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Abstract

Variations in nitrogen fixation (acetylene reduction) by Nodularia spumigena blooms in the Peel-Harvey
estuarine system were examined with respect to spatial (sampling station location, and depth) and temporal
(seasonal and diurnal) distribution. The annual contributions of nitrogen fixation by the blooms to the nitro-
gen budget of the estuary were estimated to range from 309 to 713t. Contributions by nitrogen fixation were
similar to the riverine inputs in the Harvey Estuary, but lower in the Peel Inlet.

The Harvey Estuary had higher biomass and total fixation rates (to 0.4 nmol C;H, -ml~!-h~!), but the
heterocyst nitrogen fixation rates were greater in the Peel Inlet (to 9x107* nmol C,H;-heterocyst~!-h~1).
Nitrogen fixation decreased with depth in response to light, though other factors also appeared to be in-
volved. The rates of fixation decreased concurrently with increasing bloom age, total soluble inorganic nitro-

gen and salinities. Maximum daily fixation rates occurred in the early morning.

Introduction

Estuaries are not generally considered to be
suitable environments for large populations of
planktonic cyanobacteria. In fact, Horne (1977)
stated that no examples of ‘algal’ nitrogen-fixation
in open estuarine waters were known. However, in
the Peel-Harvey Estuarine system in southwest
Western Australia, massive phytoplankton blooms
of the nitrogen-fixing cyanobacterium Nodualria
spumigina Mertens occur in the spring and early
summer. Nodularia also plays a very significant
role in the nitrogen economy of the Baltic Sea (Os-
trém, 1976; Lindahl et al., 1978, 1980; Hiibel &
Hiibel, 1980), which may be considered a very large
estuary.

In the Peel-Harvey Estuary, phosphorus is con-
sidered to be the primary limiting nutrient (Hodg-
kin & Birch, 1982). However, in the summer
months, following winter rains and subsequent dia-
tom blooms, soluble nitrogen is usually in low con-
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centrations (Lukatelich & McComb, 1983). The low
nitrogen to phosphorus ratios of riverine inputs,
particularly into the Harvey Estuary (mean ratio of
4.5 from 1977 to 1983 (Birch & Bott, pers. com-
mun.)) favour nitrogen-fixing cyanobacteria. In
this situation, Nodularia spumigena rapidly as-
sumes bloom proportions.

The estimated contributions to the nitrogen
budgets of various lakes by nitrogen-fixing
cyanobacteria range from less than 0.2% to approx-
imately 80% (Horne, 1977). Ostrém (1976) estimat-
ed the annual contribution by Nodularia to the
nitrogen budget of the Baltic Sea to be roughly
17.4% of the annual river input of 11 500t. No oth-
er estimates of nitrogen-fixation as a proportion of
nitrogen budgets of estuarine systems have been
found in the published literature.

In the present study, seasonal, diurnal, and spa-
tial changes in nitrogen fixation (as measured by
acetylene reduction), heterocyst frequency, and
physical and nutritional parameters were measured
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for Nodularia blooms in the Peel-Harvey estuarine
system. The contributions by the annual blooms to
the nitrogen budget of the estuary were estimated
and the significance of these contributions is dis-
cussed.

Methods

1. Sampling locations. The Peel-Harvey estua-
rine system is a large (131 km?), shallow (mean
depth 1 m) body of water located in southwestern
Western Australia. The salinity varies seasonally
from nearly fresh (2%o (parts per thousand)) to
hypersaline (47%o). Generally, nutrient input is con-
fined to the winter months. The locations of the
sampling sites are presented in Figure 1.

2, Temperature and dissolved oxygen were moni-
tored with a Delta Scientific Model 211 — mul-
tirange temperature and dissolved oxygen analyzer.
The pH of the water was measured with a Metro-
holm Herisau ES88 pH meter. Salinity was moni-
tored with an Auto-lab salinity meter (Model 602).

Nitrogen (nitrate + nitrite, ammonia, organic and
total) concentrations were determined as described
by Gabrielson et al. (1983).

3. Biomass was usually estimated by cell counts,
but sometimes by chlorophyll concentrations
(Huber & Hamel, 1984). Heterocyst frequencies
were determined by counting the number of heter-
ocysts per unit length of filament.

