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ABSTRACT 

Nodularia counts and cellular phosphorus concentrations were 

monitored fro:n 1981 to 1985 in the Peel-Harvey -Estuary. In the 

Harvey Estuary, the mean cellular phosphorus concentration and 

the maxir.ium observed Nodularia count increased each year but 

there was no correlation between annual river phosphorus input 

and the size of the following Nodularia bloom. Since external 

phosphorus input was minimal during Nodularia bloo • s, most of the 

phosphorus contained in the blooms was derived from sediment 

phosphorus release and recycling. The increased tonnage of 

phosphorus in Nodularia suggests that the sediment store is 

becoming enriched with phosphorus since the largest Nodularia 

bloom (1984-85) followed the lowest annual river P input. The 

increase in Nodularia cellular phosphorus concentrations from 

each bloom indicates that phosphorus is now less limiting. 

Although cellular phosphorus concentrations from the 1984-85 Peel 

Inlet bloom indicated adequate phosphorus nutrition, a large 

biomass did not occur. This suggests that ~odularia populations 

in the Peel Inlet are being limited by something other than 

phosphorus. 
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INTRODUCTION 

Since 1981 Nodularia olooins in the Peel-Harvey Estuary have 

been monitored at six sites for biomass (Nodularia counts). 

Because phosphorus (P) has been shown to be the limiting nutrient 

in the Peel-Harvey System (Birch et al., 1981), cellular P 

concentrations were measured in Nodularia collected at stations l 

and 4 surface water (Fig. 1). Gerloff and Skoog (1954) 

demonstrated that phytoplankton cellular P levels can indicate 

the P stat us of the environment. La bora_tory experiments with 

Nodularia showed that cellular P concentrations of 5.5 mg P (g 

dry wt)-l or above are indicative of P sufficiency and lower 

values indicate P deficiency (Hamel & Huber, 1985). By 

monitoring cellular P concentrations throughout each bloom, it is 

therefore possible to determine whether or to what extent Pis 

limiting Nodularia growth in each year. Co1oparison of yearly 

mean bloom cellular P concentrations can also help to assess 

whether there is increase or decrease in the P contained in each 

bloom. 

Since there is generally little external P input into the 

estuary at the time of Nodularia blooms (October to December), 

most Pis obtained from the sediments and recycling. Thus, 

cellular P concentrations reflect the amount of P being released 

from sediments during each bloom. 

During the 1984-85 bloom a new measure of P demand was added 

to the sampling program. This procedure (P debt) measured the 

amount of P taken up by Nodularia during 24 hours in the dark. 

Generally phytoplankton do not exhibit dark P uptake unless they 

are P deficient and the greater the amount of P taken up the 
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greater the degree of P deficiency (Healey, 1975). P debt is 

generally thought to be a more sensitive indicator of P 

deficiency than cellular P concentration and could therefore 

lead to a more accurate assessment of the P status of Nodularia. 

METHODS 

Sampling Procedure 

Water samples for Nodularia counts were collected at weekly 

intervals throughout the duration of the Nodularia blooms from 

Harvey Estuary stations 1, 31, and 58, and Peel Inlet stations 2, 

4, and 7 (Fig. l). Samples were collected in whirlpacs and 

stored on ice until formalin could be added (2% final 

concentration). During the 1981-82 bloom, surface and bottom 

water was collected, but in subsequent years integrated water 

column samples were taken using weighted plastic tubing. 

Surface and bottom water samples were collected for 

chlorophyll~ analysis. These samples were either filtered in 

the field or returned to the laboratory on ice and in the dark 

and filtered there (Atkins & McComb, 1978). 

Five liters of Station 1 and Station 4 surface water were 

collected weekly for cellular P determinations, 

bloora this water was also used for P debts. 

Nodularia Counts 

In the 1984-85 

A known amount of formalinized sample water was filtered 

onto a O.45um gridded millipore filter. The volume of water 

filtered was varied so that generally 15 or more Nodularia 
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filaments were present on each grid. After <lrying, the filter 

was ?laced on a microscope slide and cleared ~ith immersion oil. 

Nodularia filaments from 10 grids were counted and average 

filament number per grid deter~ined. The length of 10 

representative filaments was measured but a constant width per 

filament was assumed. The length of Nodularia filaraents per ml 

sample was estimated by multiplying the average number of 

filaments per grid by the mean filament length and the number of 

grids per filter, and dividing by the sample volume. 

