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ABSTRACT 

Nitrogen fixation (as acetylene reduction) and those factors 

most likely to influence it were estimated at eight stages of the 

spring blooms of Aphanizomenon in 1971 and 1972. Sampling was by 

almost simultaneous collection from up to 31 sites on naturally 

eutrophic Clear Lake (supersynoptic technique). The results are 

compared with similar, less detailed synoptic studies 'on the 

ephemeral autumn Anabaena bloom. Unlike the Anabaena bloom, 

fluctuations in the rate of N2 fixation over periods of days to 

weeks were not directly affected by most environmental fact~rs. 

The major factor controlling N2 fixation was the number of Aphani

zomenon heterocysts present. Analysis of variance showed P:> 0. 001. 

In contrast to N2 fixation, heterocysts were highly correlated to 

environmental conditions, thus environmental influences 6n fixation 

were largely mediated through heterocyst induction or repression. 

Heterocysts form in lakes over periods of several days, while 

environmental parameters are measured at the time of survey. A 

high correlation between instantaneously measured variables and a 

time-averaged one is indicative of a high integrity of the algal-

water masses. Because heterocysts (and N2 fixation) ranged over 

three magnitudes, linear multiple regressions were compared with 

regressions for log transformed data. This comparison is useful 

since different regions of the data are emphasized in each regress-

ion the standard analysis emphasizes higher values and log 

transforms lower values of each variable. Both regressions showed 

hete~ocysts highly negatively related to N0 3 (P) 0. 05). At high, 

but not at low levels, heterocysts were correlated to Po4 (P) 0.05). 

At low levels of N2 fixation heterocysts alone were also positively 

related to water clarity, chlorophyll (both P) 0.05) and tempera-
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ture (P> 0.1). The role of nitrate (basin means ranged from 2 to 

-1 
22 ug 1 N0 3-N) in suppressing heterocyst formation was surprising, 

since these are very low levels for an eutrophic lake (winter values 

~50 0 ug 1 -l) . The ef£ects of N0 3 on heterocysts, a~though signifi-

cant, were not as great as those of water clarity and temperature 

at low fixation l~;els, and were similar in magnitude, if not in 

sign, to that of phosphorus at higher levels. Phosphate controlled 

N2 fixation and heterocyst formation only at high rates of N2 

fixation. Presumably at low rates sufficient. Po4 is available in 

-1 ' 
this P-rich system (basin means ranged from 14 to 43 ug 1 P0 4-P), 

so that it becomes most sensitive to repression of heterocyst forma-

tion by low N0
3 

levf?ls. Ammonia was found to s'uppress N
2
-fixation 

and heterocyst formation in that arm of the lake where it was present 

-1 
in relatively large quanti ties ( 20 to 170 ug 1 NH 

4 
-N) . In the 

earlier stages of the bloom there were definite indiations of vege-

tative (i.e. non-heterocyst) N2 fixation, albeit nt low activities. 

This is presumably due to the "flake'' accumulation of Aphanizomenon 

which has a potentially anoxic center similar to. that of Trichodes-

mium. 
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INTRODUCTION 

The spring bloom of the planktonic blue-green alga Aphanizo-

menon flos-aquae is of great importance to Clear Lake. In a few 

weeks this massive bloom may double the lake's annual nitrogen 

income (Horne & Goldman 1972). Clear Lake is both warm and only 

irregularly thermally stratified, with the result that nitrogen. 

fixed in spring can be released from the sediments throughout the 

summer (Lallatin 1972). Since it lies in anN-deficient area much 

of the lake's organic production depends directly on the magnitude 

and duratlon of the spring N2 fixation. The smaller, autumnal 

Anabaena bloom's ephemeral N2 fixation is of less importance (Horne 

et al. 197~). 

This supersynoptic study was designed to solve the question: 

How do short-term trends in the spatial distribution of major 

nutrients and algal biomass affect nominally transient physiologi-

cal parameters such as N2 or co 2 fixation? Our paper is complemen

tary to a synoptic study of. the autumn Anabaena blooms (Horne et al. 

1972) in which negative correlations were found between N2 fixation 

and No
3

, NH 4 and positive ones with Po 4-P and dissolved organic-N. 

It is also comparable with other recent papers on whole-lake N2 

fixation (Horne & Fogg 1970; Vanderhoef et al. 1974; Torrey & Lee 

1976). 

Two initial synoptic studies on the 1971 spring bloom showed 

that, as in the autumn bloom, phytoplankton and their physiology 

exhibited considerable spatial and temporal variation, but n<> 

simple cause-and-effect relationships (Horne 1976). To gain 

greater insight into this variation, previous methods were expanded 

to include a "supersynoptic": normal synoptics were repeated at 

intervals of only a few days over part of fue spring Aphanizomenon 
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bloom (Fig. 1). This technique, entailing some 1,500 individual physic-

logical, physical and chemical rreasurerrents in three weeks, was exhausting 

but worthWhile, since it enablerl us to find sorre definite cause-and-effect 

relationships. 

Perhaps the IIDst difficult physiological problem in limnology is 

to define the relationship beb-Jeen an instantaneous abiotic variable -

say a nutrient - and an accumulated biological activity such as photo-

synthesis of N2 fixation. What is really needed is a record of the nutrients 

available to the algae over ·the wmle growth period, which is ilrpossible 

using conventional rrethods. Fortunately in the case of N
2 

fixation such 

a record may be obtainable for nitrogen oonp:mnds by oomting heterocysts. 