4. An acetylene reduction technique, based on
that of Hardy et al. (1973), was used to estimate the
nitrogen fixation capacity of the Nodularia. In
laboratory studies, 10 or 100 ml of bloom water
were placed in 32.4 ml vials (Filtrona® ) or 268 ml
tissue culture flasks (Sterilin® ) and sealed with
caps containing rubber septa. Ten per cent of the
atmosphere was replaced with acetylene (instru-
ment grade) and the containers were incubated at
room temperature under fluorescent lights. Gas
samples were either analyzed immediately or sub-
sampled with 5 or 15 ml Vacutainers® for later
analysis. The concentration of ethylene in the gas
samples was measured with a Varian Model 3700
gas chromatograph fitted with a 6’ x1/8” stainless
steel Poropak N column.

Results have been expressed in terms of acetylene
reduced per hour, normalized to sample volume, bi-
omass or heterocyst concentrations. The ratio of

100ug chlorophyll to 5.03+0.44x107um3 Nodular-
ia cell volume can by used as a guide for conver-
sions. However, since this ratio is somewhat varia-
ble depending on nutritional and physico-chemical
concentrations, the data presented have not been
converted.

In situ acetylene reduction rate determinations
were conducted using 700 ml serum bottles clipped
onto an iron rod at the shallow site used for the di-
urnal study (see Fig. 1). At deeper water sites, the
bottles were clipped onto heavy chains which were
kept vertical by a combination of weights and
buoys. For the grid study, samples were incubated
onboard the sampling boat. After the appropriate
incubation times, gas samples were taken with
Vacutainers, and later analyzed in the laboratory as
previously described.
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Fig. 1. Locations of sampling stations. Inset shows position of
the Peel-Harvey Estuary in Australia.



Results and discussion
1. Spatial distribution

a. Grid study

On November 17, 1978, the Nodularia bloom
was examined for cell and heterocyst concentra-
tions, heterocyst frequencies (heterocysts per unit
filament length), and acetylene reduction rates
(Fig. 2a, b). Acetylene reduction rates ranged from
0 to 3.3 pmoles C,H, reduced -1-!-h~! and, like
cell and heterocyst concentrations, were greatest in
the Harvey Estuary. However, the reduction rates
per heterocyst were generally higher in the eastern
Peel Inlet, where the heterocyst frequencies were
lower.

50.1 nmol CoHo.milh!
[105 cells .mi-1

[ 5 X 103 heterocysts .mi" !
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The most comprehensive studies of the spatial
distribution of nitrogen fixation by phytoplankton
are those of Horne ef al. (1972, 1979) who exam-
ined nitrogen fixation, biomass, heterocyst fre-
quencies, and physical and nutritional parameters
during an autumn Anabaena and a spring
Aphanizomenon bloom at 32 sites on Clear Lake,
California. Horne et al. (1972) found positive
correlations between nitrogen fixation and
Anabaena heterocyst number, biomass, and phos-
phorus, but a negative correlation with nitrate con-
centration. Similar results were obtained for the
Aphanizomenon bloom (Horne et al., 1979) with
an additional negative correlation between nitrogen
fixation and ammonia concentrations. These
results are similar to those obtained in the present

20 X 1078 umol C,H,
heterocyst-1h -1

r

i 0.02 heterocysts,um™1

Fig. 2a. Acetylene reduction rates, and cell and heterocyst concentrations in surface water, 17.11.78.
2b: Acetylene reduction rates per heterocyst, and heterocyst frequencies (heterocysts per ym filament).
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study of Nodularia blooms. However, unlike the
present study where the nitrogen fixation rate per
heterocyst was lower when the heterocyst number
was very high, in the Aphanizomenon bloom inac-
tive or less active heterocysts were present when the
heterocyst numbers were low (Horne et al., 1979).

The only study of estuarine nitrogen fixation in
which the spatial distribution was determined ap-
pears to be that of Hiibel & Hiibel (1980) who ex-
amined Nodularia blooms at 12 locations in the
back waters of the Baltic Sea. A high correlation
was shown between nitrogen fixation and Nodular-
ia biomass and heterocyst number and, on any giv-
en sampling day, the heterocyst nitrogen fixing ac-
tivity was lower when there were high heterocyst
frequencies and/or very large concentrations of
heterocysts.

b. Depth

In situ acetylene reduction activities through the
water column during the 1978—79 and 1980—81
Nodularia blooms are presented in Figures 3a-c and
4a-c. In both years the acetylene reduction activity
decreased with depth. This reduction was due to a
combination of decreased cell and heterocyst num-
bers and decreased heterocyst activity (Fig. 3a-c).
Most of the decrease in heterocyst activity would
have been due to light limitation since secchi depth
measurements were less than 0.5 m at each of the
sampling times. The heterocyst activities of bottom

and mid-depth Nodularia were improved when in-
cubated at the surface, but did not equal the heter-
ocyst activities of surface Nodularia. The Nodular-
ia at the bottom and mid-depths may have been
older or less healthy and, therefore, not fixing at a
high rate, or there could have been a lag in fixation
rate due to the changed light conditions.

