate bias, these secchi depths are likely to
be representative of light penetration during Lyngbya majuscula bloom initiation due to the
cam weether conditions recorded in this period. The generated K4 ranged from 0.59to 1.3

m*, withamean of 0.78 m™.

WATER COLUMN NUTRIENTS

Water quaity sampling was conducted over 7 trips between September 1999 to April 2000,
including the periods both preceding and during the bloom. For totd nutrient andlys's, Site
water was collected into pre-rinsed 100 ml polycarbonate bottles. Water was dso filtered
through 0.45nm Gelman Poretics glassfibre filters into pre-rinsed 100ml polycarbonate
bottles for dissolved nutrient andysis. Samples were frozen on dry ice a the sitesand
subsequently analysed for dissolved and total nutrients on an automated LACHAT 8000QC
flow injection system (Hosomi & Sudo, 1986; Clesceri ef al., 1998).
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For total water column iron analys's, samples (250 mL) of ste water were collected and fixed
with 5mL of 70% nitric acid (v/v). Iron content was determined using inductively coupled
plasmaatomic emission spectrometry following a50x dilution (AS3641.2, 1999). Water (60
mL) from the bloom monitoring sites and four of the runoff monitoring sites wasfiltered
through 0.45nm Gelman Poretics glass fibre filters (GF/F) and frozen in pre-rinsed 200ml
polycarbonate bottles for dissolved organic carbon analysis (catalytic combustion to CO»
using a Shimadzu TOC-5000).

ELEMENTAL ANALYSIS

Samples of shoot, root and rhizome of the seagrass Zostera capricorni were collected for
elemental andlyss. Approximately 20 seagrass shoots with attached rhizome and roots were
removed from sediments, washed and frozen on site. Subsequently the samples were
separated into leaf and root/ rhizome materia and washed in deionised water to remove any
sediment. When present, samples of Lyngbya majuscula were aso collected and frozen on
dte. Samples were sorted to remove non-Lyngbya materid and rinsed in deionised water to
remove sediments. Nine sediment cores were aso taken to a depth of five cm, usng 60 mL
syringe corers, homogenised into asample jar and frozen on ste. All samples were then
dried at 60°C, and homogenised into a fine powder using a stainless stedl ball-bearing grinder
(Reutch). A subsample was added to 15mL HNOs/HCIO,4 and digested through stepwise hesat
digestion to 180°C. Digested samples were diluted with triple-deionised water and elemental
andysis of both the seagrass and the sediment was performed using inductively coupled
plasma atomic emission spectrometry (Environmental Monitoring Systems Laboratory,
1996).

Samples of Lyngbya majuscula were collected for tissue carbon, nitrogen, phosphorus and
iron content. Samples were rinsed in deionised water, dried and homongenised into a fine
powder usng a danless sed bdl-bearing grinder (Reutch). Tissue iron and phosphorus
content was determined using inductively coupled plasma aomic emisson spectrometry
(Environmental Monitoring Systems Laboratory, 1996) as described above. Tissue carbon
and nitrogen content and d'° N signature was determined on a continuous flow isotope ratio

mass-spectrometer (CF-IRMS, Tracer Mass, Europa scientific, Crewe, UK). The ratio of °N
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to 1N in dried plant tissue, the relative amount of *°N, or d (delta) °N was determined using
the following equetion:
d”’°N = [(atom % sample - atom % standard)/atom % standard] * 1000
(Equation 1)

BLOOM EXTENT AND BiOMASS

The progression of the Lyngbya majuscula bloom was investigated by mapping aerid extent
and biomass with bloom duration. After the initiation of the bloom, a ground truthing survey
was conducted approximately every 2 weeks to map the spread of the bloom. Surveyswere
undertaken with the aid of local commercid fisherman and their observations of bloom

extent. Each survey was amed at identifying the presence or absence of L. majuscula across
the sudy ste through the use of viewing buckets, or by snorkelling and manta-towing areas

in question. From these surveys, maps of the bloom areawere developed in relation to local
landmarks and structures, such as oyster leases, navigation beacons and topography using a
globd postioning system (GPS) fitted witha Garmin GBR21 differentid. ArcView GIS
(version 3.1.) was then implemented to generate the find maps of L. majuscula extent. Indl,
5 maps were generated over the duration of the bloom, which lasted approximately 3 months.

Seven stes were sampled for biomass of Lyngbya majuscula aswell as associated seagrass
throughout the bloom. These sites included the 3 water quality Stes and an additional four
stes within the bloom area (Figure 1). At each Site, 3 replicate cores were randomly sampled
to a depth of 10 cm with a sted corer (diameter 15 cm). Cores were rinsed in a mesh bag to
remove associated sediments and frozen until sorted. Biomass cores were sorted into
seagrass leaf material, seagrass root/ rhizome material and L. majuscula biomass. Samples
were dried (60°C) and weighed (+ 0.001g), and biomass was calculated as gy, m>. The
change in seegrass biomass was cal culated through % decline of seagrass biomass, leaf and
root/ rhizome, over the period of the bloom as.

% decline = 100 — [(Bg — B))* 100] (Equation 2)
where Br isfina biomass of leaf or root/ rhizome materia and B, isthe respectiveinitid
biomass at that Ste with the onset of the bloom.
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LABORATORY EXPERIMENTS AND MANIPULATIONS

FLUOROMETRY

PAM (Pulse Amplitude Modulation) fluorescence (Schreiber & Bilger, 1987) was used to
determine photosynthetic response of Lyngbya majuscula to amultitude of experimenta
conditions. Two measures of fluorometry based photosynthetic response were incorporated
for these experiments, photochemicad efficiency and rapid light curves.

Photochemica efficiency (Fv/Fm ratio) provides ameasure of the potentid maximum
Photosystem |1 quantum yield (Schreiber et al., 1994) and was measured by emitting a
saturating pulse of light to a dark acclimated photosystem where €l ectron transport between
the two photosystemsiis greetly reduced. From the resulting light pulse, fluorescence will be
emitted & a maximum, and the photochemica efficiency or yidd was caculated as:

(Fv/Fm) = (Fm Fo)/ Fm (Equation 3)
where Fm is maximum fluorescence and Fo is minima fluorescence. The resulting ratio can
provide auseful tool for examining the physiologicd datus of the plant. Inthese
experiments, photochemica efficiency was measured after a period of 15 minutes dark
acclimation.

Rapid light curves (RLC) are another nor+intrusive fluorometry technique for measuring
photosynthes's. Lyngbya majuscula was exposed to nine saturating light pulses (>2000 mmol
quantam? s1), where each pulse s preceded by a period of actinic light, and the intensity of
actinic light increases gepwise. Theintengty of intermittent actinic light ranged from
approximately 20 mmol quantami? s to between 1200 and 1900 mmol quantam® s*. At
each saturating pulse, the photosynthetic yield (Fv/Fm) was ca culated as described in
equation 3. From the photosynthetic yield, the eectron transport rate (ETR) was ca culated
as.

ETR= Fv/Fmx PARx 0.5x 0.84 (Equation 4)
where PAR isthe actinic irradiance in nmol quantam® s, 0.5 isthe multiplication factor to
account for both photosystems and 0.84 is the pecies specific fraction of incident quanta
absorbed by the cyanobacteria (White & Critchley, 1999).
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From experimenta rapid light curves, the maximum e ectron transport rate (ETRvax) was
generated and used for comparison and andysis of data. The maximum electron transport
rate (ETRvax) of argpid light curve was described as the maximum rete fter the light
limiting phase, and was caculated from light curves using hyperbolic tangent modelling as
described in Chalker (1981). Using this modelling, the associated saturating irradiance (Ix)
was aso calculated.

'“C INCORPORATION

Productivity of Lyngbya majuscula was measured using the *C incorporation technique
(Parsons et al., 1984). Approximately 0.5 cnt of biomass was added to 25 mL polycarbonate
vias containing 20 mL of filtered seawater (0.45 mm Gelman Poretic GF/F). A dark control
and afiltered seawater control were included to account for any dark fixation and background
counts. Aqueous **C sodium bicarbonate (4 nCi) was added to samples, which were then
incubated for 1-2 h at between 500- 700 nmol quantam s* inaflow- through water bath at
approximately 25 + 2 °C.

After incubation, samples were filtered onto pre-weighed 8 nm polycarbonate filters using a
vacuum filtration system. Samples were subsequently rinsed with filtered seawater and 10 %
HCI to remove any residua unincorporated **C bicarbonate. A find rinse with 6 % isotonic
ammonium formate was conducted to remove any salt for subsequent accurate dry weight
determinations. Samples were dried (60°C) and weighed (+ 0.001). The samples were
placed in Beckman (Reedy Sdafe) liquid scintillation fluid (4 mL) in polyethylene scintillation
vids and radioactivity determined using a scintillation counter (Packard Tricarb 1600). A
blank consisting of four Ci of aqueous **C sodium incorporation used to determine total
activity. Productivity (mg C guw* hr't) was calculated as per Parsons er. al.(1984) using the
following eguation:

Photosynthesis (g C gyt hr't) = (Rs- Re) x A x LO5x V)/ (R x t x dw)

(Equation 5)
where Rs was the sample count (disintegrations per minute) corrected for the filtered seawater
blank; Rg was the dark count (disintergrations per minute); A was the akdinity of water in
mg C L'%; 1.05 was the correction for differentia uptake of C isotopes; R was the total
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activity (disntergrations per minute) of radioactive bicarbonate added; t was the incubation
timein hours and dw was the dry weight (g) of the sample.