:::hlorophyll ~ Deter,aination 

An acetone extraction ~ethod was used for the determination 

of chlorophyll~. A detailed method is given in Atkins & 

NcCornb, (1973), 

Cellular P Determination 

The positive buoyancy of Nodularia caused it to concentrate 

on the surface of the sample container. Nodularia was pippetted 

fro~ the surface and filtered onto a preweighed GFC Whatman 

filter. After drying to a constant weight at 70° C and 

reweighing, the filter was digested for 1 hour at 170-220° C in 

perchloric acid. After appropriate dilution, the digestrate was 

analysed for total P using an ammonium molybdate-ascorbic acid 

method (Murphy & Riley, 1962). Appropriate standards and filter 

blanks ...,ere carried thoughout digestion and analysis. A 

Nodularia dry weight of greater than 1 mg per filter was needed 

for accurate cellular P analysi• and when Nodularia .counts were 

below 104 pm. ml- 1 , there was not enough biomass present to 

analyse for cellular P or P debt. 



P Debt 

A subsample of floating Nodularia was removed from the 

surface of either Station l or Station 4 water. Filtered (0.45uin 

iuillipore) water from the appropriate station was added to the 

Nodularia to a volume of 450 ml. This gave an approximate Jry 

weight of 20-30 mg.1-l Nodularia in the flask. Phosphate was 

added (about 2 mg.1-l po4-P final concentration), mixed, and an 

aliquot immediately removed and filtered through a prerinsed 0.45 

um millipore filter for soluble reactive P (SRP) analysis. Known 

volumes of water were filtered onto preweighed GFC Whatman 

filters for determination of Nodularia dry weight and cellular P. 

One hundred ml was added to 3, 500ml Erlenmeyer flasks which were 

stoppered with cotton bungs, and placed in the dark at 22°c for 

24 hours. After 24 hours aliquots were removed as previously 

described for SRP, dry weight, and Nodularia cellular P 

concentration. The difference in SRP concentration before and 

after 24 hour dark uptake divided by the dry weight of Nodularia 

in the flask was expressed as ug P (mg dry wt)-l Nodularia. SRP 

was analysed using ammonium molybdate-ascorbic acid method 

(Murphy and Riley, 1962) after filtration through a 0.45 um 

millipore filter. Cellular P concentration was determined as 

described previously. 

Data Tabulation 

An estimate of Harvey Estuary Nodularia biomass was obtained 

by averaging the counts from stations 1,31, and 58. Estimates 

from Peel Inlet were averaged from stations 2,4, and 7. Area 

under the curve was calculated by plotting the Nodularia counts 

on a linear scale and weighing the paper. The units are 
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arbitrary with the lart;;est bloof!l 100 an,l the other ulooms 

ad ju s t ~ J accord in 6 1 y. An aver a~ e bi o in ass for each b 1 o om was 

calculated by adding all Nodularia counts 105 u~/ml or above and 

dividing by the number of observations. 

RESULTS 

Harvey Estuary 

Both Nodularia counts and chlorophyll~ data gave similar 

bioH1ass measures in all blooms except for 1981-82 (Fig.2). The 

area under the curve (Nodularia counts) was greatest in 1984-85. 

The 1983-84 blooQ was Sot the size of the 1984-85 blooQ while the 

19131-82 and 1982-83 bloom were both about 35~~ the size of the 

largest bloo:n (Table 1). The maximum observed Nodularia count 

and dry wei6ht progressively increased each year. 

Nodularia cellular P concentrations from the 1984-85 bloom 

were generally above 5.5 mg (g dry wt)-l (the concentration at 

which P is not limiting growth) while the cellular concentrations 

of Nodularia frolll the 1981-82 bloom w'ere never above this value 

(Fi3. 3). In the other two blooms, the values were intermediate. 

The maximura observed cellular P concentration was similar for 

1984-85,1983-84, and 1982-83 bloohls but was lower in 1981-82 

blooll (Table 2). The average concentration of cellular P 

increased progressively each year and the tonnage of P contained 

in the 1984-85 blooill was nearly double that contained in the 

preceding bloouis. 

