
NITROGEN FIXATION IN CA\AD IAN

PRECAMBRIAN SHIELD IAKES

A Thesis

Submitted to

the Faculty of Graduate Studies

University of Manitoba

. In Partial Fulfil lment

of the Requirer¡rents for the Degree of

Doctor of philosophy

by

Robert John Flett

August, 1976



NITROGEN FIXATION IN CANADIAN

PRECAI"IBRIAN SH]ELD LAKES

BY

ROBERT JOHN FLETT

A dissertation submitted to the Faculty of Graduate Studies of
the University of Manitqba in partial fulfillment of the requirements

of the degree of

DOCTOR OF PHILOSOPHY

o"1979

Pernrission has been granted to the LIBRARY OF THE UNIVER-

SITY OF MANITOBA to lend or sell copies of this dissertation, to

the NATIONAL LIBRARY OF CANADA to microfilm this

dissertation and to lend or sell copies of the film, and UNIVERSITY

MICROFI LMS to publish an abstract of this dissertation.

The author reserves other publication rights, and neither the

dissertation nor extensive extracts from it may be printed or other-

wise reproduced without the author's written permission.



ABSTRACT

NITROGEN F]XATION IN CANADIAN

PRECAMBR]AN SHIELD LAKES

by

ROBERT JOHN FLETT

Râtes of nitrogen fixation were neasured in a nu¡nber of lakes

in the Experinental Lakes Area of northwestern 0rrtatcio, in the

Canadian Precambrian Shield. An inproved syringe technique hras

devised to make these acetylene 
"eduction 

measuïenellts of nitrogen

fixation and a rapid and more accurate nethod of preparing and

analysing N-15 containing sanples by emission spectronetTy was

devised to calibTate the acetylene ¿ssay. Results from three years

of study indicate that fixation can supply significant quantities

of nitrogen to lake-s that aïe receiving nutrient loads with total
dissolved inorganic nitrogen: total dissolved phosphorus weight

ratios of less than approxinately 10.
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ABSTRACT

Rates of nitïogen fixation wele measured in a nunber of rakes

in the Experimental Lakes Area of northwestern Ontario, in the
Canadian Precanbriar Shield. An irnproved syringe technique was

devised to nake these acetylene reduction neasurenents of nitrogen
fixation and a rapid a¡d more accuïate nethod of preparing and

analysing N-15 containing sâlnples by ernission spectroïnetry was

devised to calibrate the acetylene assay, Resutts from three years

of study indicate that fixation can supply significant anounts of
nitrogen to lakes that are receiving nutrient loads with total
dissolved inorganic nitrogen: total dissolved phosphorus weight

ratios of less than approxinately i.0.
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GENERAL INTRODUCTION



This study was conducted in an attenpt to better undersiand

the role of nitrogen fixation in the budgets of several well defined

lakes, The logic behind the study was as follows: The increasing

eutl'opltic¿t ion of the Lovrer St. Lawrence Gteat takes had caused

the International Joint Co¡nnission to investigate the problem and

to try to determine how to conbat it. It was thought that phosphorus

removal frorn sewage would probably stop eutrophication, and in fact

the Con¡¡nission has already acted upon this assumption. Scientists

believed that both carbon and nitrogen could be supplied to the

lakes from the atmosphere by biological fixation and. therefore these

elenents were considered essentially uncontrollable. It appeared

that phosphorus was the only important nutrient supply that could be

controlled by man.

The fact that atmospheric carbon dioxíde could support algal

production in lakes similar to the Lower Great Lakes was well ilrustrated
by Schindler et aL (1975), Schindler and. Fee (1973) and Enerson et al.
(1975). In addítion, the fixation of atmospheric nitrogen gas had

been denonstrated by Horne ¿nd Goldman (1972) and Horne and Viner

(1971) to be inportant in seve¡al extremely eutrophic lakes in
California and Africa. There had been no thorough studies done,

however, to detennine if nitrogen fixation could supply significant

amounts of nitrogen to the algae of the Lower Great Lakes or sinilar
waters. It was our intention to perform such a study.