Heterocysts only form in response to a cellular N-depletion which in situ 

effectively reflects an environilEntal shortage. In dense pure cul,tures 

in the laboratory, heterocyst induction requires about 24 hours (Ogawa & 

Carr 1969; Kulasooriya et al. 1972). In the lake, heterocyst induction 

requires one or IIDre days of N-shortage (Horne 1975b), higher phospoorus 
I 

and iron (Stewart & Alexander 197]; Wurtsbaugh & Horne in prep.). We 

postulate that an increase in heterocysts over a fet~ days presents an 

integrated reoord of the nutrient conditions experienced by the algal 

population during that tine. In this paper we have examined. the validity 

of this speculation. 

We thank s. p. wade I c. R. Goldrtan, B. Jones I J. F. Elder, 

D. K. Fujita, E. Clapton and D. Allman for their assistance. E. de Arrczaga 

produced the day-by-day oorrelations. 
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METHODS 

The lake has been described previously (Horne & Goldman 1972; 

Horne 1975a) and the methods used were virtually identical to those 

used in the Anabaena bloom synoptic studies (Horne et al. 1972). 

A difference was that all samples were taken with a three-meter 

tube sampler which p~oduces an integrated sample of the photic zone. 

Methodology tised in 1971 was similar to that applied previously for 

Anabaena: synoptics measuring N2 fixation, heterocyst number, carbon 

fixation, chlorophyll ~, algal species and biomass, P0 4-P, NH 4-N, 

N0 3-N and other standard limnological variables (e.g. Secci disc 

depth, temperature, turbidity). Average values for these quantities 

are given in Table I. Because of the quantity of data generated in 

this study, an intensive data display system was devised, using 

histograms instead of circles to represent important parameters 

(Figs. 2-4). In this way 18 times as much information can be placed 

on one map of the lake and, although the figures are consequently 

less simple at a glance, many parameters can be followed simultane-

ously over the whole of the six, 1972 synoptics. 

Data analysis 

Multiple regression analysis was used to discover relations 

between environmental parameters and acetylene reduction activity 

in Clear Lake. Pair correlations (Table II) showed the dominant 

role played by heterocysts in determining N2 fixation, but little 

else in easily expl icablc terms. (Horne 197 6) . BccaUSl' () r tht' 

close relationship between these two quantities, we performed an 

additional analysis using heterocyst numbers as the independent 

variable. To test which parameters did not significantly influence 

fixation, as well as those that did, we chose a fixed set of inde- .. 



• 

6 

pendent variables prior to analysis. Thus heterocyst number was 

viewed as a function of soluble phosphate, nitrate, ammonia, chloro-

phyll ~, dissolved oxygen, temperature, turbidity and total 

Aphanizomenon volume. For nitrogen fixation we used heterocyst 

numbers together with all of the above as independent variables, 

save temperature (samples were incubated at the same temperature). 

Uptake of radioactive carbon was not measured often enough to · 

warrant inclusion in the regression analysis; however, enough pho~o-

synthetically related parameters were included to compensate for 

this lack. 

Multiple linear regression which gave good results for Lake 

Windermere (Horne & Fogg 1970) did not prove sufficient to describe 

all of the biological-environmental interactions found in this study. 

Values for many of the variables ranged over two to three orders of 

magnitude and linear regression analysis emphasizes only data at the 

large end of the spectrum (Fig. 1). Cassie (1962) has observed 

.that many biological factors follow a log-normal distribution and 

this type of data transformation was used profitably by Torrey & 

Lee (1976) to describe nitrogen fixation in Lake Mendota. For our 

2 data, although X tests for normal distribution were not significant 

2 for standard data or for log transformed data, x values were gene-

rally smaller in the latter case. Log transforms provide.an 

additional advantage because they aid in stabilizing the variance 

' 
due to experimental error. In most cases this variance was a linear 

function of the square of the mean and the appropriate transform is 

sinh-l (a xi); however, for simplicity in interpreting results, log 

transforms were used. Results from regression analysis were similar 

in the two cases. Because reactions of Aphanizomenon to various 

levels of environmental factors are complex, regressions using 
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either untransformed data or log transformed data albne cannot tell 

the full story; both together provide a much more complete picture. 

RESULTS 

Changes in weather, patticularly severe storms or cloudy days 

very noticeably influence both N2-fixation (Horne 1975c) and photo

synthesis (Horne et al~ 1969). The late spring Aphanizomenon bloom 

occurs under generally cloudless skies with very regular wind 

patterns, suggesting that weather is n9t the cause of observed vari-

ations in N2 fixation. During the 1972 supersynoptic series the 

weather was settled over the several weeks of measurements. Only 

June 2 and 9 were slightly cloudy, while June 8 was partially over-

case. Air temperatures, which are more sensitive to fluctuation 

than lake temperatures, were very uniform maximum 32 ~ 1 C, 

minimum 10 + 2 c. Normal wind patterns were observed, a slight 

variable breeze until afternoon with winds increasing from the 

west, often raising whitecaps in the two smaller basins and the 

north-east section of the Upper Arm. 

Six 1972 synoptics, May 30 to June 19 

Day 1, May 30 

This date was chosen to fall in the middle of the spring Apha-

nizomenon bloom, reflecting in detail some of the several variations 

in nitrogen fixation characteristics of this season (Fig. 1, arid Fig. 