NUTRIENT ADDITIONS

The effect of various nutrient additions on productivity was tested using both PAM

fluorometry and **C incorporation. Based on previous research (Paerl et al., 1987; Duffy &
O'Nell, submitted) iron, molybdenum, phosphorus, and ammonium were added a a
concentration of 5 M. Iron was added to treatments as iron chloride (FeCl) and achelating
agent added to treatments as equimolar ethylenediaminetetra-acetic acid (EDTA).
Molybdenum was added as sodium molybdate (Na,M 004(H20),), phosphorus as sodium
dihydrogen orthophosphate (Na,HPO,) and ammonium as ammonium chloride (NH4Cl).
Experiments were conducted using treetments of 5 MM FeCls, 5 M Fe+ 5 nM EDTA, 5nM
EDTA, 5mM Mo, 5 nM PO4*, 5 nM NH," and a seawater control for comparison.

PAM fluorometry experiments were conducted under gpproximately 50 % incident light for 7
d. Fifty cn? of Lyngbya majuscula were placed in ore litre glass beskers containing site
water, pre-washed with 10 % HCI and 10 % Nitric Acid. Beakers were incubated in awater
bath at ambient temperature (27°C). Pilot studies determined that dissolved nutrient
concentrations returned to background concentrations within 3 d following addition. Asa
result, nutrients were added initidly and every 2 d to each of 3 replicate trestments.
Trestments were analogous to the C incorporation experiments with an additional trestment
containing amix of al nutrients. Rapid light curve measurements and photochemica

efficiency estimates were conducted at gpproximately equa daily irradiances on day 1, day 2,
day 4 and day 7.

SALINITY

The effect of sdlinity was examined using both PAM fluorometry and *#C incorporation.
Seawater (36 ppt) was diluted with ditilled water to generate a sdinity gradient congsting of
treatments O ppt, 9 ppt, 18 ppt, 27 ppt and 36 ppt. Fifty cnt® of Lyngbya majuscula were
placed in one litre glass beakers containing diluted Ste waters treatments for PAM

fluorometry. Lyngbya majuscula samples were maintained in these trestments for 24 hours,
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with measurements taken at times 0, 8 and 24 hours usng PAM fluorometry. In order to
assess recovery, samples from the 9 ppt trestment were removed and placed in the 36 ppt

treatment for an additiona 8 hours and re-measured.

LIGHT

A range of light intengties were used to generate photosynthesis- irradiance curves (P1) using
14C incorporation and rapid light curve techniques. Three replicate ssmples of Lyngbya
majuscula were incubated in shade bags of 0, 12, 25, 50 and 100% incident light and
incubated in situ for 2 hin surface water under 1*C incorporation treatment. Three replicate
samples were placed in each bag under 14C incorporation trestment. Approximately 50 cnt
of L. majuscula was placed in shade bags of 50 and 100% incident light. After aninitia 30
min, rapid light curves were generated on L. majuscula samplesincubated at the varying
intengties. Ambient surface light was monitored over the incubation period, remaining
consistently around 1550 nmol quantam® s*. From the resulting P! curves, the maximum
electron transport rate (ETRuax) and the associated saturating irradiance I were calculated
using hyperbolic tangent moddling.

HuMiCc ADDITIONS

14C incorporation was used to examine the effect of humic acids on the productivity of
Lyngbya majuscula. Humics acids were extracted and concentrated from adjacent waters
usng an XAD-8 resin column extraction a pH equd to 2 (Leeneer, 1981). Aninitid
experiment was et up to examine the effect of different concentrations of humics on 4C
incorporation. Treatments with dissolved organic carbon concentrations of 2, 10 and 20 mg
L were used to reflect natural ranges of dissolved organic carbon (Brown, 1987; Pettersson
et al., 1997).

Another experiment was set up using combinations of nutrients and humic acid extract to
investigate their effect on **C incorporation by Lyngbya majuscula . Treatments of iron (5
M), phosphorus (5 M) and humic acid extract (20 mg/L) were used, aswdll as different

combinations of the three were investigated.
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TEMPERATURE

Water baths were maintained over arange of temperatures; 5°C, 15°C, 27°C, 35°C and 50°C.
Four replicate samplesof Lyngbya majuscula were placed in each temperature trestment and
incubated using *4C incorporation for 2 h.

STATISTICAL ANALYSIS

There was no sgnificant (p < 0.05) difference between nutrient concentrations at the 3 Sites
on agiven day, therefore water column nutrients of the bloom area were pooled to compare
between sampling dates with greater satistica power. Seagrass and sediment iron content
values were a so based on one homogenous sample, however, Prange (1999) demonstrated
negligible variation between replicate seagrass samples within Stesin Moreton Bay. Where
applicable standard errors were used in al graphical representation.

Cochran’ s test for homogeneity of variance was performed on all data sets prior to analyss.

A one-way ANOVA followed by a post-hoc Tukey’sHSD means test was used to determine
sgnificant differences (p < 0.05) between both sampling dates and between experimenta
trestments.







RESULTS

FIELD OBSERVATIONS AND MONITORING

BLooM DyNAMICS

The bloom of Lyngbya majuscula in Northern Deception Bay initiated around the 10"
January 2000, and persisted till early April 2000, covering an area of approximately 8 kn at
the time of peak abundance in late February (Figure 2). The bloom began in the sdlow
waters off Pebble beach, extending to the extremities of the bank and in awesterly direction
towards Godwin beach, eventualy covering the entire bank in these areas. The bloom
appeared restricted to shalow waters and seagrass meadows.

BioMass
Thebiomassof Lyngbya majuscula was highly variable between study dtes, ranging from 23
t0 1181 g4y M2 (Table 1). There was no apparent preference of L. majuscula for aparticular
Seagrass species as it was associated with monospecific Syringodium isoetifolium and Zostera
capricorni beds as well as mixed seagrass beds of Z. capricorni, Halophila ovalis and H.
spinulosa. However, the effect of L. majuscula on seagrass biomass was variable and
appeared to be species dependent. The area of bloom initiation was dominated by
monospecific S. isoetifolium beds, which also had the highest declinein leaf and root/
rhizome biomass. Lyngbya majuscula growing on Z. capricorni beds also resulted in a
ggnificant declinein leaf biomass & two Stes, however, root/ rhizome biomass was only
affected sgnificantly a one site. The mixed seagrass sites showed no gpparent decline in any
seagrass parameter.

The varidble effects that Lyngbya majuscula had on seagrass biomass could largely be
attributed to the variation in L. majuscula biomass. The highest L. majuscula biomass was
found on Syringodium isoetifolium, which consequently had the most severe declinein
biomass. Therewasdso little variation in L. majuscula biomass associated with S.
isoetifolium, indicating a condstent dengity and even cover of L. majuscula, sSmothering the
seagrass. Biomassof L. majuscula in the mixed seegrass beds, however, was lower and
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highly variable, indicating a variable dengty and patchy distribution of L. majuscula
associated with these seagrass beds.

ABIOTIC ENVIRONMENTAL MONITORING

Ambient surface light ranged from 3.8 to 53.65 mol quantami d™* for the period 5™ October
1999 to 5™ February 2000, with amean of 34.51 mol quantani? d* (Figure 3A). A period of
prolonged high incident light was recorded between the period 2" 22" January, averaging
44.7 mol quantam? d'* which coincided with the bloom initiation. Water temperature,

sdlinity and rainfal were monitored from the 14™ September 1999 to 5™ April 2000. Average
daily water temperature ranged from 18.4 to 28 °C over this period (Figure 3B). Anincrease
of approximately 2 °C was recorded between the month of December and January, with the
monthly average increasing from 23.3 to 25.3 °C. Thisincrease coincided with theinitiation

of the bloom.

Sdinity remained relatively congtant ranging from 33.2 to 36.2 ppt, with amean of 34.8 ppt
over the monitoring period (Figure 3C). There was no gpparent difference in sdinity
preceding or during the bloom, remaining congstently in the upper salinity range. Dally
ranfal ranged from O to 88 mm in the monitoring period (Figure 3D). Rainfdl was minimal
to zero around the bloom initiation period with the total January rainfal recorded at 51mm.
However the bloom was preceded by substantid rainfal in the month of December, totalling
270 mm of ran.

Wind patterns over the period preceding the Lyngbya majuscula bloom and during bloom
initiation (21% December 1999- 31% January 2000) were predominantly east and northeast
winds (Figure 4). The L. majuscula bloom Ste, and northern Deception Bay in generd, are
sheltered from winds originating from these directions due to the landmasses of Bribie Idand
and the adjacent mainland. This results in reduced fetch, and resulting wind-generated water
moation isminimdl.

WATER COLUMN CHARACTERISTICS
Leves of dissolved inorganic and organic nutrients, total nutrients and water column total

iron concentrations did not significantly (p < 0.05) differ from the 15" September 1999 to 5"
April 2000 sampling (Figure 5A, Table 3), with the exception of nitrate. Nitrate




REsSuULTS 2 |

concentrations over the three sites ranged from 0.1 to 0.5 nM, averaging 0.3 £ 0.04 M, with
sgnificant differences between certain sampling dates, however, there is no gpparent

difference preceding or during the bloom. Average nutrient concentrations were caculated
from dl stes over the sudy period. Ammonium levels a the three Sites ranged from 0.1 to

1.1 nmM, averaging 0.5+ 0.1 nM. Phaosphorus concentrations ranged from 0.2 to 0.4 iV,
averaging 0.28 + 0.02 M at the three Sites. Dissolved organic nitrogen concentrations

ranged from 9.3 to 12.9 nM, averaging 10.8 + 0.6 mM. Totd nitrogen ranged from 10 to 13.8
M, with an average concentration of 12 + 0.4 M over the sampling periods (Figure 5B).
Tota phosphorus averaged 0.7 = 0.03 M over the sampling period, ranging from 0.6to 1
nmM. Tota water column iron was varigble over the sampling period ranging from1to 7.1

nM, with an overall average of 2.65 = 0.5 miM (Figure 5C).