In addition, it was hoped that we night gain some insight into

what causes the bloons of blue-green algae that are so often a nuisance

in lakes and ponds. Such information would prove valuable in lake
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managenent schenes or perhaps in projects concerning protein pro_

duction by blue-green al gae.

T'he Experiinental takes Area of noïthwestern ontario was the

obvious location for this study. Extensive physical, chenical and

biological backgroud data were available for a series of lakes in
different trophic states, the range enconpassing Secchi depths of
0,25 to l0 neters (Cleugh and Hauser, l97l).

As Johnson and Vallentyne pointed out (1971), these lakes were

ideal te._st subjects. They were isolated from the effects of man and.

had bed-rock controlled basins. In addition, a long tern lease

of the area pemitted researchers to feÌtilize palcticulal, lakes

with known anounts of nutrients and then record the results. There

was no need to guess at nutrient inputs as is the case in most other

culturally modified lakes studied elsewhere.

A previous study by Flexlc (L972) had shown nitrogen fixation

to be occurring in two fertilized eutrophic lakes in the Experinental

Lakes Area but the techniques enployed in measuring the fixation were

crude. This present work is nuch improved and is both a more intensive

and extensive study of nitrogen fixation in these lakes than the

previous one.
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Man has knovrn at least since 1862 that biological fixation of
atmospheric nitr.ogen occurs (Jodin, IS62). The most connon measure_

ment technique has been to do Kjeldahl analyses at successive

noments in time and to look for íncreases in total nítrogen (Burris

and Wilson, 1957). Unfort,rn"auty, such methods are insensitive and

studies of the fixation process were greatly handicapped until tiìe

N-15 isotopic technique was developed. in 1941 by Burris and Mil1e¡,
Subsequently, accurate meâ.surements of lowmtes of nitrogen fiiation
were made possible, an early exanple being the work of Dugdale et al .
(1959), This date narks the beginning of productive studies upon

nitrogen fix¿tion in aquatic environnents.

The first comprehensive attempts at d.eteïmining the quantitative
importance of nitrogen fixation (via the N-15 technique) in a iake

were by Hotne and Fogg (1970), They conclucled. that nitlogen fixation
by planktonic algae contributes less than Lro of the total nitrogen

íncorne of the English lakes windermere and Esthwaite water. A ratêr
N-15 study by Horne and Viner (1971) on tropical Lake George showed

nitrogen fixation to suppry a considerable portion of the totar nitrogen

input.

Many species of freshwater algae were exanined for nitrogen fixing
ability using the tr¿cer technique and the list of capable species grew

rapidly. Table I shows the rnaximum recorded rates of fixation for
surface waters of various lakes in situ in the light (after Fogg, 1971).

In the marine environnent, algal nitrogen fixation has been

neasured via the N-15 technique by Dugdale et al. (196L), Stewart

(1964), Dugdale er ¿1. (1964), Goering et at. (1966), and Stewart (19671 .



Table I shows the maximun recorded

for surf¿ce waters of various lahes

Fogg, 197r).

rates of nitrogen fixation

in situ i"n the líght (after
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The insensitivity of the nethod and the few neasurements pe cforned

have not yet pemitted any good estinates to be nade of total
oceanic nitrogen fixation,

In 1966 the acetylene reduction technique was introduced as an

indirect but very sensitive an<l ínexpensive method for neasuring

nitrogen fixation (Dilworrh, 1966; Schöt thorn and Burris, 1966). Ir
was very quickly applied by Stewart (1967) to measure algal nitrogen

fixation in cultures and lakes. It h'âs fron that tine on that data

began to rapidly accunulate as researchers made extensive use of this

new and sinple technique. The physíology of acetylene reduction was

intensively investigated in the laboratory by Stewart et al . (1968),

Hardy et al. (1968, 1973), Stewarr and Lex (1970), Be"gerson (1970),

arid Brouzes and Knowles (1971). Pelagic in situ lake acetylene re-

duction experiments were intrcoduced by Rusness and Burrís (1970) and by

Howard et al. (f970). Attempts at lake nitrogen budgets were made

by Stewart et al. (1971), Granhatl and Lundgren (1971), Horne and coldnan

(L972), Vanderhoef et al. (1974) and Lannergren et al . (1974). Con-

tributions of fixed nitrogen were determined to be substantial in the

last four studies and in several cases appeared to supply more than

40% of the total nitrogen income.