2 of Horne & Goldman 1972). We cover a rise, fall and large rise 

in N2-fixation in the largest arm (Upper Arm) and fluctuations in 

the other arms. Biologically impb~tant nutrients also varied con-

siderably (Table I, Figs. 2-4). At the start of the experiment on 

May 30 nitrogen fixation throughout Clear Lake's three basins was 

generally negligible, with some quite high but patchy activity only 
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in small sections of the Oaks and Upper Arms (Fig. 2). Unlike the 

rest of the super~ynoptic period~ whole-lake N
2 

fixation on this 

day was significantly and negatively related to nitrate concentra-

tions (P) 0. 01, Table II), although this effect was not shown in <J 

basin-by-basin breakdown (Horne 1976). At this time nitrate was 

present in moderate quantities, especially in the Upper (7 to 29, 

-1 
x = 15 ug 1 ) and Lower Arms (3 to 21, x = 10), while in the O<Jks 

Arm (2 to 13, x = 6) values were very low for an eutrophic l<Jkc 

(Fig. 3, -Table I). In contrast, soluble P0 4 -P although very hiqh 

relative .to biological needs for N0 3 was at the lowest concentr<Jtion 

recorded for this series of synoptics (Fig. 2 and Table I; Upper Arm 

range 9 to 18, x = 14; Oaks Arm range 14 to 23, x = 19; Lower Arm 

-1 
range 17 to 24, x = 22, all as ·ug l Po 4-P). Ammonia (Fig. 2) was 

also low in relation to to later periods (Upper Arm 10 to 14, 

x = 27; Oaks 17 to 35, x = 28 ug 1-1 ), apart from a pronounced accu-

mulation in the westerly portion of the Lower Arm (45 to 240, 

- -1 
x = 130 ug l ) . A summary of means for major chemical and physic<Jl 

variables is given in Table I. Nitrogen fixation was signific<Jntly 

correlated with Aphanizomenon biomass throughout the lake ( P) 0. 01 -

Table II) but in a basin-by-basin analysis (Horne 1976) there w<Js 

either no significant effect or a negative correlation in the 

ammonia-rich Lower Arm (P) 0.01). Because almost all the phyto
-l 

plankton and thus the chlorophyll in the lake is made up of a 

nitrogen-fixing population of Aphanizomenon, N
2 

fixation 1s highly 

corrL'L1tecl with these two parameters. 'l'hi s effect wor.; common h1 

most of the synoptj_cs .J.nd will not be lllentioned in detail ilq;1i n. 

Day 2, June 2 

A marked increase in N2 fixation occurred throughout the lake 

in only four days, with the Oaks Arm showing most activity (r~· 2) 'lg •.• 
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No nutrient analysE was carried out on this occasion but heterocysts 

and Aphanizomenon were again highly significantly correlated with 

N2-fixation both throughout the whole lake (Table II) and in the 

Upper and Oaks Arms when considered separately (Horne 1976). 

Day 3, June 6 

The previous four days produced changes typical of those which 

have always bedevilled limnologists. In spite of the large number 

of stations measured a complex medley of changes occurred through-

out the lake, with few discernible patterns and no immediately 

obvious meaning (Figs. 2-4, rable II). For example, the factor of 

prime interest, nitrogenase activity, showed a mixture of 1ncreascs 

and decreases throughout the large Upper Arm. Five sites showed 

increases, three decreases (Fig. 2); but it is likely that this was 

due to redistribUtion of the water masses, since our later work 

shows the lake water to revolve within a period of about one week 

(Wrigley & Horne 1975). In contrast, N2 fixation in the Lower and 

Oaks Arms showed rather general if slight increases. Redistribution 

in these arms is presumably much more rapid due to their smaller 

size. As expected from the general increases in N2 fixation for the 

whole lake, ammonia values fell and were low everywhere while phos-

phate increased slightly. P04-P reflected a slightly significant 

positive correlation to N2-fixation (P)O.l) 1n the Oaks Arm, but 

not in the other arms or in the lake as a whole (Table II). Even 

so, soluble P04-P remained quite low (Fig. 2, Table I), N0 3-N 

increased slightly in the Lower Arm and NH 4-N had almost vanished 

from the euphotic zone (Fig. 3, Table I), but none of these was 

correlated with changes in the pattern of N2 fixation. Heterocysts 

and Aphanizomenon biomass were again highly correlated with N2 

fixation for the lake as a whole (P)O.Ol and) 0.05) and for the 



10 

Upper Arm (P '> 0. 01 for both see Table II). However, only 

Aphanizomenon was significantly related to heterocysts in the Oaks 

Arm and there was no relationship in the Lower Arm where ammonia 

was presumably still relatively high. In this lake, as in all 

known oxic waters, heterocysts are the only important d~ytime 

source of nitrogenase activity (Horne and Goldman 1972; Fay et al. 

1968; Horne 197 ) . Activity at low levels by vegetative cellular 

nitrogenase, knowQ in anoxic laboratory cultures supplied with re-

ductant (Smith and Evans 1970), is not precluded however ,(see F:iys. 

6a-b). -

Day 4, June 12 

The small increa~es in nitrate found to have no immediate 

effect on June 6 would be expected to produce effects a few days 

later, if our hypothesis of effects of low N0 3 values on heterocyst 

induction is tenable (see introduction, Fig. 3 and Table I). There-

fore the general waning of heterocyst-dep~ndent N2 fixation through

out the lake was in accordance with the delayed effect of nitrate 

acting via repression of heterocyst induction. This was particular-

ly evident in the Oaks Arm and the north section of the Upper Arm. 