The creeks and waterways adjacent to the Lyngbya majuscula bloom area were sampled for
dissolved and total nutrients to ascertain possible nutrient sources for sustaining the bloom.
The concentrations of dissolved inorganic nutrients in these creeks and waterways were
relatively consstent across dl runoff creeks and waterways sampled (Table 2). Average
concentrations of ammonium, nitrate and phosphorus for adjacent waterswere 1.8 + 0.3, 0.6
+ 0.1and 0.1 + 0.01 M respectively. Tota phosphorus levels averaged 0.6 + 0.01 M over
the respective runoff stes. Concentrations of dissolved organic and total nitrogen were
consderably elevated at some sSites, averaging 52.35 = 14 and 56.33 + 12 M, ranging from
14.29 to 100 MM and 16.43 to 92.86 nM respectively. Totd water columniron
concentrations were highly variable ranging from 2.69 to 80.57 nM, with an overd| average
of 23.7 + 10 mM. Dissolved organic carbon (DOC) concentrations were highly variable
ranging from 2.45 to 24.7 mg L™, with an average of 10.36 + 3.4 mg L. Therewas
congderable variation in the pH in these waterways, ranging from 3.8 to 7.8.

SEAGRASS AND SEDIMENT METALS

Seegrass and sediment meta concentrations were monitored in an atempt to identify pulses
or increases in bioavailable iron concentrations. Seagrass leaf iron levels ranged from 1.09 to
4.08 mg guv * (Figure 6). There was an gpparent elevation in iron content of seagrass leaves
near thetime of Lyngbya majuscula bloom onset a each of the 2 gtes. Sediment iron
concentrations were variable over the study period ranging from 0.64 to 3.47 mg g .
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Seagrass root/ rhizomeiron levels were highly variable ranging from 1.89 to 13.11 mg gy *
with no gpparent difference preceding or during the bloom, however, there was an increase in
iron content at both sites in the latter stages of the Lyngbya majuscula bloom. There was no
gpparent difference in sediment iron levels preceding or during the bloom (Figure 7).

Samplesof Lyngbya majuscula were andysed for demental content and d*° N signature
(Table5). The concentrations of tissue carbon, nitrogen, phosphorus and iron of Lyngbya
majuscula were calculated to be 17.93 mmol C gy, 1.405 mmol N gy, 0.1 mmol P gyt

and 0.177 mmol Fe gy %, respectivdly. Thed™® N signature of L. majuscula was 1.72 ppt.

LYNGBYA MAJUSCULA ECOPHYSIOLOGY

NUTRIENT AND HUMIC ADDITIONS

Three techniques were used to assess the response of Lyngbya majuscula to added nutrients:
1) short-term estimates of photosynthesis were conducted using *C incorporation (Figure 8)
2) photochemicd efficiency estimates following 15 min dark adaptation usng a PAM
fluorometer (Figure 12A) and 3) rapid light curves generated in ambient light (Figure 12B).
The response time for the different methods was 2h and 7 d for 14C incorporation and PAM
fluorometry, respectively.

Short- term **C photosynthesis experiments demonstrated elevated “C uptake ratesin all
trestments relative to the control (Figure 8). However, there was significant devation of 14C
uptake only in trestments of 5 MVl Fe, 5 mM EDTA and 5 mM PO,* trestments (Figure 9).

Elevated rates of **C photosynthesis were recorded in al additions of humic acid extract (2,
10 and 20 mg L), however, these increases were not significant (p < 0.05) relative to the
control (Figure 10). With the addition of iron and humic acid extract together, *C
incorporation were also elevated reative to the control, however not significantly (Figure 11).
14C incorporation was not increased with a combination trestment of PO, and humic acid
extract.

The long-term fluorometry experiments were subjected to other varying environmenta
factors, such aslight, over the course of incubation. The varigbility in these other factors
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could affect the nutrient response, in turn confounding results. Elevated Fv/Fm responses
were seen in al trestments, however, only the 5niM Feand 5 nM FeEDTA treatments
increased dgnificantly (p < 0.05) in relation to the control (Figure 8A). Smilar responses
were observed using rapid light curves with eevated maximum eectron trangport ratesin al
trestments relative to the control, with the exception of the 5 "M PO,* treatment (Figure 8B).

However, there were no satigticaly significant increases in any treatments.

TEMPERATURE

The effect of temperature was examined by measuring 1*C incorporation over arange of
temperatures from 5 to 50 °C (Figure 13). Incorporation rates were significantly reduced in
treatments of 5 and 50 °C, with rates of 0.19 + 0.04 and 0.11 + 0.04 mg C gy * WY,
respectively. Incorporation rate was significantly increased (p < 0.05) nearly two fold in the
35 °C treatment (4.84 + 1.27 mg C gyv - ') above the ambient trestment, 27 °C. A dight
reduction in **C incorporation, compared to ambient water temperature, was evident in the 15
°C treatment, however it was not significant (p> 0.05).

LIGHT

The effect of light was examined using rapid light curve and 1#C incorporation measurements
over arange of light intensities from 0 to 1400 nmol quantam® s* (Figure 13). Therate of
14C incorporation in the absence of light was negligible (0.01 + 0.01 mg C gy * h't). Ratesof
14C incorporation were greatest under intensities of 700 and 1400 mmol quantami® s, with
incorporation rates of 1.68 + 0.35 and 1.72 + 0.2 mg C gy * h?, respectively. A polynomid
regression best described the relationship between light and **C incorporation.

There was no sgnificant difference (p > 0.05) in maximum eectron transport rates between
50 and 100% incident light trestments using the PAM fluorometer (Figure 14). However,
contrary to the 1*C incorporation response, trestments incubated under full light (1400 mmol
quantam? s*) had areduced maximum photosynthetic rate (18.7 nmol € m? s*) compared
with the 50% irradiance trestment (434 mmol € m? s1). Thiswas dso reflected in the
saturating irradiance (Ik) of thergpid light curves. The saturating irradiance in the 100%
incident light trestment (105 mmol quantam® s*) was lessthan half that of the 50% incident
light trestment (306 nmol quantam’® s).
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SALINITY

Theresponse of Lyngbya majuscula to arange of sainities (0 to 36 ppt) was investigated
(Figure 15). Photosynthesisof L. majuscula showed abroad sdinity tolerance, with

substantial photosynthetic activity from 9 to 36 ppt. *C incorporation was negligible in the 0
ppt trestment (0.18 + 0.02 g C gy L 1), however at 9 ppt, there was an lower but measurable
rate of incorporation (1.7 + 0.43 g C mgqy* hY) (Figure 15A.). Incorporation of **C was
greatest in trestments of 18 and 27 ppt, with rates of 4.85+ 0.24 mg C gy, - h* and 5.19 +

0.63mg C gyt ', respectively.

Both fluorometry techniques demonstrated smilar response to the range of sdinity (Figure
15B and 15C). The photochemicd efficiency of samplesin O ppt and 9 ppt were sgnificantly
reduced in comparison to the other 3 treatments, with values of 0.025 + 0.015 and 0.076 +
0.02, respectively. There was negligible difference in the upper range trestments (18, 27, 36
ppt), with photochemica efficiency vaues ranging from 0.219 + 0.02 to 0.289 £ 0.02.
Maximum e ectron trangport rates were aso negligible in the O ppt treatment (1 + 0.5 mmol e
m?2 s?). After transfer to the 36 ppt treatment, samples from the 9 ppt trestment showed
subgtantia recovery in both the maximum eectron trangport rate and photochemica
efficiency, with the maximum electron transport rate and Fv/Fm valuesincreasing to 29.1 +
6.6 mmol quantam? s and 0.33 + 0.03, respectively. However, the increasein the
maximum electron trangport rate was not sgnificant (p > 0.05).




DISCUSSION

ENVIRONMENTAL CONDITIONS

ABIOTIC PARAMETERS

Theinitigtion of the Lyngbya majuscula bloom coincided with a suite of environmental
conditions that appear critical to the formation of the bloom: prolonged high surface light
preceded by arainfdl event, elevated water temperature, cam weether conditions and upper
range sdinity. Smilar environmenta conditions have been observed during the formeation of
other cyanobacterid blooms, both marine and freshwater. Cyanobacterid bloomsin
freshwater syslems commonly coincide with periods of high water temperatures, cam
wesether and prolonged high irradiance following arainfal event (Bowling, 1994; Codd et al.,
1994). Blooms of the pelagic marine cyanobacterium, Trichodesmium, are often reported
during periods of high incident light and calm wesether, and athough rainfall does not appear
critica in the formation of these, they are often found in waters that have passed idands or
landmasses where runoff and/ or upwelling might be gpparent (Carpenter, 1983; Capone et
al., 1997).

Elevated water temperature appears critica for the formation of Lyngbya majuscula blooms.
Prior to the bloom event, an increase in water temperature to between 24 and 25°C was
recorded in northern Deception Bay. All previoudy recorded blooms of L. majuscula in
northern Deception Bay have occurred in late summer when water temperatures are in excess
of 22 °C (Dennison et al., 1999). The therma optimum for cyanobacteria has been described
asbeing around 25°C or greater (Fogg et al., 1973; Robarts & Zohary, 1987), and water
temperatures above 21°C have been reported as critica for bloom formation in
Trichodesmium (Sellner, 1992).