Florida lake sediments have been exanined for nitrogen fixation by

the acetylene reduction technique (Kiern et al ,.1971) and in some cases

have been found active in the fixation process. The same was true in

Florida estuarine sediments (Brooks et al . 1971). Macgregor and Keeney

(1975) also found evidence of fixation in Wisconsin lake sedinents usino

acetylene reduction.



In marine measurements of nitrogen fixation, the acetylene

reduction technique appears to have all but displaced the N-15

nethod. This can be seen in the work by Bunt et al . (1970),

Carpenter (1972), Taylor et aL.. (L973) and Mague et aL (1974).

Many more neasurements are needed to deterTnine the irnpact of the

fixation process upon the nitrogen budget of the world ocean.

Some excellent h'ork by Wiebe et al. (1975) and Webb et al . (1975)

has been done on nitrogen fix¿tion (acetylene reduction) in coral

reefs. It appears that atnospheric nitrogen is a najor source of

combíned nitrogen in the Pacific reefs studied.
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GENERAL INTRODUCTION TO }ÍETHODS SECTIONS

The set purpose of thís study h¡as to establish what was the role
of nitrogen fixation in some selected Canadian lakes. Initial inves_

tigations revealed thât existing acetylene reduction techniques were

too inp'lcecise to be used in this work, A major effort was therefo¡e

nade to improve the precision of the assay. ft was also found that,

using the equipment available to us, the amount of nitrogen required

for nass spectrometric analysis of N-15 was so large (>l rng N) that

isotopic experinents wet e inpractical; the sarnples would have had to

be concentrated to such an extent that it would have been difficult to

relate the resufts back to in situ conditions, Fortunately, as this
study hras just begun, a Statron NOI-s N-15 A,nalyser becane available

to us, This emission spectroneter had the capability of analysing very

srnall anounts of nitrogen and thus it was appealing because it would

allow measurement of tl-t5 uptake on unconcentrated water sanples. The

preparation of samples for spectrometry, as described by the manufacturer,

vras tedious and difficult, however. Thus, a second major effort was

made to devise a fast and convenient ¡nethod of sample preparation for
the spectrometer. In this way, the indirect acetylene reduction method

could be calibrated hrith the more di¡ect isotopic nethod.

Procedural development was of prine inportance in this study and

this is reflected in the large methods section of the dissetation. The

tvro techniques have been handled separately because, while purporting to

measure the same activity, they are so velry different. Other a¡cillary
procedures have been appended as a third portion of the nethods section.



SECTION I OF T{ETHODS

N-rs TECHNTQUES



I3

INTRODUCTION

Isotope analysis of organically delived nitrogen has generally

been an expensive and tedious procedure. The nost widely usecl rnethod

of isotope analysis (Rittenberg) involves the conversion of the organic

naterial to arunonia via Kjeldahl digestion, distillation of the a¡n¡nonia

into acid and then titration of the acid to d.etermi.ne the amount of
anunonia present. 'Ihe arunonia is then converted Ínto nitrogen gas via.
chenical oxidation by alkaline hypobrornite, and. the resulting nitrogen

gas, after drying in liquid nitrogen traps, is fed into a mass spectrometer

where mass ratio analysis is carried out.