A comparison of station l surface P debt with SRP surface 

water concentrations and station l cellular P concentration ls 
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Figure 2. Nodularia counts ( A - ) and chlorophyll a concentrations ( • ....... ) from 4 Harvey 
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Year 

19B4-B5 

19B3-B4 

19B2-B3 

19B1-82 

TABLE I 
SIZE OF NODULARIA BLOO"S 

Co•parison of Nodularia bloo1s in the Harvey Estuary (•ean of stations 1,31,L 5B) 
and Peel Inlet (•ean of stations 2,4,L 7) as esti •ated by Nodularia counts. 

Na~i •u• observed 
bio•ass 

(length u/111 

4.42 X 106 

3.25 X 1'!
6 

2.56 X 106 

1,91 X 1'!6 

HARVEY ESTUARY 

Tonnes dry weight 
of ~gy!![l! bio•ass 
in the estuary at 
ux i 1u1 count t 

7492 

5519 

4339 

3237 

Nean ~io•ass of all observations 
10 or over during each 

bloo• 

1.91 X te6 

1.36 X 106 

1.24 X 106 

9.59 X te5 

Area under 
curve 

(by weight! 

100 

39 

58 

36 
!Oct-26 Jani 

PEEL INLET 

1984-85 1,92 X 10 6 4184 5,56 X 10 5 20 

1983-B4 7.99 X 10
5 1354 4.8B X 105 

14 

1982-83 l,46 X 186 2475 5,6 X 185 15 

19B1-B2 1,89 X 186 1848 4.66 X 185 15 

t Dry Meight Mas converted fro• Nodularia counts by 1ultiplying length per liter by the nu•ber of 
liters in each1istuary and then dividing by a conversion factor of l tonne dry Meight Nodularia 
equals 4.13 x 18 u1 Nodularia. 
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Figure 3. Nodular/a cellular phosphorus concentrations from 4 Harvey Estuary blooms (station 1). 
The dotted line represents the "crltlcal concentration" and observations below this line are 
considered lo be P·limiled. Standard errors are shown except where the size of the symbol 
Is larger than the error bars. 
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hble 2 

PHOSPHORUS (Pl IN NODULARIA BLOONS 
Coaparison of phosphorus contained in yearly Nodularia blooas 

HARVEY ESTUARY 

Year Naxi1u1 observed Nean concentration •Tonnes P Tonnes P P loading 
cellular P cone. of cellular P during calculated using calculated using Harvey R + drains 

ag/g each blooa (ag/gl sta. 1 counts aean Harvey counts Tonnes 

1984-85 7.B4!0,215El 5.1710,4 33.2 33.2 56 

1983-84 7.91±9,1 5,8810,6 18.8 15.6 111 

1982-83 7.19!0,3 4.22!0.5 19.9 18.7 90 

1981-82 5.13±8,4 2.9810,3 18.1 8.4 134 

PEEL INLET 

calculated using calculated using 
sta. 4 counts aean Peel counts 

1984-85 15.eB!,5 7.0411,4 3.4 7.8 

1983-84 5.27±,!4 4.28!0.8 6.7 6.9 

1982-83 2.66±,3 1.58!,85 4.2 4.4 

•Estiaated froa 3 weeks of consecutive 1axi1u1 bioaass converted to dry weight and using corresponding 
cellular P concentration to estiaate P tonnage. 
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s how n i n Fig. 4 . The ra ax i mu 11 obs e r v c d P <l t.? b t o cc u r red w h c n the 

Nodularia cellular P concentration and SRP in the water column 

was low. The lowest SITT', cellular P concentrations and highest p 

debt were observed early in the bloom and corresponded to 

exponential growth of Nodularia. An unusually high SRP value of 

18 ug.1-l P was associated with a high cellular P concentration 

and OP debt. The high cellular P concentrations which were seen 

throughout much of the bloom were generally accompanied by P debt 

less tnan 10 ug P (tng dry wt)- 1• and SRP values around 3 ug.1- 1• 

Peel Inlet 

Peel Inlet Nodularia counts were much lower than Harvey 

Estuary counts with the largest bloom in the Peel Inlet being 

substantially smaller than the smallest bloom in the Harvey 

Estuary (Fig. 5). The 1984-85 bloow was the largest bloom in the 

Peel Inlet. (Table 1). Blooms in earlier years were similar in 

size. 

The maximum observed cellular P concentration and tonnage of 

Pin the Inlet increased fro~ 1982 through 1985 (Table 2). 