The average daly sdinity remained rdaively congtant near that of full strength seawater (36
ppt) over the period of the Lyngbya majuscula bloom. High sdinity preference in marine
cyanobacteria has been well documented. For example, Lyngbya sp. and Calothrix . have
shown optimal sdlinity to be 35ppt (Jones, 1992) and blooms of Trichodesmium are generdly
redricted to fully saline waters (Capone et al., 1997). Under experimenta conditions L.
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majuscula demondrated a high sdinity preference but euryhaline tolerance, which is not
surprising given its coasta and estuarine range.

Cam wesether conditions, resulting in a stable water column, occurring prior to and during the
initiation period of the Lyngbya majuscula bloom. Predominantly north to northeast winds
were gpparent during bloom initiation resuiting in minimal wind- generated water motion. In
addition, negp tides were present during the bloom initiation period (O.T.T.B.S.G., 1999),
ading in water column stability. Blooms of Trichodesmium are often reported during periods
of calm wegther, resulting in high light penetration and some degree of dratification
(Carpenter, 1983; Capone et al., 1997). Therole of vertica and horizontal water column
Sability has been reported in the initiation and persstence of marine cyanobacterial blooms
(Fogg, 1969; Ganf & Horne, 1975; Reynolds & Walsby, 1975; Paerl, 1988).

A prolonged period of high light was recorded for the initid period of bloom devel opment
(2" 22" January 2000). The average daily surface light (44.7 mol quantam d') was
consderably higher than that recorded for Moreton Bay from late January to April (36.7 mol
quantam? d't) (Longstaff et al., 2000). Light attenuation coefficient (K ¢) during this period
was cal culated from secchi depth measurements, ranging from 0.59 to 1.3 mit, with amean of
0.78 m'. These values are comparable to K vaues, which varied only dightly from 0.5 mi*
from January to June, recorded in eastern Moreton Bay, where light penetretion is
consggtently high and water very dear (Longdteff ez al., 2000).

Mean sealevel (M.S.L) in the bloom areaiis 1.08 m above lowest annud tide
(L.AT)(O.T.T.B.S.G,, 1999). The average water depth overlying the Lyngbya majuscula
bloom area can be estimated a 1.5 m from the mean sealeve, assuming maximum depth
range of L. majuscula on these banks did not exceed 0.5 m below the lowest annud tide limit.
Given the caculated mean K vaue, average water depth and surface light, the fraction of
surface light reaching the benthic community can be estimated using equations described in
Kirk (1994). An estimated 32% of surface light was caculated to reach the benthic
community during bloominitiation. This fraction is comparable with the fraction of surface
light recorded in the highly productive seagrass beds in eastern Moreton Bay (Longdtaff ez
al., 2000), indicating light conditions during the L. majuscula bloom initiation were both
elevated and prolonged.
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NUTRIENTS

The presence of relatively high water column iron levels may be important in sustaining a
bloom of Lyngbya majuscula. Total water column iron concentrations were relaively high
and congtant over the study period, averaging 3.1 = 0.8 nM. Previous studies have reported
total water column iron concentrations ranging from 0.3 to 2.6 M (Smolders & Rodofs,
1995) and 1.25t0 4.5 nM (Sadek et al., 1986) in coastd bays and estuaries. Sadek et al.
(1986) reported total iron concentrations of 0.07 £ 0.25 M in mullet aguaculture ponds with

nuisance L. majuscula blooms.

Average concentration of total water column iron in creeks and waterways adjacent to the
bloom areawas 23.1 £ 10.7 nM., which could indicate a potentia source of iron to the bloom
area. Given only ardatively small amount of rain, 30 mm in two days, preceded this
sampling event, it could be expected that iron levelsin these creeks and waterways might
reach higher concentrations with more substantid rainfdl events. Dennison & Abd (1999)
previoudy recorded concentrations of up to 231 M tota iron in these creeks during the 1998
Lyngbya majuscula bloom. A land use report investigating the creeks and waterways of the
northern end of Pumicestone Passage recorded average total water column iron
concentrations of 39.4 + 4.5 mM (NSR Environmenta Consultants Pty. Ltd., 1999),
highlighting the potentid of adjacent creeks and waterway's as sources for large amounts of
iron. However, the bicavallahility of iron criticaly depends on its speciation, and not
necessarily itstotal concentration. In seawater, iron has a strong tendency to hydrolyse to
thermodynamicaly stable ferric iron (Fe*") resulting in the formation of sparingly soluble
hydroxides and oxides (Sunda, in prep; Waite, In Prep), rendering it mostly unavailable for
biologicd uptake.

The reduction of Fe** in seawater |eads to production of ferrousiron (Fé?*), which ishighly
soluble and more kinetically labile with respect to chelation, forming much wesker organic
chelates and complexes (Sunda, 1988). Fe?* oxyhydroxides are highly soluble and the Fe?*
formed isless strongly bound to organic ligands, ultimately resulting in the dissolution of

Fe** oxyhydroxides or the dissociation of iron chelates (Sunda, in prep). Three mgjor
processes have been identified that lead to Fe** reduction: 1) uptake of iron through the
bioreduction of Fe** at cdll surfaces (Jones et al., 1987); 2) photoreduction of iron chelates,
iron hydroxides and iron oxides (Waite & Mordl, 1984; Waite et al., 1984; Wells & Mayer,
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1991; Wellset al., 1991; Miller & Kester, 1993; Waite & Szymczak, 1994); and 3) reduction
in highly reducing micro- and macro-environments through chemical or microbid pathways
(Chambers & Odum, 1990). However, in most systems, the dissolved inorganic Fe**
undergoes rapid reoxidation by O, or photochemically produced H,O» (Moffet & Zika,
1987), the resultant Fe** is then rechelated by organic ligands or precipitated asiron
hydroxides (Sunda, in prep).

Prdiminary investigations of iron chemigtry in the seawater of the bloom areaindicate alarge
fraction of the total water column iron pool is organically bound (Rose, 1999). Dissolved
organic carbon, primarily in the form of humic and fulvic acids, has been shown to chelate
trace metals, such asiron, retaining them in solution (Prakash et al., 1973; Prakash, 1975;
Matsunaga et al., 1984; Matsunaga et al., 1998). This can provide a source of biologicaly
avalableiron or retain iron in solution, which through photoreduction, can become
bioavailable for uptake (Franko & Heath, 1982; Sunda & Huntsman, 1995). In addition,
through complexation with other trace meta's such as copper, humic materid has been shown
to mitigate the toxic effect of these metds, simulating production and growth (Brand ez al.,
1986).

Substantia amounts of dissolved organic carbon (DOC) are present in the Lyngbya majuscula
bloom area. The average concentration of dissolved organic carbon in the bloom areawas
1.96 + 0.17 mg L%, during the L. majuscula bloom. Dissolved organic carbon concentrations
were previoudy measured in the bloom area during aflood event in early 1999, ranging from
1.8t0 10 mg L (Rose, 1999). Brown (1987) recorded levels of dissolved organic carbon
(DOC) in the marine waters of southern Florida ranging from 0.15 to 0.86 mg L™ for 5 water
bodies, indicating a substantial amount of dissolved organic carbon (DOC) was present

during the recent L. majuscula bloom and in previous years. Levels of dissolved organic
carbon (DOC) in creeks and waterways adjacent to the Lyngbya majuscula bloom area
ranged from 2.45 to 24.7 mg L™, indicating the potential of alarge source of DOC in adjacent
watercourses. These concentrations are comparable to DOC levels reported in rivers
discharging from highly organic forested aress, ranging from 8 to 30 mg L (Pettersson et al.,
1997). The vegetated fraction of the Pumicestone Passage catchment region is approximeately
70%, dominated by commercid pine plantation (Danaher DNR, pers. comm.), identifying a

potential source of dissolved organic carbon to the region.




DISCUSSION 29

The growth of cyanobacteriain coastal ecosystemsis often directly related to phosphorus
loading (Peexl et al., 1987). Phosphorus has been shown to enhance rates of nitrogen fixation
in Lyngbya majuscula (Duffy & O'Nell, submitted) and inter-tidal cyanobacterid mats (Paerl
et al., 1987). In addition, devated phosphorus concentrations have been implicated in
cyanobacterid bloomsin the estuaries of North Carolina (Seitzinger, 1991).

Phosphorus has atendency to precipitate from solution through adsorption onto ferric oxides,
ferric hydroxides and clay particles (Giordani et al., 1996). Due to the low solubility and
[ability of these complexes in agrobic waters, they eventudly settle in the sediments (Vaida,
1995). In anaerobic sediments, with high organic loading and sulphate content, the reduction
of iron and sulphate can lead to the dissolution of bound phosphate (Chambers & Odum,
1990), providing alocaised source of phosphorus to the water column. A diurnd petternin
oxygen stoichiometry has been observed in sediment associated with Lyngbya majuscula (See
Lyngbya and seagrass interactions), with high concentrations of dissolved phosphorus and
ammonium fluxing from the benthos.