Nitrate remained high or continued to increase markedly (Fig. 3, 

Table I), although it must be emphasized that even the higher values 

-1 recorded (60 to 80 ug liter N0 3-NJ are quite low for an eutrophic 

-1· 
lake (say 150 to 300 ug liter ) . There were, however, few statis-

tically significant effects of any nutrient on N2 fixation on this 

day, either on the whole lake or basin by basin (Table TI). Only 

by between-day analysis could such time-delayed effects be clearly 

demons~rated (Tables III and IV). Aphanizomenon populations, res-

pending to nitrogen available at less energetic cost than N2 , grew 

::rapidly especially when biomass was measured as chlorophyll a which 
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is well known to respond to nitroge~ additions. Phosphate increased 

generally, particularly in the Oaks Arm and p~rts of those basins 

adjacent to Buckingham Point (Table I, Fig. 2). The other nutrient 

of importance, ammonia, remained low except for dramatic increases 

in the Lower Arm (Fig. 2, Table I). This arm is characterized by 

sudden surges of ammonia released from the intermittently anoxic 

sediments (Lallatin 1972; Horne and Goldman 1972; Horne 1975a). 

Day, 5, June 15 

This day produced the most spectacular increases 1n N2 fixation 

at most sites in two of the three basins. These large, short-te~m 

increases were the phenomenon we had most hoped to examine in detail 

before and after using the supersynoptic technique. Nevertheless, 

increases were decidedly patchy (see Fig. 2). Large increases 

occurred in all but the south-west corner of the Upper Arm, while 

in the Oaks Arm the already relatively high rates of nitrogenase 

activity rose less evenly (Fig. 2). General increases similar to 

those found for nitrogenase activity were observed for Aphanizomenon, 

chlorophyll a and even overall phytoplankton biomass (Fig. 4, 'l,ablc 

I). However, using a one-day pair correlation we found almost no 

relationship of N2 fixation to anything, other than a positive re

lationship to heterocysts (P)O.l; Table II). Although there were 

some significant relationships on a basin-by-basin comparison 

(Horne 1976), only the negative relationship between N2 fixation 

and ammonia in the Lower Arm was useful and demonstrated why thjs 

arm did not show the general large upswi ncJ :in N 2 f ixa t i.on ( I•' iq. 2) . 

Concentrations of the important nutrionts Po 4 and N03 Wf're qu.i te 

high at this time, while ammonia was low excc~fJt in the~ Lower 1\ nn 

(Table I) . 
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Day 6, June 19 

Nitrogen fixation continued to increase at most lake stations, 

reaching levels typical of those at the peak of spring blooms (Figs. 

1-2, Table_I). In the Upper and Oaks Arms ammonia generally incrca-

sed somewhat while nitrate and phosphate declined, whereas in the 

Lower Arm ammonia and nitrate declined and phosphate was little chan-

ged. Nevertheless, N2 fixation in this relatively ammonia-rich arm 

was quite low even at the peak (Fig. 2; Horne and c;oldman 1972). 

1\gain one-day pair correlations produced no significant relationships 

with N2 fixation except for that with heterocysts (Table II), and no 

biologically meaningful correlations emerged from a basin-by-basin 

breakdown (Horne 1976). 

Between-day regression analysis 

This analysis proved most useful in assessing the causes for 

spatial and temporal variations in N2 fixation in Clear Lake. 1\t 

higher levels of activity (standard regression - Table Ilia) ncar 

the important spring N2 fixation peaks, N2 fixation was very highly 

correlated with heterocyst numbers (P> 0.001) and with dissolved 

oxygen (P)O.OS). At low levels of nitrogenase activity (log trans-

form) only heterocysts were correlated and at very high levels c1f 

significance (P)O.OOl). Negative correlations with NH 4 and N0
3 

were almost at the 90% confidence level and P04 appeared to have no 

influence (Table IIIb). To a considerable degree in normal luke 

conditions N2 fixation levels are due to the chemical milieu exper1-

cnced by the cells over the previous fc'w days. 1\s discw3~-;cd c3rll<'r, 

he tcrocyst production rc f lf~cts an integrated p:ict ure of the environ

ment to which the algae ha.ve been exposed in the short period~> 

between sampling. Nitrogen fixation occurs mainly in heterocysts. 

Thus rates of N2 fixation at any one time may not ever be related 
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to the current chemical or biological environment at least 

where all nutrients ar~ quite dilute as is the case in Clear Lake. 

As we have shown, most of the variance in N2 fixation is accounted 

for by heterocysts. 

The analysis of he.terocysts shows much more clearly which fac-

tors influence the potential maximum N2-fixing ability of the 

Aphanizomenon population (Table IV a-b). For larger heterocyst 

numbers heterocysts are naturally most highly correlated with Apha

nizomenon cell numbers (P>O.OOl). At these high levels (Table IVa) 

heterocysts are negatively correlated with nitrate and positively 

with phosphate (both P)o.OS). This would be expected if (i.) nitrate 

suppresses heterocyst production rather than actual N2 fixation 

(Horne and Fogg 1970), (ii) phosphate is required in addit.ional 

quantities for high rates of N2 fixation as in laboratory cultures 

(Stewart and Alexander 1971), (iii) the water mass sampled is that 

in which the algae have been living for several days. Since postu-

lates (i) and (ii) are quite well proven, it is likely that (iii) 

will be true. 