Similar depth related variations of nitrogen fixa-
tion in situ by Nodularia were reported by Hiibel &
Hiibel (1980). Both the heterocyst concentration
and heterocyst activity decreased with depth, 0 to
6 m, in coastal Baltic Sea waters. Horne (1979)
reported variations in nitrogen fixation with depth
in Clear Lake during the daytime, but not at night
when fixation was reduced but still significant.
Generally, maximum fixation occurred on the sur-
face during Anabaena blooms. However, for one of
three blooms, a mid-afternoon subsurface maxi-
mum was shown. Dugdale & Dugdale (1962) also
reported a decline in nitrogen fixation with depth
for an Anabaena bloom in Sanctuary Lake, and
ascribed the decline to decreasing light, as did Tor-
rey & Lee (1976) for Lake Mendota.,

From the present and cited studies, it appears
that light is the dominant factor in controlling
changes in nitrogen fixation with water column
depth. Cox & Fay (1969) attributed this to limita-
tion of photosynthetic energy supply, but other fac-
tors may be involved since fixation does occur in
the absence of light, as shown in the present study
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Fig. 3a. Vegetative cell and heterocyst concentrations over depth.
3b, ¢: Acetylene reduction rates per ml (b), and per heterocyst (c) under in situ (o) and surface incubation (w) at sampling location

20, 30/11/78.
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Fig. 4. Change in acetylene reduction rates per volume of
Nodularia (o) and per heterocyst (m with depth; 5.11.80,
13.11.80, 27.11.80.

and by Horne (1975). It was also observed that
Nodularia taken from below the photic zone failed
to completely recover their activity when incubated
in surface light.

2. Temporal changes

a. Seasonal changes

Acetylene reduction activities per ml of water
and per heterocyst, heterocyst frequencies, and
soluble nitrogen concentrations in surface waters in
the Harvey Estuary (Sites 1 and 59) during the
1980— 81 bloom are shown in Figure 5a-c. The first
sampling date was at the beginning of the bloom,
the latter three were in the stationary phase. Acety-
lene reduction rates per ml of water remained stable
during the first week and then decreased. However,
the rates per heterocyst, and heterocyst frequencies
decreased most rapidly during the first week
(Fig. 5a). Conversely, the total soluble inorganic
nitrogen (NHj+ NO3; + NO3) increased over the
month examined (Fig. 5¢). Salinity levels, which
have been reported to affect nitrogen fixation (Tel-
or 1980), have also been plotted in Figure Sc. The
decrease in acetylene reduction rates is also shown
in Figures 4a-c.

During the course of the 1981 — 82 Nodularia
bloom, cell numbers and heterocyst frequencies
were monitored at Sites 1, in the Harvey Estuary,
and 4, in the Peel Inlet. The results are presented
in Figures 6a, b. The bloom was more dense and
protracted in the Harvey Estuary (Fig. 6a). Heter-
ocyst frequencies were variable, but were high dur-
ing periods of rapid growth, i.e. the beginning of
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Fig. 5a. Acetylene reduction rates per water volume (e ) and
per heterocyst (o); 29.10.80—27.11.80.
Jb: Changes in heterocyst frequency (heterocysts per um
Nodularia filament); 29.10.80—27.11.80.
Sc: Changes in soluble nitrogen (e) and salinity (m) from
23.10.80 to 2.12.80 (taken from Lukatelich & McComb, 1983).