ECOPHYSIOLOGICAL RESPONSE

PHOTSYNTHESIS/ LIGHT RELATIONSHIP

Lyngbya majuscula exhibited an apparent tolerance for elevated irradiances, but a degree of
photoinhibition was observed a full irradiance. The rate of **C incorporation was greatest in
treatment incubated under full (1440 mmol quantami? s) and half (700 mmol quantam st)
irradiance at the waters surface. Given that the incorporation rates were dmost identicd, the
full surface light trestment would appear photoinhibited. Rapid light curve assessment also
demondtrated photoinhibitionin L. majuscula samplesincubated at full irradiance, indicated
by areduction in the saturating irradiance (lx) of the photosystem (White & Critchley, 1999).
Strong photoinhibition of Trichodesmium was observed by Lewiser al. (1988) at irradiances
above 1000 mmol quantam? s, and studiesby McCarthy & Carpenter (1979) demonstrated
adepression in carbon assimilation above 600 nmoal quantam? s*. Thisis comparableto L.
majuscula, where photoinhibitory effects were observed at irradiances above 700 nmaol
quantam® s*. Similarly, anirradiance level above 950 mmol quantami® s has been
recorded as inhibitory to benthic Microcoleus sp. (Pentecost, 1985).
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The saturating photosynthetic irradience (Ix) of Lyngbya majuscula was comparable to that
demongtrated in Trichodesmium. Optimd irradiance for Lyngbya majuscula was between
230 and 480 mmol quantam? s, based on estimates of saturating irradiance (I) generated
from fluorometry and **C uptake P curves, respectively. The saturating photosynthetic
irradiance (Ix) of T. erythraeum and T. thiebautii has been calculated as 324 and 687 mmal
quantam? s, respectively (Carpenter et al., 1993). During the latter stages of blooms, L.
majuscula can rise off the benthos through the accumulation of gas bubbles derived from
photosynthesis, resulting in the formation of large mats at the waters surface (Diaz et al.,
1990; Dennison et al., 1999). Given the subgtantial photosynthetic activity & high
irradiances, it is gpparent that these mats are photosynthetically functional and therefore the
potentia exists for these mats to recolonise new aress.

Comparatively high rates of light saturated photosynthesis were measured in Lyngbya
majuscula (Table 4). Ratesof 1*C incorporation were 2 orders of magnitude grester than
recorded phytoplankton rates and were comparable to carbon fixation rates recorded in higher
marine plants.

PHOTOSYNTHESIS/ TEMPERATURE RELATIONSHIP

Lyngbya majuscula appears eurythermd, with substantia photosynthetic activity between 15
and 35°C. Marine cyanobacteria are generdly eurytherms, with temperature optimums
typicaly between 25 and 35°C (Fogg et al., 1973). The maximum photosynthetic rate of L.
majuscula was observed at 35°C using **C incorporation, whereas at 50°C there was
negligible measurable photosynthetic activity, which would indicate athermd optimum
somewhere between these two temperatures. Determining photosynthetic responses over a
finer temperature range a these upper limits might yield a more definite temperature
optimumof L. majuscula. However, the temperature optimum for nitrogen fixaion in a
marine Lyngbya . has been previously reported as 35°C (Jones, 1992), which adds
substance to the temperature optimum observed in this study.

PHOTOSYNTHESIS/ NUTRIENT RELATIONSHIP

Experimenta results suggest that iron, particularly iron speciation, and phosphorus

avallability are limiting to phosynthesisin Lyngbya majuscula. Enhanced rates of
photosynthesiswere recorded in L. majuscula with the addition of iron and EDTA in both **C
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incorporation and PAM fluorometry experiments. Increased photosynthetic rates of Lyngbya
majuscula trested with total iron could indicate the presence of anatural chelation process

increasing iron bioavailability.

Ethylenediaminetetra- acetic acid (EDTA) is alow molecular weight synthetic compound that
can chelate either ambient iron making it biocavailable, or other trace metds, mitigaing their
toxicity (Anderson, 1979; Paerl et al., 1994). Therefore, elevated photosynthetic rates of
Lyngbya majuscula under trestment of ethylenediaminetetra- acetic acid chelated iron
(FEEDTA) could demongtrate iron stimulation and highlight the importance of bicavailable
iron species. The simulation of photosynthesis through FEEDTA addition has been
previoudy recorded in L. majuscula (Gross & Martin, 1996) and has been well documented
in Trichodesmium and other marine cyanobacteria (Rueter, 1988; Rueter et al., 1990; Rueter
& Unsworth, 1991; Geider & Laroche, 1994). In addition, simulation of nitrogen fixation
through FEEDTA addition has aso been demondtrated in Lyngbya majuscula (Duffy &
O'Nell, submitted) and Trichodesmium (Peerl et al., 1987; Rueter et al., 1992; Paerl et al.,
1994).

Iron appears to be akey nutrient for cyanobacteria growth and proliferation, with evidence
present to suggest that iron, particularly iron species, may be limiting the growth of Lyngbya
majuscula. A Sgnificant increase in photochemical efficiency (Fv/Fm) was aso recorded for
L. majuscula treated with devated levels of iron and EDTA. This emphasises the importance
of iron asagimulant for Lyngbya majuscula growth and further demonstrates the importance

of abioavailable iron species.

14C incorporation rates were enhanced in Lyngbya majuscula treated with additions of humic
acid extract, dbat not dgnificantly. This could be attributed to the high background DOC
levels recorded in the waters of the bloom area masking the response of the L. majuscula to
the humic extract addition. Enhanced productivity of phytoplankton has been previoudy
demondtrated with humic additions, most probably aresult of an increase in bioavailable iron
species or the mitigation of the toxic effect of other trace metals (Prakash et al., 1973;
Prakash, 1975; Heil, 1996).

Photosynthetic rates were also enhanced with phosphorus additionsin both C incorporation
and PAM fluorometry. Diurnd rhythmsin both nutrient and oxygen stoicheometry have been
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observed in Lyngbya majuscula mats, possbly identifying a unique pathway for nutrient
acquistion. Given such high rates of photosynthesisin Lyngbya majuscula, itislogicd to
assume high rates of respiration, and low dissolved O, levels have been recorded during the
night in benthic cores of L. majuscula, associated seagrass and sediment (Oberlin, 2000).
This demondrates adiurnad cyclein O, levels most probably controlled by the
photosynthesis- respiration cyclein L. majuscula, which could lead to the breskdown of the
sediment oxic-anoxic boundary and the flux of phogphorus and ammonium from the
sediments to the water column. High concentrations of both phosphorus and ammonium have
been measured fluxing from the benthos during the night in benthic cores containing

seagrass, sediment and L. majuscula (Oberlin, 2000) and in decomposing L. majuscula mats
in seagrass beds (Zimmerman & Montgomery, 1984), identifying the potentia for sediments
to provide alocalised supply of phosphorus for uptake.

Seagrass beds are typicaly high in organic materid through the accumulation of detritus

(Udy & Dennison, 1997), aiding in the breakdown of the sediment oxic-anoxic boundary
through organic decay, which could result in the release of anmonium (Capone, 1997). This
ammonium could dso be utilised by Lyngbya majuscula during the night as anitrogen
supply. However, thed™® N signature of L. majuscula is close to amospheric stable isotope
ratios (Heaton, 1986), indicating areliance on nitrogen fixation asits primary nitrogen

source. The formation of localised anoxic zones could aso result in a supply of dissolved

iron through the release of Fe?* from sediments following the reduction of Fe** compounds
(Chambers & Odum, 1990).

LYNGBYA AND SEAGRASS INTERACTIONS

The effect of Lyngbya majuscula on seagrass biomass appears to species specific. The
vaiable effect of L. majuscula on seagrass beds can be attributed to both physical and
chemica dterations. Physcd effects could be mostly attributed to smothering of seagrass,
reducing light and water circulation to the seagrass beds, and would be more pronounced at

increased L. majuscula densties.

Seagrass beds appear to have a unique assemblage of microbes, providing reducing substrate
or oxygen to the sediment and in return receiving fixed nitrogen (Perry, 1997). Syringodium
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isoetifolium istypically associated with an aerobic microbia assemblage, generated through
increased O, supply to the rhizosphere, while Zostera capricorni assemblages appear to be
characterigticaly anaerobic, most probably due to the high detrital loading associated with
this species (Perry, 1997).

It is hypothesised that by physically smothering seegrasses, Lyngbya majuscula decreases
photosynthetic rates in the seegrass through areduction in light and circulation. Asaresult,
O, trangport to the roots would a so be reduced, which might lead to an unfavourable change
in the associated microbid community. In addition, the resulting seagrass decline would also
increase organic loading, which could further exacerbate the adverse conditions for the

seagrass, favouring high reducing conditions and anoxia

BLooM DYNAMICS

A suite of environmenta conditions gppear critica for the formation of Lyngbya majuscula
bloomsin northern Deception Bay. Calm wesather conditions, prolonged high light following
aranfal event, devated water temperature and congtant near full strength sdinity coincided
with the observed L. majuscula bloom. This resulted in ability and high light penetration of
the water column, possibly following nutrient input through runoff. Elevated total weater
column iron and dissolved organic carbon concentrations were observed in adjacent creeks
and waterway's, conceivably associated with forest and hydric soil disturbance.

The Lyngbya majuscula bloom in northern Deception Bay covered an area of approximately
8 kn' at its peak around the 24" February, a conservative 55 days after the bloom initiation.
This equates to a linear expansion rate of 100 m? min'®, which is not surprising given its
compardively high rates of photosynthesis and nitrogen fixation (Duffy & ONell,

submitted).

Photosynthes's was enhanced through total iron addition, which could indicate a natural
chelation process present in the waters of the bloom area. A large fraction of the water
column iron in the bloom region is organicdly bound, identifying the potentid for dynamic
iron cycling through organic chelation and photoreduction, increasing iron bioavailability.
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Phosphorus additions dso stimulated photosynthessin Lyngbya majuscula. Phosphorus
uptakein L. majuscula could be constrained by the supply of phosphorus from the sediments
and runoff from adjacent creeks and waterways. The molar Fe: Pratio of L. majuscula was
caculated at 1.77, compared with the average molar Fe:P ratio in associated seawater of 4.8,
which could indicate a phosphorus limitation in Lyngbya majuscula. \Which, given the high
rates of nitrogen (Duffy & O'Nell, submitted) and carbon fixation, ssems likely. However,
this molar ratio does not take into account bioavailability of iron which could greetly reduce
the FeP ratio in the water column.

Fe:P molar ratios in coastal and marine cyanobacteria have been reported to range from 0.002
to 0.04, 2-3 orders of magnitude lower than Fe:P molar ratios described in Lyngbya
majuscula, indicating a very high requirement for iron.