The log transform regression analysis shows very interesting 

factors influencing heterocyst induction (Table IVb) . As in the 

standard regression, there is a strong positive correlation with 

Aphanizomenon cell numbers (P>O.OOl) and negative correlation 

with nitrate (P) 0.01). In addition heterocysts are positively 

correlated with water transparency, chlorophyll ~ (P 0.05) and 

Lake tL~In~)crature (P,). 0 .10). A negative correlation with N11 4 is 

indicated but is just beJow the 90% confidence limit. J.n conLtd~.;L, 

Po4 plays no significant role (Table IVb) , ~resumably beiny present 

in adequate quantities for low rates of heterocyst induction. In 

this respect P0 4 plays a similar role in both present (N 2-ase 
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activity) and future (heterocyst synthesis) N2 fixation, since it 

exerts an influence only at higher levels of algal activity. 

DISCUSSION 

In lakes with distinct seasonal cycles, nitrogen fixation 

usually takes place in one or two bursts. At least, this seems to 

be so where N2 fixation is an important contributor to the annual 

N budget (Billaud 1968; Horne and Fogg 1970; Granhall and Lundgren 

1971; Horne and Goldman 1972). The supersynoptic technique pro-

vides detailed reasons as to why variations in N2 fixation occur 

during these burst~, although overall activity may be limited by 

other factors (Horne l975a). Few other studies have gather suffi-

cient data for fruitful comparison with this one, but in particular 

a recent study on Lake Mendota, Wisconsin (Torrey and Lee 1976), 

other work on Lake Michigan by Vanderhoef et al. (1974) and on the 

EnCJlish Lake District and California by ourselves (Horne and F'ogq 

1970; Horne and Goldman 1972; Horne et al. 1972) provide useful 

data. On central continental Lake Mendota whole-year N2 fixation 

assayed as acetylene reduction was strongly influenced by hetero-

cysts, temperature, light and dissolved oxygen but not nutrients. 

In the colder temperate lakes Windermere and Esthwaite Water (English 

Lake District) N2 fixation assayed as 15N2 fixation was significantly 

influenced only by concentrations of dissolved organic nitro<wn in 

the water (Horne and Fogg 1970). However, fixation did occur only 

at Lhe lowest annuc:~l levels of N0
3

, which w•·n• n<·vc,-111<··1(~:;:; hiqhcr 

LhJn .in mor;t other .lakes studied. 

'l'he seasonal wax and wane of N
2 

fixation is now quite well 

understood. The general N
2
-fixing pattern of Cyanophyccan blooms 

is an initial dependence on nitrate or ammonia with ;1 gradual, al-
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most complete progression to dependence on N
2 as was first ele-

gantly demonstrated by Billaud (1968) on Smith Lake, Alaska. 

several weeks of bloom existence ammonia and nitrate both depress 

fixation while P04 stimulates it (Horne and GoldP~an 19 7 2; llornc 

1975b). In the short term no such pattern is evident, since both 

agreement (Horne et al. 1972) and disagreement (IIorne and Fogg 1970; 

Horne 1976 Table II) with the long-term results have been found. 

The importance of short-term variations in N
2 

fixation 

For lakes where N2 fixation is important to the ccoloqy of the 

whole water body or to individual phytoplankton species, jnterrup-

tions ln a smooth rise and fall of activity will reduc<~ tile advan-

tagc for some algae. Exceptions to this are lakes with virtually 

no sriasonal cycles, such as the tropical Lake George in Uganda 

(Horne and Viner 1971; Ganf and Viner 1973). Irregularities reduced 

N inflow by N2 fixation into Clear Lake by 23 to 58%, dependinq on 

the basin chosen, in the years 1970-72 (Horne l975a); The most 

obvious reason for such variations from the smooth curve are samp-

ling errors, given the notorious patchiness of phytoplanktonic 

cyanophytes (Wrigley and Horne 1974; Horne and Wrigley 1975). S i. nee~ 

our techniques of sampling preclude such errors on .a whole-basin 

basis and the weather was settled, the remaining causes must by 

physical, chemical or a combination of both~ The buoyancy mechanism 

of Aphanizomenon "flakes" is very good at mitigating deleterious 

wind-mixing effects for all but severe storms (Horne and Colclman 

1972), so u. direct physical effect is unlikely (Rcyno.lds <ln<l Wal~>by 

1975). We have hypothesized elsewhere that blue-green ~g<lc move 

about with a particular water mass and then rapidly move away from 

it using near-surface drift (Horne and Wrigley 1975; Sandusky and 

Horne in prep.). Applying that hypothesis to N2 fixation in Clear 
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Lake, it seems that Aphanizomerton should encounter a gradually dimi

nishing nutrient supply and then suddenly move into a completely new 

chemical environment. This would account for the observed irregula-

rities in the seasonal N2 fixation curve(s). 

Our results Show, however, that the effects of most nutrients 

are not direct on heterocyst nitrogenase activity but occur circui

tously via heterocyst production. A clear demonstration of these 

effects is the lack of relationship in betweeft-day regressions, for 

nitrogenas~ activity and lake chemistry, but a better relationship 

with heterocysts and nutrients (Tables III-IV) . This is·partic~lar-

ly evident at lower lev~ls of activity (Tables Ilia, JVb). In 

contrast our data show almost random relations between N2 fixation 

and the chemical and physical milieu on any single diy (Table II). 