During the 1981-82 and 19133-84 blooms, cellular P concentrations 

were never observed above "critical concentration" while cellular 

P concentrations from 1984-85 were generally above this 

concentration (Fig. 6). Sorae extremely hith P concentrations 

were observed in Nodularia during the 1984-85 bloom but total 

tonnage of P contained in Peel Inlet blooms was very much lower 

than the tonnage of P contained in Harvey Estuary blooms. 

Because of low Nodularia biomass at station 4, it was 

possible to do P debt only 4 times during the course of the 

bloorn. Zero P debts were associated with cellular P 
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Figure 4. Comparison of 1984•85 station 1 surface soluble reactive phosphorus, phosphorus debt and 
Nodular/a cellular phosphorus concentrations. 
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Figure 5. Nodular/a counts from 4 Peel Inlet blooms (average of stations 2, 4, & 7). 
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concentratlons above the "critical concentration" while p debts 

greater than O correspondeJ to cellular P values below "critical 

concentration". Soluble reactive P in the water reiaained low 

(data not shown). 

DISCUSSIJN 

Harvey Estuary 

The mean cellular P concentration of each Nodularia bloo@ 

has increased in every year. This indicates that P has becollle 

,no re av a i la b 1 e for p h y t op 1 an k t on grow t h i n t h i s e s tu a r y s i n c e 

1981. In 1981-32 cellular P 1.1as always below the "critical 

concentration" while during the 1934-85 bloo@ cellular? was 

generally above "critical concentration". There was no direct 

correlation with annual river P load and the mean cellular P 

concentration of the following Nodularia bloom. Since sediments 

are the major source of P for Nodularia blooos this suggests that 

sediments have become progressively enriched with P over ti:;ie and 

they are now releasing a greater amount of P to the water colu@n 

during Nodularia blooms. Therefore even with lower river P 

loads, large Nodularia bloo1:is can be supported largely from the 

sediment store. 

Cellular P concentrations suggested that the 1984-85 blooo 

was not P-limited, but the P debt data indicated that sooe P 

demand did exist during 111uch of this bloora. However, high P debt 

values (38 ug p (mg dry wt)-l) only occurred early in the bloora 

durinb exponential grow th when sediment release may have failed 

to supply the growing Nodularia at a rate fast enough to satisify 

the P demand. As growth rate declined, the P debt relllained low 
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(0-9). Although the de~ree of P deficiency in each bloom 

decreased from 1981 through 1985, even the 1981-82 bloom had 

enough cellular P reserve for at least one doubling in biomass. 

Under optimal conditions, laboratory ~odularia can deplete 

cellular P stores to approxi:na tely 1.4 mg (g dry w t)-l before 

growth ceases. Since nutrient addition bioassays have shown nu 

nutrient other than Pis growth-limiting for Nodularia in the 

Harvey Estuary (Hamel & Huber, 1935), then Nodularia is probably 

being limited by physical factors such as light. 

It is difficult to decide what is the best estimate of 

overall bloom size. Maximum standing crop as measured by maximum 

observed Nodularia count showed an increase each year from 1981-

1985, with the 1981-82 bloom being 50% the size of the 1984-85 

bloom. However pea~ biomass failed to take into account the 

duration of the bloom. Area under the curve can account for both 

duration and peak biolllass and by which 1aeasure the 1984-35 bloom 

was the largest observed. 

A comparison of chlorophyl 1 .! an·il. Nodularia counts shows 

that generally these two estimates of biomass are equivalent. 

However Nodularia counts in 1981-82 bloom appear to have 

underestimated biomass by about 50%. Based on chlorophyll_!, the 

1981-82 bloom was siinilar in size to the 1984-85 bloom. Since 

the mean cellular P concentration in the 1981-82 bloom was almost 

half the mean cellular P concentration in 1984-85, the tonnage of 

Pin the 1984-85 bloom was still double that of the 1981-82 

bloom. 

The ratio of chlorophyll a concentrations to counts 

decreases when the counts become high ( 1.5 x 106 J,Jm. ml- 1) le 
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less chlorophyll ~ per unl t biomass. This is not unexpectt·t! 

since Huber (1985) showed that nitrogen fixation decreases durinJ 

the latter part of the bloom when maximum counts often occur. 

Since the nitrogen content of phytoplankton is highly correlated 

1,1ith chlorophyll ~ concentration, the lower nitrogen content of 

Nodularia ~ay cause a decrease in chlorophyll a concentration per 

unit biomass. 