Blooms of the marine cyanobacterium, Lyngbya majuscula, have been reported in northern
Deception Bay in increasing severity for dmost a decade. This study has identified criticd
environment conditions for bloom formation including eevated water temperature, calm
weether conditions, high irradiance following arainfal event and near full strength dinity.
Iron and phosphorus were identified as key nutrientsfor Lyngbya majuscula growth with
high totd iron concentrations measured in the bloom area. High concentrations of dissolved
organic carbon were aso measured in the bloom area, potentialy resulting in adynamic
water column chelation process increasing bioavailable iron. Adjacent creeks and waterways
wereidentified aslarge sources of both iron and dissolved organic carbon during runoff

events.

Bloomsof Lyngbya majuscula in northern Deception Bay have had serious detrimenta
effects on the ecology and economy of the locd region. Given the adverse impacts of these
blooms, this study highlights the need for further investigation of potentia nutrient sources
and critical assessment of land use practices in adjacent areas in order to revise management

drategies and potentialy mitigate future L. majuscula blooms.




REFERENCES

Anderson, D.M. (1979) Therole of chelators and trace metals in toxic blooms. In Toxic
dinoflagellate blooms, Proceedings of the Second International Conference on Toxic
Algal Blooms (Taylor, D.L. & Seliger, H.H., eds). Elsevier, Amsterdam, pp. 463-467.

AS3641.2 (1999) Recommended practice for atomic emission spectrometric analysis. Part 2:
Inductively coupled plasma excitation. Standards Audtraia,

Bauld, J., Chambers, L.A. & Skyring, G.W. (1979) Primary productivity, sulphate reduction
and sulfur isotope fractionation in algd mats and sediments of Hamelin Pool, Shark
Bay, W.A. Australian Journal of Marine and Freshwater Research 30, 753-764.

Benz, M.C., Eiseman, N.J. & Gdlaher, E.E. (1979) Seasond occurences and variation in
ganding crop of adrift dgd community in the Indian River. Botanica Marina 22,
413-420.

Bowling, L. (1994) Occurence and possible causes of a severe cyanobacteria bloom in Lake
Cargdligo, New South wales. Australian Journal of Marine and Freshwater Research
45, 737-745.

Brand, L.E., Sunda, W.G. & Guillard, R.R.L. (1986) Reduction of marine phytoplankton
reproduction rates by copper and cadmium. Journal of Experimental Marine Biology
and Ecology 96, 225-250.

Brown, JW. (1987) Studies of humic and fulvic acid dynamics in coastal marine waters of
south Florida. Marine Environmental Research 21, 163-174.

Brown, SW. & Boyd, C.E. (1982) Off-flavour in channd catfish from commercia ponds.
Transactions of the American Fisheries Society 11, 379-383.

Capone, D.G. (1997) Microbid Nitrogen Cycling. In Manual of Environmental Microbiology
Hurgt, C. (eds). ASM Press, Washington.

Capone, D.G., Zehr, J.P. & Paerl, HW. (1997) Trichodesmium, aglobdly sgnificant marine
cyanobacterium. Science 276, 1221-1229.

Carpenter, E.J. (1983) Physiology and ecology of marine planktonic Oscillatoria
(Trichodesmium). Marine Biology Letters 4, 69-85.

Carpenter, E.J., ONell, JM., Dawson, R., Capone, D.G., Siddiqui, P.JA., Roenneberg, T. &
Bergman, B. (1993) Thetropica diazotrophic phytoplankter Trichodesmium:
biologica characteristics of two common species. Marine Ecology Progress Series
95, 295-304.




36_ECOPHYSIOLOGY OF LYNGBYA MAJUSCULA

Carr, N.G. & Whitton, B.A. (1982) The Biology of Cyanobacteria. Blackwell Scientific
Publications, Melbourne,

Chaker, B.E. (1981) Smulating light- saturation curves for photosynthesis and cdcification
by reef- building cords. Marine Biology 63, 135-141.

Chambers, R.M. & Odum, W.E. (1990) Porewater oxidation, dissolved phosphate and the
iron curtain: Iron-phosphorus relations in tidal freshwater marshes. Biogeochemistry
10, 37-52.

Chapman, V.J. & Chapman, D.J. (1973) The Algae. The Macmillan Press LTD, Hong Kong.

Clesceri, L.S., Greenberg, A.E. & Trussdl, R.R. (1998) Standard methods for the
examination of water and waste water. APHA-AWWA-WCPF.

Codd, G.A., Steffensen, D.A., Burch, M.D. & Baker, P.D. (1994) Toxic blooms of
cyanobacteriain Lake Alexandring, South Audrdia- Learning from History.
Australian Journal of Marine and Freshwater Research 45, 731-736.

Cosgrove, D.J. (1977) Microbid transformations in the phosphorus cycle. Advances in
Microbial Ecology 1, 95-134.

Cribb, A.B. (1996) Seaweeds of Queensland: a naturalist's guide. Queendand Naturdists
Club, Brishane.

Dennison, W.C. & Abd, E.G. (1999) Moreton Bay Study: A scientific basis for the healthy
waterways campaign. South East Queendand Regiona Water Quality Management
Team, Brishane.

Dennison, W.C., ONeil, JM., Duffy, E., Oliver, P. & Shaw, G. (1999) Blooms of the
cyanobacterium Lyngbya mgusculain coasta waters of Queendand. In Proceedings
of the International Symposium on Marine Cyanobacteria, Nov. 97 (Charpy, L. &
Larkum, A.W.D., eds). Bulletin de I'Ingtitut Oceanographique, Monaco, pp. 632.

Diaz, M.R., Corredor, JE. & Mordl, JM. (1990) Nitrogenase activity of Microcoleus
lyngbyaceus mat communitiesin a eutrophic, tropical marine environment. Limnology
And Oceanography 35, 1788-1795.

Duffy, E. & O'Nell, JM. (submitted) Factors affecting N sub(2) fixation rates of the marine
cyanobacterium Lyngbya mauscula. Marine Ecology Progress Series

Environmenta Monitoring Systems Laboratory (1996) Methods for the determination of
metal and inorganic chemicals in environmental samples. Noyes Publications, Ohio.

Fogg, G.E. (1969) The physology of an aga nuisance. Proceedings of the Royal Society of
London. Series B. 173, 175-189.




REFERENCES 37

Fogg, G.E., Stewart, W.D.P., Fay, P. & Wasby, A.E. (1973) The Blue-Green Algae.
Academic Press, London.

Francis, G. (1878) Poisonous Australian Lake. Nature (London) 18, 11-12.

Franko, SA. & Heath, R.T. (1982) UV -sengtive complex phosphorus: Association with
dissolved humic materid and iron in abog lake. Limnology and Oceanography 27,
564-569.

Ganf, G.G. & Horne, A.J. (1975) Diurnd dratification, photosynthesis and nitrogen fixation
in ashdlow equatoria lake (Lake Georgia, Uganda). Freshwater Biology 5, 13-39.

Geider, R.J. & Laroche, J. (1994) The Role of Iron in Phytoplankton Photosynthesis, and the
Potential For Iron-Limitation of Primary Productivity in the Sea. Photosynthesis
Research. 39, 275-301.

Giordani, G., Bartali, M., Cattadori, M. & Viarali, P. (1996) Sulphide release from anoxic
sedimentsin relation to iron availability and organic matter recalcitrance and its
effects on inorganic phosphorus recycling. Hydrobiologia . 329, 211-222.

Gross, E.D. & Martin, D.F. (1996) Iron dependence of Lyngbya majuscula. Journal of
Aquatic Plant Management 34, 17-20.

Heaton, T.H.E. (1986) Isotopic studies of nitrogen pollution in the hydrosphere and
amosphere: A review. Chemical Geology 59, 87-102.

Heil, C.A. (1996) The Influence of Dissolved Humic Material (Humic, Fulvic and
Hydrophilic Acids) on Marine Phytoplankton. PhD Dissertation, University of Rhode
Idland, Rhode Idand.

Horrocks, JL., Stewart, G.R. & Dennison, W.C. (1995) Tissue Nutrient Content of Gracilaria
op. (Rhodophyta) and water quality along an estuarine gradient. Marine Freshwater
Research 46, 975-983.

Hosomi, M. & Sudo, R. (1986) Simultaneous determination of tota nitrogen and total
phosphorus in freshwater samples using persulphate digestion. International Journal
of Environmental Studies 27, 267-275.

Howarth, RW. & Cole, J.J. (1985) Molybdenum availability, nitrogen limitation, and
phytoplankton growth in naturd waters. Science 229, 653-655.

Jones, G.J,, Pdenik, B.P. & Mord, F.M.M. (1987) Trace metal reduction by phtyoplankton:
the role of plasmaemma redox enzymes. Journal of Phycology 23, 237.

Jones, K. (1990) Aerobic nitrogen fixation by Lyngbya sp., amarine tropica cyanobacterium.
British Journal of phycology 27, 107- 114




38_ECOPHYSIOLOGY OF LYNGBYA MAJUSCULA

Jones, K. (1992) Diurnd nitrogen fixation in tropical marine cyanobacteria: acomparison
between adjacent communities of non-heterocystous Lyngbya sp. and heterocystous
Calothrix p. British Phycological Journal 25, 107-118.

Kirk, J.T.O. (1994) Light and Photosynthesis in Aquatic Ecosystems. Cambridge University
Press, Cambridge.

Larkum, A.W.D., McComb, A.J. & Shepard, SAA. (1989) Biology of seagrasses: A treatise on
the bilogy of seagrasses with special refernce to the Australian region. Elsevier
Science Publishers, New Y ork.