the bloom, the beginning of December, and the
end of January. The regrowth at the end of Janu-
ary was due to a heavy summer rainfall which
resulted in an input of freshwater and nutrients (in
particular phosphorus) into the estuary. The solu-
ble nitrogen concentrations at Site 1 (Harvey Estu-
ary) have been plotted (Fig. 6¢). Changes in heter-
ocyst frequencies were inversely correlated with
changes in soluble nitrogen concentrations.
Seasonal changes in nitrogen fixation by
phytoplankton have been extensively examined
and related to physical and chemical parameters.
As in the present study, Findley ef a/. (1973) and
Rother & Fay (1979) found that fixation capacities
were greatest at the beginning of blooms. Studies
by Ahluwalia & Kumar (1982), Jewell &
Kulasooriya (1970), and Stewart (1977) have veri-
fied that maximum fixation occurs in the log phase
of growth. Soluble inorganic nitrogen supresses
nitrogen fixation. Negative correlations between
bloom heterocyst numbers and/or nitrogen fixa-
tion, and nitrate or ammonia-nitrogen have been
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Fig. 6. Changes in surface waters a) Nodularia biomass at Sta-
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Stations 1 (— 4 —) and 4 (==« 4 »«s), and c) soluble nitrogen
concentrations at Station 1 (o) (taken from Lukatelich &
McComb, 1983).

shown by Rother & Fay (1979), Horne et al. (1972,
1979), and in the present study. Laboratory studies
have confirmed the inhibition of nitrogenase ac-
tivity by soluble inorganic nitrogen (Ahluwalia &
Kumar, 1982; Bottomley ef al., 1979, 1980; Meeks
et al., 1983). Sensitivity of nitrogenase to salt has
been demonstrated by Tel-or (1980), and a nega-
tive correlation existed between Nodularia nitro-
gen fixation and ambient salinity. As well, phos-
phate has been shown to be required for fixation
(cf. Stewart & Alexander, 1971). In the present
study, ambient phosphate concentrations were al-
ways low during blooms (less than 20 pg-1-!,
Lukatelich & McComb, 1983). However, the water
column was mixed and phosphorus was supplied
from sediments (Huber & Hamel, 1984) so the de-
gree of phosphorus limitation during the earlier
blooms is not known.

It is clear that the nitrogen fixation capacity of
Nodularia blooms changed with bloom age, .solu-
ble inorganic nitrogen concentrations and ambient
salinities (Fig. 5a-c). However, since all these factors
changed simultaneously, it was not possible to de-
termine the relative significance of each in control-
ling nitrogen fixation. Laboratory studies in which
these factors were examined separately are report-
ed in the accompanying paper (Huber, 1986).

b. Diurnal changes

Diurnal changes in acetylene reduction activities
were determined on three occasions: 27.11.80,
13.11.81, and 03.02.82. Physical and chemical
conditions of light, temperature, salinity, dissolved
oxygen, pH, soluble nitrogen and phosphorus were
measured as well, though not all were determined
in each study (Fig. 7a-c). There were distinct diur-
nal patterns in acetylene reduction activities in the
Nov. 80 (Fig. 7a) and Feb. ’82 (Fig. 7c) studies,
with the maximum activity occurring after sunrise.
Acetylene reduction activities remained high for
most of the day in the Nov. ’80 study, and mini-
mum activities occurred at night. The same was
true for the February study but, because of the
very high biomass (to 23.4 mg chl-1-1) and water
temperatures (to 40 °C), the magnitude of activity
during most of the day was very low compared to
the peak activity. It appears that the only time
suitable for significant nitrogen fixation to occur
was just after sunrise before high temperatures
were reached. During the Nov. ’81 diurnal study,
the acetylene reduction activity appeared to con-
tinually increase. However, an abrupt decrease in
salinity and increase in biomass at 2300 h suggest
a movement of the water mass, and this may ac-
count for the apparent lack of any diurnal pattern.

In 1962, Dugdale and Dugdale demonstrated a
correlation between nitrogen fixation and light.
Cox & Fay (1969) then showed that nitrogen fixa-
tion depended on photosynthetically produced car-
bon skeletons. However, peak acetylene reduction
activities by phytoplankton do not always cor-
respond to maximum light conditions (cf. Horne,
1985; Millineaux et al., 1981). Nitrogenase general-
ly responds to light, but because it is oxygen sensi-
tive, there is a requirement either to separate nitro-
gen fixation, spatially or temporally, from the high
oxygen concentrations concomitant with maxi-
mum photosynthetic activity, or to remove some



a 27-28/11/80

227

Temp (°C)
20
18 4
T T T T T T o1 S S ]
20001 | ight (WE.ni2 s )

1000 A /\
o] \

117

pH
10‘\/\—/\/
9 T T T T T T T T 1

— nmol C2H2 mi-lh-!