Since Nodularia deco~poses rapidly (55% release of soluble P 

in 3 days) (Gabrielson & Hamel, 1985), the large tonnage 

contained in each bloom can be rapidly returned to the water 

and/or sediment for use by other phytoplankton. Only 13% of 

Nodularia P is refractory so 87% of all the P in each bloom may 

be potentially available for follow-on diatoill or macroal~al 

blooms after Nodularia blooms collapse. If tidal flushing 

carries Nodularia from the esturay to the ocean this can be a 

mechanism for removal of large tonnages of P from the estuary. 

Peel Inlet 

The mean concentration of Nodularia cellular P in the Peel 

Inlet has progressively increased since 1982 suggesting that 

Nodularia in Peel Inlet has become less P-limited in each bloora 

year. Unusually high cellular P concentrations measured in 

October 1984 resulted in a mean cellular P concentration of 7~4 

mg (g dry wt)-l for the 1984-85 bloom. Although the mean 

concentration was above the "critical concentration", there were 

times during this blool'l when cellular P levels fell below this 

value and P debt data indicated some P demand. Laboratory 

studies have shown that cellular P concentrations of P-sufficient 

17 



exponentially growing Nodularia tend to r~main near the "critical 

concentration". Cellular concentrations above this occur when 

cells are ln P-sufficient condition$ but not growing or when P-

starved cells are exposed to P. The high cellular P 

concentrations rJeasured during October 1984 probably indicate 

that Nodularia was not growing because of other limitations but 

that availability of P was high and P was therefore accummulated 

by Nodularia. 

The size of the blooms in the Peel Inlet seems to be poorly 

related to P nutrition of the Nodularia although the best 

nourished 1984-85 blooo was the largest bloom out of the 4 

blooms. However the other blooms were similar in size even 

though P supply was clearly inadequate in the 1932-83 bloora. 

Since nutrient addition bioassays showed only P limitation for 

Nodularia in the Peel Inlet it is likely that physical conditions 

limit Nodularia in this part of the estuary. 

Peel Inlet Nodularia blooms are always of shorter duration 

and have lower maximum standing crops than Harvey Esturay blooms. 

Although P appeared to be limiting Nodularia growth in 1982-83, 

this was not the case in the following two years where cellular P 

concentrations were adequate for growth in the Peel Inlet. 

Nodularia blooms will probably never be a problem in the Peel 

Inlet because physical conditions in this estuary do not favor 

large blooms. However the progressive increase in mean cellular 

P concentration shows that P is beco1iling more available each 

year. This P could be used by other organisms which are not 

subject to the same growth limitations as Nodularia. 
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CONCLUSllJNS 

The Peel-Harvey estuarine system is being eutrophied with 

respect to P availability for all1al 6rowth. In the past 4 years 

there was little relationship between annual river P load and the 

size of the following Nodularia bloom. The 1984-85 Harvey 

Nodularia bloom was not only the largest ~loora, but it also had 

the highest mean cellular P concentration and the lowest river P 

input of the 4 Harvey Estuary blooms. Although P has been shown 

to be the limiting nutrie~t for Nodularia growth, cellular P 

concentrations above the "critical concentration" were often 

observed during the 1984-85 Nodularia bloom and indicate that P 

was in sufficient supply during much of the bloom. This 

constrasts with the 1981-82 bloom in which cellular P 

concentrations were never above "critical concentration". Since 

Nodularia decomposes rapidly, the tonnage of P contained in the 

Nodularia bloom can be quickly recycled. Since there is little 

external P input during Nodularia blooms, the P contained in the 

bloo:,1s was obtained through sediment P release and recycling. 

The progressive increase in mean cellular P concentration for the 

past 4 blooms indicates that sediment is becoming more P enriched 

and/or the right conditions for sediment P release are occurring 

more often during the Nodularia blooms. The sediments will 

continue to become P enriched unless there is a net loss of P to 

the ocean in each year. 
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RECWU1EMOJ\T lONS 

(1) Nodularia, cellular P analysis shoul<l be continued. 

(2) Nodularia counts should be continued at stations 1 and 4, 

but the counts at other stations could be discontinued since 

chlorophyll~ concentrations 3ive similar biomass estimates. 

(3), P Jebt provides backu? d~ta to cellular P concentrations and 

may be 3 more sensitive indicator of the environfilental P status 

than cellular P. However if only one P monitoring method is 

effiployed then Nodularia cellular P concentration is preferr~d. 
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