Leeneer, JA. (1981) Comprehensive approach to preparative isolation and fractionation of
dissolved organic carbon from natural and wastewaters. Environmental Science and
Technology 15, 578-587.

Lewis, M.R., Ulloa, O. & Platt, T. (1988) Photosynthetic action, absorption and quantum
yield spectrafor anatura population of Oscillatoria inthe North Atlantic. Limnology
and Oceanography 33, 92-98.

Longstaff, B.J., Dennison, W.C., Prange, J., Loneragan, N.N. & Drew, E.A. (2000) Task
SLR: Seagrass/ Light Relationships.Brisbane River and Moreton Bay Wastewater
Management Study. Brisbane.

Luning, K. (1990) Seaweeds: Their environment, Biogeography, and Ecophysiology. John
Wiley and Sons, Inc., New York.

Martin, JH., Fitzwater, SE. & Gorson, R.M. (1990) Iron Defiency limits phytoplankton
growth in Antartic waters. Biogeochemical cycle 4, 5-12.

Matsunaga, K., Igarashi, K., Fukase, S. & Tsubota, H. (1984) Behaviour of organicaly-
bound iron in seawater of estuaries. Estuarine, Coastal and Shelf Science 18, 615-622.

Matsunaga, K., Nishioka, J., Kuma, K., Toya, K. & Suzuki, Y. (1998) Riverine input of
bioavailable iron supporting phytoplankton growth in Kesennuma Bay (Japan). Water
Research. 32, 3436-3442.

McCarthy, J.J. & Carpenter, E.J. (1979) Oscillatoria (Trichodesmium) thiebautii
(Cyanophyta) in the centrd North Atlantic Ocean. Journal of Phycology 15, 75-82.

Miller, W.L. & Kester, D. (1993) Photochemicd iron reduction and iron bicavailability in
seawater. Journal of Marine Research 52, 325-343.

Moffet, JW. & Zika, R.G. (1987) Reaction kinetics of hydrogen peroxide with copper and

iron in seawater. Environmental Science and Technology 21, 804-810.




REFERENCES 39

Neil, D.T. (1998) Moreton Bay and Catchment: Seascape and Landscape Development and
Degradation. In Moreton Bay and Catchment Tibbetts, |.R., Hall, N.J. & Dennison,
W.D. (eds). School of Marine Science, University of Queendand., Brishane, pp. 3-54.

NSR Environmenta consultants Pty. Ltd. (1999) Caloundra Downs Informal Land Use
Investigation.Lensworth Group. Brisbhane.

O.T.T.B.S.G. (1999) The Official Tide Tables and Boating Safety Guide 2000. Queendand
Department of Transport, Brisbane.

Oberlin, C. (2000) Nutrient Fluxes and Lyngbya.Universty of Queendand. Brisbane,

O'Donohue, M.JH. & Dennison, W.C. (1997) Phtyoplankton Response to nutrient
concentrations, light availability and temperature dong an Audtrdian Estuarine
Gradient. Estuaries 20, 521-533.

Paerl, H.W. (1988) Nuisance phytoplankton blooms in coastd, estuarine, and inland waters.
Limnology and Oceanography 33, 823-847.

Paerl, HW., Crocker, K.M. & Prufert, L.E. (1987) Limitation of nitrogen fixation in coasta
marine waters. Relative importance of molybdenum, iron, phosphorus, and organic
matter avallability. Limnology and Oceanography 32, 525-536.

Paerl, HW., Prufert, B.L.E. & Guo, C. (1994) Iron-gtimulated N-2 fixation and growth in
natural and cultured populations of the planktonic marine cyanobacteria
Trichodesmium spp. Applied and Environmental Microbiology 60, 1044-1047.

Paerl, HW., Prufert, L.E. & Ambrose, W.W. (1991) Contemporaneous N sub(2)-fixation and
growth in naturd and cultured populations of the planktonic marine cyanobacterium,
Trichodesmium. Applied Environmental Microbiology 57, 3086-3092.

Parsons, T.R., Maita, Y. & Lali, CM. (1984) A Manual of Chemical and Biological
Methods for Seawater Analysis. Pergamon Press, Oxford.

Pentecost, A. (1985) Relationships between light, temperature and photosynthesisin a
temperate Microcol eus (cyanobacterium) mat. Microbios 43, 141-148.

Perry, C.J. (1997) Microbial Processes in Seagrass Seiments. PhD Dissertation, Universty of
Queendand, Brishane.

Pettersson, C., Allard, B. & Boren, H. (1997) River discharge of humic substances and
humic-bound metals to the Gulf of Bothnia. Estuarine Coastal And Shelf Science.
May 44, 533-541.

Postgate, J. (1987) Nitrogen Fixation. Edward Arnold Publishing,

Prakash, A. (1975) Land drainage as afactor in "red tide' development. Environmental
Letters 9, 121-128.




40_ECOPHYSIOLOGY OF LYNGBYA MAJUSCULA

Prakash, A., Rashid, M.A., Jensen, A. & Subba Rao, D.V. (1973) Influence of humic
substances on the growth of marine phytoplankton: diatoms. Limnology and
Oceanography 18, 516-524.

Prange, JA. (1999) Physiological responses of five seagrass species to trace metals. Honours
Thes's Dissartation, University of Queendand, Brisbane.

Reynolds, C.S. & Wasby, A.E. (1975) Water Blooms. Biological Reviews 50, 437-481.

Robarts, R.D. & Zohary, T. (1987) Temperature effects on photosynthetic capacity,
respiration, and growth rates of bloom-forming cyanobacteria New Zealand Journal
of Marine and Freshwater Research 21, 391-399.

Rose, A. (1999) Analysis of results from iron (IIl) oxidation studies in seawater samples
obtained from Moreton Bay, February 1999.Universty of New South Wales. Sydney.

Rueter, J.G. (1988) Iron stimulation of photosynthesis and nitrogen fixation in Anabaena
7120 and Trichodesmium (Cyanophyceae). Journal of Phycology 24, 249-254.

Rueter, J.G., Hutchins, D.A., Smith, RW. & Unsworth, N.L. (1992) Iron nutrition of
Trichodesmium.|n Marine pelagic cyanobacteria: Trichodesmium and other
diazotrophs Carpenter, E.J., Capone, D.G. & Rueter, J.G. (eds). Kluwer Academic
Publishers, pp. 357.

Rueter, J.G., Ohki, K. & Fujita, Y. (1990) The effect of iron nutrition on photosynthesis and
nitrogen fixation in cultures of Trichodesmium (Cyanophyceae). Journal of Phycology
26, 30-35.

Rueter, J.G. & Unsworth, N.L. (1991) Response of marine Synechococcus (Cyanophycese)
culturesto iron nutrition. Journal of Phycology 27, 173-178.

Sadek, S, Ittawa, |. & Martdlo, R. (1986) Culture of mullet speciesin ponds recieving iron
crush effluents a El-Baharia Oasis, Egypt. Aquaculture 59, 23-39.

Schreiber, U. & Bilger, W. (1987) Rapid assessment of stress effects on plant leaves by
chlorophyll fluorescence measurements. In Plant Response to Stress- Functional
Analysis in Mediterranean Ecosystems Tenhunen, JD., Catarino, F.M., Lange, O.L.
& Oechel, W.L. (eds). Springer- Verlag, Berlin/ Heiddlberg, pp. 27-53.

Schreiber, U., Bilger, W. & Neubauer, C. (1994) Chlorophyll fluorescence as a nonintrusive
indicator for rgpid assessment of in vivo photosynthesis. In Ecophysiology of
Photosynthesis Schulze, M. & Cadwell, M.M. (eds).pp. 49-70.

Seitzinger, S.P. (1991) The effect of pH on the release of phosphorus from Potomac estuary
sediments: Implications for blue-green dgd blooms. Estuarine Coastal and Shelf
Science 33, 409-418.




REFERENCES 4 |

Sdlner, K.G. (1992) Trophodynamics of marine cyanobacteria blooms. In Marine pelagic
cyanobacteria: Trichodesmium and other diazotrophs Carpenter, E.J., Capone, D.G.
& Rueter, J.G. (eds). Kluwer Academic Publishers, pp. 357.

Sdiner, K.G. (1997) Physiology, ecology, and toxic properties of marine cyanobacteria
blooms. Limnology and Oceanography 42, 1089-1104.

Shannon, K., Gross, E.D. & Martin, D.F. (1992) Variation of growth of Lyngbya majuscula
asafunction of sdinity. Biomedical letters, 185, 29-33.

Smolders, A. & Rodlofs, J.G.M. (1995) Internal eutrophication, iron limitation and sulphide
accumuletion due to the inlet of river Rhine water in pegty shalow watersin the
Netherlands. Archiv Fur Hydrobiologie. 133, 349-365.

Sunda, W.G. (1988) Trace metal interactions with marine phytoplankton. Biological
Oceanography 6, 411-442.

Sunda, W.G. (in prep) Bioavailability and Bioaccumulation of Iron in the Sea.

Sunda, W.G. & Huntsman, SA. (1995) Iron uptake and growth limitation in oceanic and
coastal phytoplankton. Marine Chemistry 50, 189-206.

Syrett, P.J. (1981) Nitrogen metabolism of microadgee. Canadian Bulletin of Fisheries and
Aquatic Science 210, 182-210.

Tranter, D.J. & Newell, B.S. (1963) Enrichment experiments in the Indian Ocean. Deep- Sea
research 10, 1-9.

Udy, JW. & Dennison, W.C. (1997) Growth and physiologica responses of three seagrass
species to devated sediment nutrients in Moreton Bay, Audtrdia Journal of
Experimental Marine Biology and Ecology 217, 253-277.