199

b 13-14/11/81 C 3-a/02/82

Temp (°C) 40 Temp (°C)
20
30+

15 Salinity (%9

5

101\pi_/\/

— nmol CogHp mI']h'1

----- nmol.H1h-1x0.5x10-3

nmol.H 11X 10-4 1000 nmol CoHp ug.ChiTh
100
10
1.0
0.1
T T T T T Tt T T
1300h 1300h

Time

Fig. 7. Diurnal changes in acetylene reduction rates and physico-chemical parameters on a) 27 -28.11.80, b) 13—14.11.81, and ¢)

3-4.01.82.

of the oxygen produced. Paerl (1980) examined
Anabaena under oxygen supersaturated conditions
and concluded that uptake hydrogenase activity in-
creased with the result that O, was utilized in the
formation of H,O and ATP. Thus the intracellular
oxygen concentration decreased and the energy
supply available for nitrogen fixation (ATP) in-
creased. The rate at which such a mechanism could
operate, and the resultant balance between oxygen
inhibition and requirement for a photosynthetic
energy supply would dictate the time of maximum
fixation rates. Differences in this balance may ex-
plain the variations in the fixation patterns among
the many studies conducted.

3. Contribution of Nodularia 7o the nitrogen
budget of the Peel-Harvey estuarine system

The monthly mean ammonia-N, nitrate and

nitrite-N, organic-N and total nitrogen concentra-
tions at Site 1 for the period 1978 to 1983 are
shown in Figure 8a-d. These data are summarized
from Lukatelich & McComb (1983). No Nodularia
bloom occurred in 1979 — 80. In general the soluble
nitrogen concentrations were high during the win-
ter period (e.g. July), decreased in spring (Sept.,
Oct.), were very low during the blooms, and in-
creased during bloom decomposition. Organic
nitrogen concentrations were very high during the
blooms. The sequence of nitrogen conversions was
most apparent after the 1978 bloom when a de-
crease in organic nitrogen was followed by an in-
crease in ammonia and then nitrate and nitrite.
This sequence of events is typical of organic matter
decomposition and denitrification, and is similar
to those events described by Dugdale & Dugdale
(1962) and Fallon & Brock (1979). From 1980 to
1982, the trend was less apparent, primarily be-
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cause released nitrogen was immediately taken up
by diatom blooms which followed the collapse of
the Nodularia (Lukatelich & McComb, 1983).

There are several methods by which the contri-
bution to the nitrogen budget of a nitrogen-fixing
phytoplankton bloom can be calculated. These in-
clude methods based on acetylene reduction or
15N, fixation rates (Ashton, 1981; Horne & Viner,
1971; Torrey & Lee, 1976), heterocyst concentra-
tions (Ostrém, 1976), and changes in total nitrogen
concentrations.

Calculations of the 1978 — 79 Nodularia bloom
contribution using acetylene reduction rates and
heterocyst concentrations were 69.5t and 58.8t
over the course of the bloom (Table 1). Though
these estimates are in close agreement, the assump-
tions used for calculations were necessarily broad
and, as has been shown, nitrogen fixation rates
vary seasonally, diurnally and spatially.

The alternative method is based on the subtrac-
tion of any inputs into the system during the bloom
and any nitrogen in the system prior to the bloom
from the total nitrogen present during the peak of
the bloom. These calculations for the 1978, 1980,
1981, and 1982 blooms are presented in Table 2.
Since losses of nitrogen to the ocean or estuary
shores, or decomposition and dentrification prior
to the peak of the bloom are unknown, these will
be minimum estimates. These calculations indicate
that the contributions of the nitrogen budget by
Nodularia blooms were equivalent to riverine con-
tributions in the Harvey Estuary. The percentage
contribution to the total measured nitrogen budget
of the Harvey Estuary (river input plus calculated

Table 1. Calculation of nitrogen fixation capacity of the Nodularia during the 1978 — 1979 bloom.

Parameter Acetylene Reduction Heterocyst Conc.
Rate Calculation Calculation

Depth of light penetration 02m 0.2m

Area of Harvey Estuary? 60 km’ 60 km?

Volume in which fixation could occur 1010 ] 10101

X acetylene reduction rate
X Heterocyst C;H, reduction rateb -
X Heterocyst concentration -

Daily fixation time 7h
N, fixed/week 116t
N, fixed/bloom 69.5t

1.6 pmolC,H,-1-!-h~! -

10-% ug-H-!-day~!
1.37x1041-!

7h

981t

588t

2 In 1978, the Nodularia bloom was restricted to the Harvey Estuary.

b Based on Ostrom, 1976.



201

Tuble 2. Nitrogen contribution by Nodularia spumigena based on nitrogen concentrations: 1978, 1980, 1981, 1982.