Effects df environmental factors 

Another important concept is the varying role of the lake en-

vironment at high and low internal cellular N stresses. This is 

evident as high or low rates of nitrogenase activity or of hetero-

cyst induction. During vigorous heterocyst production variations 

in concentrations of nitrate and phosphate play opposite but roughly 

equal roles (see coefficients in Table IIIb). When few heterocysts 

are being produced, temperature and light appear to be most·impor-

tant although nitrate still plays a role (Table IVb) . Phosphate 1s 

unimportant at such low nitrogenase synthesis rates, being more 

regulatory only when heterocyst production is high. This explains 

why Vanderhoef et al. (1972) showed phosphorus as controlU nq N2 

fixation, whereas Torrey and Lee (1976) did not. Such variations 

are likely to apply in many lakes since moderate bursts of N2 fixa

tion could receive a supply of th~ necessary extra Po 4 from the 

intracellular store derived from prior luxury consumption (Fitz-
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gerald 1969). In polymictic Clear Lake where P04-P supplies from 

the intermittently anoxic sediments are high but irregular, luxury 

consumption is presumably a normal event. 

Torrey and Lee also first demonstrated a positive correlation 

between N2 fixation and dissolved oxygen, but were unable to decipher 

the nature of the r~lationship. We also found such a positive corre-

lation (P) 0.05) but only in one of the four ways in which we treated 

N2 fixation, namely the standard format which emphasized high nitro

genase activity~ We interpret this to mean that high dissolved 

oxygen level-s are a result of the large energy demand made by N2 

fixation and bear no relation to the production of environmer1Lal 

condi t:ions favorable to ni tr·ogenase activity, amongst which is partia 1 

anoxia. Competitive phytoplankton growth rates using N2 as an N 

source require an enormous quantity of energy compared to growth on 

NH 4 or N0 3 . Thus while providing energy for heterocyst nitrogenase 

activity, vegetative cells will necessarily produce much oxygen. 

The similar lack of relation of N
2 

fixation to water transparen

cy, but the correlation for heterocyst prpduction, also indicate a 

dependence on energy. (Turbidity in our tables represents inorganic 

turbidity and is inversely related to available light). The depen-

dence of N
2 

fixation, but not necessarily of blue-green algal yrowth, 

on high in situ light levels is much more easily demonstrated for 

stream Nostoc. The previous light history of this genus which grows 

attached to robks can be accurately monitored and N
2 

fixation is 

confined to open, 'unshaded sites (Horne and Carmiggelt 1975). Thi~> 

is particularly evident for noct:urnal N2 fiXLJtion, which i!3 critic-

ally dependent on high light and high photosynthesis during the day 

(Horne 1975). Effects of ammonia on N
2 

fixation in May and June 

were generally obvious and direct. The generally low rates of N2 

fixation in the Lower Arm (Fig. 1 and 6) are ascribable to the frequent 
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-1 presence of more than 100 ug liter NH
4

-N a level never attained 

elsewhere in the lake. It is interesting that Aphanizomenon 1n 

spring obviously uses ammonia as anN source (Fig. 5; Billaud,l968) 

but is unable to compete with Microcystis for ammonia later in the 

season (Lalla tin 19 7 2; Horne 19 7 Sa) • At low levels, say (50 ug 

-1 
liter , ammonia is apparently not acting as a maJor controlling 

factor for nitrogenase activity (Tables III and IV). 

Perhaps the most uneKpected finding was the strong influence 

of nitrate on week-to~week changes in nitrogenase activity. Summer 

nitrate levels in Clear Lake are low, 2 to 22 ug liter-l N0
3
-N, 

which are typical summer values for most productive N-deficient 

lakes. Summer nitrate concentrations in Windermere and Esthwaite 

Water are one or two magnitudes greater than in Clear Lake (Horne 

and Fogg 1970). It is paradoxical that low levels of N0 3 in Clear 

Lake influenced N2 fixation, while the higher levels in the English 

lakes apparently did not. The reason why we discovered such effects, 

which did not attain significance in previous regression analyses 

(Horne and Fogg 1970; Torrey and Lee 1975), was pointed c1ut hy 

Torrey and Lee, "One very real weakness of (conventional) regression 

analysis .••. is that historical effects cannot be considered •.•. 

There is no way to ascertain what ipfluences on the algae at some 

time T-t have determined the activity at T." Supersynoptic stud i c:; 

' 
partially alleviate this difficulty, since heterocyst induction or 

repression which are influenced by nitrate concentrations 

records what the environmental influences were over quite short 

periods ~f the growth season. 

Lake water movements 

It 1s also evident that since hetcrocysts (which ini<'9Llte 

effects with time) and lake nutrients are corrcluted there must h0 
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a coherence between the algae and water masses for much of the time. 

Since this is not the case always (Horne and Wrigley 1975) our 

results provide the first evidence that photic zone bJue-~rccn 

algae and water sometimes move together horizontally in blocks. 

It should be emphasized that since our samples integrated the whole 

photic zone at each of the ·31 stations, considerable daily yertical 

motions of the blue-green algae within the water column are allowed 

for (c.f. Reynolds and Walsby 1975; Ganf and Horne 1975). Such 

normal coherence of blue-green algae and encompassing water masses 

emphasizes the importance of occasional horizontal migrations to 

new water masses (Horne and Wrigley 1975). 

Vegetative cells fixing nitrogen? 

Also unexpected was the indication of a small amount of non-

heterocyst nitrogenase activity in these free-floating populutions 

in well-oxygenated waters. Figure 5b shows a definite, if very low 

level of nitrogenase activity when heterocysts were undetectable. 