Valida, |. (1995) Marine Ecological Processes. Springer, New Y ork.

Waite, T.D. (In Prep) Equilibrium moddling of theiron system in seawater. In The
Biogeochemistry of iron in seawater Hunter, K.A. & Turner, D.R. (eds). Internationa
Union of Pure and Applied Chemidtry.

Waite, T.D. & Moredl, F.M.M. (1984) Photoreductive dissolution of iron oxidesin natura
waters. Environmental Science and Technology 18, 860-868.

Waite, T.D., Mordl, FM.M. & Paenik, B.P. (1984) Photo-redox transformations of iron in
natura waters. In Conference on Gas-Liquid Chemistry of Natural Waters.
Brookhaven National Laboratory, Upton, New Y ork.




42 ECOPHYSIOLOGY OF LYNGBYA MAJUSCULA

Waite, T.D. & Szymczak, R. (1994) Photoredox transformations of iron and manganese in
marine sysems. Review of recent fidd investigations. In Aquatic and Surface
Photochemistry Helz, G.R., Zepp, R.G. & Croshy, D.G. (eds). Lewis Publishers, pp.
39-52.

Widls, M.L. & Mayer, L.M. (1991) The photoconversion of colloidd iron oxyhydroxidesin
seawater. Deep Sea Research Part a Oceanographic Research Papers 38, 1379-1396.

Wédlls, M.L., Mayer, L.M., Donard, O.F.X., De Souza Sierra, M.M. & Ackelson, S.G. (1991)
The photolysis of colloidd iron in the oceans. Nature 353, 248-250.

White, A.J. & Critchley, C. (1999) Rapid light curves: A new fluoresence method to assess
the state of the photosynthetic apparatus. Photosynthetic Research 59, 63-72.

Zimmerman, C.F. & Montgomery, J.R. (1984) Effects of a decomposing drift dga mat on

sediment nutrient porewater concentrations in a FHorida seagrass bed. Marine
Ecology Progress Series 19, 299-302.




TABLE | Seagrassbiomass over the period 20" January to 5" April, and mean Lyngbya majuscula biomass. Mixed species beds comprise

assemblages of Zostera capricorni, Halophila ovalis and Halophila ovalis. Percent decline in seagrass species and associated species assemblage.

Parentheses represent standard error.

Site ID. Bloom Ave. Seagrass Type Seagrass Biomass (g4, m-z)
Appearance Lyngbya
Leaf Root/ Rhizome
(G M) Initial Final % Decline _Initial Final % Decline

2 13/02/00 23 (10 Mixed species bed 85 (10) 127 (44 0 681 (19) 520 (57 18
3 01/02/00 294 (106)  Zostera capricorni 116 (3) 86 (9 26" 355 (43) 202 (21) 39°
4 25/02/00 48 (20)  Zostera capricorni 61 (59 50 (8 14 256 (70) 220 (52) 14
5 13/02/00 120 (41)  Zostera capricorni 5725 27 (7 30 434(e8) 25544 28
6 01/02/00 257 (88)  Mixed species bed 22 (5 21 (8 5 453 (16) 440 (74) 3
7 20/01/00 433 (81)  Svringodium isoetifolium 58 (6) 27 () 54 434@4n 25514 41
8 20/01/00 1181 (82  Syringodium isoetifolium 88 (9) 21 (5 76 " 437(50) 205 () 53°

*n < 0.05

**p <0.01



TABLE 2 Water column characteristics of waterways adjacent to Lyngbya majuscula bloom site. Samples were collected on the 10" November

1999, following 30mm of rainfall in 48 hours.

Site ID Site Name Water Column Parameter
Sal. pH NH," NOs PO,* Total Dissolved Organic Total Total Iron  Dissolved Organic
Nitrogen Nitrogen Phosphorus Carbon
(ppt) (V1) (mM) (mM) (m\) (mM) (niv) (V1) (mg 'Y
9 Shirley Ck. 0 6.8 2.30 0.60 0.16 78.6 100.0 1.0 38.5 10.2
10 Bribie Waterways 33 7.8 1.40 0.60 0.13 16.4 143 0.6 2.7 nd
Canal Estate
11 Dux Ck. 0 4.3 1.70 0.10 <0.06 62.1 69.3 0.5 18.8 24.7
1o Pacific Harbour 31 7.7 0.90 0.40 0.16 17.9 15.7 0.7 4.8 2.5
Entrance
Pacific H
13 acific Harbour 30 7.1 2.70 0.60 <0.06 20.0 16.4 05 9.0 nd
North Channel
14 Wright's Ck. 0 5.5 2.80 0.80 0.16 78.6 85.7 1.0 80.6 4.1
15 Pine Plantation 0 3.8 0.60 <0.1 <0.06 92.9 92.9 0.3 7.2 nd

nd= no data




TABLE 3 Summary of average water column parameters over the study period. ®Pvalues indicate significant differences over sampling dates at p<0.05.

Date Water Column Parameter
Secchi (m) NH4" NOs po,>  Total Nitrogen Dissolved Organic Total Total Iron  Dissolved Organic

Nitroaen Phosphorus Carbon
(M) (miv)) (V1) (mV) (mM) (M) (M) (mg LY

15/09/99 3.0 0.4° 052 0.3° 11.0 ¢ 9.32 0.7°2 1.02 nd

06/10/99 2.5 1.1°2 0.4 03° 133 ¢ 12.4 % 07°% 47° nd

27/10/99 1.4 0.32 0.2% 0.32 0.4 2 9.5 2 0.6° 2.0° nd
20/01/00 2.5 012 0.2° 0.4°2 11.4 2 10.2 @ 09?2 3.0°% 2.4°2
25/02/00 2.5 0.1° 0.1° 0.2° 11.4 2 9.3° 0.7 2 71° 1.9°
20/03/00 nd 0.1° 0.1° 0.2° 13.8 ® 11.2°2 0.6° 232 2.0°
05/04/00 2.6 0.5° 0.3% 0.3° 133 ° 129 ° 0.8° 1.7° 16°

nd= no data




TABLE 4: Comparativeratesof 1C incorporation of selected plant communities.

Community Carbon uptake rate Reference
mg C m?h?
Cyanobacteria
Lyngbya majuscula 350 This Study
Cyanobacterial mat 17- 113 Bauld et. al., 1979
Synechococcus sp. 210 Carr and Whitton, 1973.
Phytoplankton
0.06- 15 O' Donohue et. al.. 1997
3.8-5 Chapman and Chapman, 1973.
Macroalgae
Sargassum sp. 290 Luning, 1990.
Laminaria sp. 100- 140 Luning, 1990.
Macrocystis sp. 90- 150 Luning, 1990.
Fucus sp. 30- 70 Luning, 1990.
Seagrass
Zostera Capricorni 14- 63 Larkum et. al., 1989
Halophila ovalis 30 Larkum et. al.. 1989
Thalassia 240- 740 Larkum et. al., 1989

TABLE 5 : Elementa composition and d*° N signature and of Lyngbya majuscula.

Carbon Nitroaen Phosphorus Iron d® N C:N:P:Fe
(mmol C gaw™?) (MmOl N gaw™) (Mmol P gaw™) (mmol Fe gaw™) (PPt

17.93 141 0.1 0.177 172 179:14:1:1.8
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: Midday wind rose for the Brisbane airport over the three weeks prior to the

bloomof Lyngbya majuscula.

: Water column nutrient characterigtics (mM) averaged over the three water

quality sites over the period 15" September 1999 to 5" April 2000 A)
Dissolved inorganic parameters, ammonium, nitrate and phosphorus, B) Totd
and dissolved organic nitrogen and total phosphorus, and C) Total Iron.

(> Pvalues indicate significant differences a p< 0.05)

. Sediment total iron concentrations (mg gy ) for sites 2 and 3 over the period

15" September 1999 to 5 April 2000.

. Above and below seagrass iron concentrations (mg gy *) for sites 2 and 3

over the period 15 September 1999 to 5" April 2000.

. Response of Lyngbya majuscula to varying nutrient trestments using **C

incorporation. (* "values indicate significant differences a p< 0.05)

: Responseof Lyngbya majuscula to varying concentrations of humic acid

extract using *4C incorporation. (* "values indicate significant differences a p<
0.05)
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I O: Responseof Lyngbya majuscula to varying concentrations of humic acid
extract and nutrients using 1*C incorporation. (> "values indicate significant
differences at p< 0.05)

I 1 : Responseof Lyngbya majuscula to varying nutrient trestments using A)
photochemica efficiency indicated by PAM fluorescence and B) Maximum
ETR indicated by PAM fluorescence after 7 daysincubation. (> Pvalues
indicate sgnificant differences a p< 0.05)

I 2 Effect of varying water temperature (5- 50°C) on *4C incorporation. (> "vaues
indicate sgnificant differences at p< 0.05)

I 3: Effect of varying light intensities (0- 1400 mmol quantam® s) of
photosynthesisusing **C incorporation. Polynomial regression (R? = 0.9937)
demonstrate relatedness. (> Pvalues indicate significant differences at p< 0.05)

I 4: Rapid light curves generated fron Lyngbya majuscula incubated under varying
light intensities (0- 1400 nmol quantam® s*) using PAM fluorometry. (¢
Yalues indicate significant differences a p< 0.05)

I 5 :Effect of varying sdlinities (0- 36 ppt) on photosynthesisusing A.) *4C
incorporation, B.) photochemical efficiency indicated by PAM fluorescence
and C.) Maximum ETR indicated by PAM fluorescence. Additiona column
onB.) and C.) demonstrates recovery effect of Oppt trestment after transfer to
full sdlinity. (> Pvaluesindicate significant differences at p< 0.05)
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