Year 197879 198081 198182 198283
Surface organic N conc. (ug-1-")

Harvey (Station 1) 9225 9164 6301 9608

Peel (Station 4) - 4342 2658 5777
Depth to which bloom occurs

at maximum concentrations 0.75 m 0.75m 0.75 m 0.75m
Volume through which bloom occurs

Harvey (X 10! 1) 4.2 4.2 4.2 4.2

Peel (X 10'° 1) - 4.6 4.6 4.6
Total nitrogen in water at the peak of the bloom:

Harvey 387.51 384.9t 684.6 t 403.5¢

Peel - 199.7 t 123.5t 265.7t

Total 387.5t 584.6t 808.5t 669.2 t
River input

November loading 37t 231 2.0t 3.6t
Nitrogen concentration in water prior to blooms

Harvey 75t 891t 54t 68 t

Peel - 61t 39t 104 t

Total 75t 150 t 93t 172 t
Nitrogen contribution by the

Nodularia blooms 308.8¢ 434,61 713.4t 497.0t
Riverine nitrogen loadings

Peel 1376 t 254t 944 t 562t

Harvey 343 t 379t 367t 359t

nitrogen fixation input) ranged from 43.9% to
57.7%. In the Peel Inlet, the contribution was less,
ranging from 0 to 35.5%. They also indicate that
calculations based on acetylene reduction rates
may underestimate the contribution of nitrogen
fixation.

Contributions by nitrogen fixation equivalent to
annual river or runoff inputs for freshwater lakes
and empoundments have been reported by Ashton
(1981), Ganf & Viner (1973), and Horne & Gold-
man (1972). Using heterocyst fixation rates, Os-
trom (1976) estimated the contribution of
Nodularia to the Baltic Sea to be equivalent to
about 1/6th of the riverine inputs. This figure is
comparable to the estimates made in the present
study based on heterocyst activity. Estimates for
the nitrogen fixation contribution to Lake Winder-
mere (less than 0.5%, Horne & Fogg, 1970) or to
Lake Mendota (7%, Torrey & Lee, 1976) are much
smaller than for Nodularia in the Harvey Estuary,
but similar to its contribution in the Peel Inlet. The
only report of a significantly greater input from
nitrogen fixation than has been determined for the
Harvey Estuary is that of Granhall & Lundgren,
1971, for Lake Erken in Sweden (approximately

80%, as recalculated by Horne, 1977).

This large input of nitrogen does not appear to
have resulted in a permanent increase in the nitro-
gen status of the system. Sediment total nitrogen
concentrations fluctuate very dramatically, but
there does not appear to be an overall increase. For
example, while the total nitrogen concentrations in
Site 4 sediments ranged from 928 to 5 684 ug-g~ 1.
The concentrations in March 1978 and March 1980
were 928 and 982 ug-g~1, respectively (J. Gabriel-
son, pers. commun.). This does not indicate an
overall increase in sediment storage. What has in-
creased is the potential for larger biomasses, either
phytoplankton or macrophytes, to grow and retain
nitrogen (as tissue nitrogen) in the system.

Summary

1. Nitrogen fixation rates, as measured by
acetylene reduction, and total Nodularia biomass
and heterocyst concentrations were highest in the
Harvey Estuary. However, the nitrogen fixation
rate per heterocyst was higher in the Peel Inlet.

2. Nitrogen fixation decreased with depth,
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primarily due to light limitation. However, fixa-
tion did occur in the dark and Nodularia taken
from bottom waters and incubated at the surface
did not fix nitrogen at as high a rate as surface
Nodularia.

3. The rate of nitrogen fixation (both by volume
and by biomass) was highest in the early stages of
the bloom. Decreasing nitrogen fixation rates were
concurrent with increasing soluble inorganic nitro-
gen concentrations and salinities.

4. Diurnal changes in nitrogen fixation were ob-
served with the maximum occurring early in the
morning.

5. Calculations based on acetylene reduction
rates in situ and on heterocyst concentrations gave
estimates of nitrogen contributions which were
lower than those based on total nitrogen in the
peak standing biomass. The latter calculations in-
dicated the following total nitrogen contributions:
1978 —-79, 308.8t; 1980—81, 434.6t; 1981 —82,
713.4t; 1982 — 83, 497.0t. These estimates for the
Harvey Estuary are similar to the annual riverine
nitrogen loadings; for the Peel Inlet, they are less.
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