Although it is possible that this is an artifact of the preservation 

technique, it is known that vegetative cells normally synthesize 

nitrogenase (Wolk et al. 1974), which is irreversibly and rap1dly 

inactivated by the oxygen present in the photosynthesizing vcyetn-

tive cells (Smith and Evans 1970; Stewart et al. 1969). Ileterocysts 

do not contain the oxygen-producing photosystem II (Fay ct nl. l9GH) 

and thus provide a reducing atmosphere. However, since Aphanizomen<~~ 

in Clear Lake forms very large flakes it is quite conceivable th~t 

the interior trjchomes may be conformationally protected from lirJht 

and oxyqcn in <1 similar rash ion to th;d-: recer~ t·. ·1 y fotmd for ·~:r-_i (~~!~~!-

desmium (Carpenter et al. 1976). Shaking experiments similar to 

those carried out by Carpenter may confirm in situ vegetative N2 

fixation, although small differences at very low rates of fixation 
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will be difficult to measure. Also diel studies show definite 

indications of vegetative cell fixation (Horne 197 ) for Aphanizo

menon, but this occurs mostly at night· and would be very low at noon 

when synoptic samples were incubated. 

We do not suggest that supersynoptic studies·be undertaken 

lightly, since a large logistic effort 1s required. Howe~er, it 1s 

obvious thatsome limnological problems will be solved only by usiny 

this method which gives a detailed measure of temporal as well as 

spatial variation. 
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TABLE I 

Average values for important variables in the three basins of 
Clear Lake during the 1972 supersynoptic series. Nitrogen 
fixed is expressed in nmoles c 2H4 liter-1 hr-1 UA,(OA, LA= 
Upper Oaks, Lower Arm; Het = heterocysts; Aph = Aphanizom~non; 

Photo = phot0synthesis. 

TABLE II 

Day-by-day, whole-lake pair correlations of major variables 
with nitrogenase activity. 3 = P 0.001, 2 = P 0.01, 
1 = P 0.5, + or - represents positive or negative correlation, 
n.d. = no or insufficient measurements made to produce meaning
ful results. For other results, see Table I. 

TABLE III·a 

Multiple regression for NITROGEN FIXATION as a dependent variable 
in between-day sampling for Clear Lake in 1972 standard data. 
* * * * = P ( 0 • o 0 l) , * * * = P ( o • 0 1) , * * = P ( 0 • o 5) , * = P ( 0 • 1) ·• Degrees 
of Freedom= d.f. Multiple Correlation coefficient = 0.9137 

TABLE III b 

Multiple regression identical to Table III a but with log trans
form of variables. Multiple correlation coefficient = 0.8587-

TABLE IV a 

Multiple regression identical to Table III a but with HETEROCYST 
numbers as the dependent variable. Multiple correlation coeffici
ent= 0.7916. 

TABLE IV b 

Multiple regression identical to Table IV a but with log transform 
of variables. Multiple correlation coefficient = 0.84419 



Table 1 

N2 t\H -t\ \03-1' PO -P Het Het Aph biomass Chi a 14( D.O. Turbidity Sec chi Temp 

fixed 
~ -1 -I 4 -1 -2 % 

3 
X 106 -l mg ,-1 oc ug I Jg I ug I # m u "g I cpm J11J em 

>.UA IS 27 IS 14 22 0.60 10.64 10.4 9.3 4.6 220 20.7 
"' ~-oA 24 28 6 19 628 0.89 33.22 28.7 10.8 5.7 152 21.4 
c 
"'LA 3 29 10 22 8 0.18 13.36 ~2.2 10.2 8.9 172 20.8 

.,UA 14 248 0.59 10.73 92.8 9.0 5.4 219 

" ~OA 43 1721 0.84 53.45 6.8 10.8 6.9 132 

NLA 10 385 0.26 35.06 47.8 10.0 9.7 138 

I 
.,UA 10 22 12 19 110 0.32 9.63 7.9 1165 9.8 3.8 271 23. 1 N 

" 0'-
.:SoA 82 16 9 26 882 0.56 44.65 43.0 6583 13.3 5.5 130 23.0 I 

""LA 13 18 1; 21 532 0.46 42.70 44.2 5~07 12.9 5. 1 141 23.5 

~ UA 10 18 13 19 158 0. 26 15.11 16.0 1345 8.3 6.0 20.6 

" ...,OA 22 63 8 38 533 0.37 38.51 85.3 6603 8.4 9.4 20.4 
;N 

! -LA 12 167 20 31 198 0.31 20. "6 35.2 4123 8.0 8.1 20.3 

i 
I ~UA I 43 16 6 43 4 71 1.01 16.84 18.0 1716 9.7 !59 21.0 

I ~OA I 54 15 9 31 1330 0.66 57.45 115.9 6538 9.3 100 20.9 
. "' ! ! - L~ I 23 128 22 23 418 0.49 35.58 ;o. s 3628 10.1 120 21.0 
i 
I 

I§"' 93 29 
, 29 12;s !.53 22.1-S 23.9 I"'" 9." 4.5 163 22.6 

-:OA 102 50 6 24 1928 0.49 85.55 106.9 4135 12.3 6.0 91 23.3 

"' I- LA 36 s: 6 22 401 0.31 41.83 54.9 2588 10.3 5.1 130 22.5 
I 

•... I 
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Independent I 

variable 30 May 2 June 6 June 12 June - 15 June 19 June 

NI-14 n.d. 

N0 3 -1 n.d. 

P0
4 

n.d. 

Bet +1 +3 +2 +3 +1 +3 

% het· +2 - +2 

Aph biomass +2 +3 +1 +3 

Total biomass +2 +3 +1 +3 

Chl a +1 +1 +3 

photo n.d. n.d. +2 

D.O. +1 +1 +2 +3 

Turbidity +2 +3 

Transparency -1 -1 -2 n.d. 

Temperature +2 +1 +1 

Microcystis n.d. n.d. 

Oscillatoria +3 +2 +1 

Coscinodiscus +2 +1 

Flagellates +1 

Cryptomonads 

Degrees of 13 29 14 29 14 14 
freedom 

Table II 



Analysis of variance 

Regression 

Residual 

d. f. 
8 

66 

Regression variables 

Variable Coef. 

Constant --26.765 

het 0.06532 

DO 3.180 

P0 4 0.2757 

A ph - 0.2985 X 

chl a - 0.1768 

Turbidity 0.7730 

N0 3 
- 0.1545 

NH4 - 0.01337 

Table Ilia 
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Sum square§ 
1.203 X 10 

4 2.266 X 10 

Mean squares 
1.503 X 104 

? 
3.433 X 10~ 

Std error t 

0.00507 12.87**** 

1.390 2.29*~ 

0.1732 l. 59 

10-6 0.2110 X 10 6 - 1.41 

0.1501 - 1.18 

1.0707 0.72 

0.2236 - 0.69 

0.04278 - 0.31 

F 
43.79 
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Anal~sis of variance 

d. f. Sum squares Mean squares F 

Regression 8 25.56 3.195 23.16 

Residual 66 9.106 0.1380 

Resression variables 

Variable Coef. Std error t 

Constant - 2.461 

het 1.137 0.1968 5.778**** 

N0 3 - 0.1242 0.0725 - 1.715* 

NH 4 -0.1708 0.1083 - 1.58 

DO 0.5814 0.6437 0.90 

chl a 0.1495 0.2328 0.64 

A ph 0.0744 0.1757 0.42 

P0
4 

0.0291 0.1531 0.19 

Turbidity 0.0250 0.3756 0.67 

Table Illh 



Analysis of variance 

Regression 

Residual 

Re9:ression 

Variable 

Constant 

A ph 

N0 3 
P04 
Temperature 

NH4 
Turbidity 

DO 

chl a 

variables 

d. f. 

8 

67 

Coef. ---
- 1425.2 

1.796 

12.84 

9.162 

79.75 

1.067 

15.47 

17.51 

1.171 

Table IVa 

X 
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Sum squares 

2.171 X 10 7 

1.294 X 107 

Mean squares F 

2.714 X 10 6 14.05 

1.931 X 10 5 

Std error t 

10- 5 4.50 X 10 6 4.00**** 

5.15 - 2.49** 

3.847 2.38** 

51.44 l. 55 

1.006 - 1.06 

25.43 - 0.61 

43.24 - 0.40 

3.543 - 0.33 
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Analysis of variance 

Regression 

Residual 

Re9:ression variables 

Variable 

Constant -
A ph 

N0 3 -
Turbidity ··-
chl a 

Temperature 

NH 4 
P04 
DO -

Table IVb 

d. f. 

8 

67 

Coef. 

9.666 

0.6613 

0.1655 

0.7197 

0.4206 

3.740 

0.1302 

0.1547 

0.7251 

6 
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Sum squares 

16.78 

6.769 

Std error 

0.1290 

0.0604 

0.3145 

0.1910 

1.913 

0.0913 

0.1287 

0.7225 

Mean squares 

2.097 

0.1010" 

t 

F 

20.76 

5.12**** 

- 2.74*** 

2.29** 

2.20** 

1.95* 

1. 43 

1. 20 

f" 1.00 
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Figure 1 

Relationship of time period covered by supersynoptic to the 
annual nitrogen fixation cycle in 1972. 

Figure 2 

Variation in N2 - fixation (assayed as ethylene produced), 
phosphate and nitrate during the supersynoptic period in spring 
1972. Blank spaces for some days indicate no measurements made 
and not zero readings. The three "arms" of Clear Lake are the 
Upper Arm (left), Oaks Arm (upper right) and the Lower Arm (lower 
right). The extreme spatial and temporal variations in N2 - fixa
tion in the lake are well illustrated by comparing sites in the 
center of the Upper Arm with other sites nearer the edges. Note 
the obvious depression of N2 - fixation by ammonia in the Lower Arm. 

Figure 3 · 

Variation in N2 - fixation, heterocyst numbers and nitrate 
during the supersynoptic period in spring, 1972. For other details 
see Figure 2. Note the good agreement between N2 - fixation and 
heterocyst numbers. 

Figure 4 

Variation in Chlorophyll a, phytoplankton volume and photo
synthesis (as 14 C counts per minute) during the supersynoptic 
period in spring; 1972. For other details see Figure 2. 

Figure 5 

Scatter plots of (A) acetylene reduction and heterocyst num
bers and (B) the logarithm of these quantities. Each point is 
represented by a number which corresponds to the day (1st - hth) 
of the supersynoptic during which the measurement was made. Displa)'ed 
as logarithms, the data branches at low values (solid line}. The 
upper branch corresponds to N2 - fixation by vegetative cells (see 
text), the lower to inactive heterocysts. Full scale is 270 moles 
1-1 hr-1 for acetylene reduction and 4200 for heterocyt numbers. 

Figure 6 

Scatter plot of acetylene reduction and ammonia shows obvious 
depression of N2 - fixation at high levels of ammonia (greater 
than about 90 ~gl-1). Points are represented by a letter which 
represents the arm of the lake where the measurement was made 
(L = Lower arm, etc). Full scale is 270 moles 1-1 hr-1 for ace
tylene reduction and 320 ~gl-1 for ammonia. 
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