A nuch inproved automated system has been described (Barsdate and

Dugdale, 1965) ivherein a Cclemanl Nítrogen Analyser was connected. directly

to a mass spectroneter. The analyser operates on a Drmas principle and

directly converts, in the presence of catalysts, organic nitrogen to

nitrogen gas. The factory installed nitrometer, which measures the

nitrogen gas volume; is bypassed. A liquid nitrogen trap is used to

remove the analyser sweep gas before the effluent (containing the nitrogen)

enters the mass spectrometelc. Barsdate and Dugdale are not clear on

how the amount of nitrogen produced is measured, They do clairn pre-

cision of about + 0,01 at %, a rapíd analysis (s/hour) and the abiliry
to handle small sanples (10 pg N/sampfe), Unfortunately, the very

high equipment costs will preclude its use for many researchers.

Nitrogen isotope analysis by emission spectroscopy has recently

become ¡nore popular due t.o the intr.oduction of com¡nercially available

I Colur* Instrurnents
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spectroneters especially designed for the purpose - Statron2 NOI-5
z

and Jasco" NAI-I Analysers. The precision of these machines is not

as good as that provided by nass spectrometry but they are rnuch less

expensive anà can handle very srnall sanple quantities (<1 Ug N)

(Cook et al. 1967), Several sanple preparation schenes have been

described for these uhits (Keeney and Tedesco, 1973; Meyer et al ,

1974). The manufactu¡ers of the Statron suggest an in vacuo

technique using hypobromite but it suffers from the inherent dis-

advantage of requiríng previous Kjeldahl chemistry as well as titration
to detennine the ammonia concentration. In addition, a prescribed

arnount of the affnoniun salt so produced nust be weighed out so that

the final pressure of nitrogen is the s¿.me in all samples. This

can be very troublesone when the weight of sanple is less than 50 Ug.

The specially shaped electrodÈless discharge tubes are heat sealed

after. being filled with the sârnple and can only be used onöe, thereby

considerably increasing the cost per analysis,

To speed up sanple preparation, to reduce costs and to enable

easy analysis of small sarnples (10 ¡ig N/sanple) a new preparation unit

r.¡as devised. The unit combusts organic ¡naterial in oxygen, measures

the quantity of nitrogeÛ so produced, and then directs the gas into

the enission spectrometer for analysis. The quantity of nitrogen

per sample is not critical (10 - 200 ¡rg) and the electrodeless discharge

tubes can be reused many times.

2 
P. c. tl. Starron, Ehrehfried

3 J"r"o Incorporated, Easton,

Jopp - Str.59, G.D. R.

Maryland, U. S.A.
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Methods and l{aterial s

The preparation unit consists of tr,ro parts: the conbustion

tube (Fig. 1) and the vacuurn rack (Fig. 2). The conbustion tube

consists of a stainless steel tube 0,87 cn (l/32 in) I.0,, I.0 cm

(L9/32 in) 0.D. and 43.2 cm (17 in) Iong. A 0.79 cn (5/16 in)

stainless steel rod is welded into the tube, closing one end. Itrhen

the tube is in the furnace (Lindberg Hevi-Dutyl), care must be taken

to position the tube such that the weld junction is at least two

inches out of the furnace; otherwise failure of the weld may occur

after a nunber of heating cycles. Another 0.79 cm (5/16 in) stainless

steel rod serves as the sanple holder. Its end is Èhreaded to accept

a stainless steel cup into which the sample is placed before combustíon.

The open end of the tube is machirred to 0.95 cn. (3/8 in) O.D'

for about 5 cm (5 i.n.) down the length to accomnodate a Swagelokz

0.95 - 0.64 cn (3/8-I/4 in) reduting union (Fig. 1). The front ferrule

of the 0,95 cm (3/8 in.) end has been replaced with a rubber rO'

ring and the back ferrule has been reversed, thereby producing a good

tfinger tight' vacuun seal. The 0.64 cn (I/4 in) end of the union has

a teflon front ferrule v¡hich accepts a 2 run bore glass vacuun stopcock

witln a 2.54 cm (1. in) long capillary bore (0.24 cÍt, ot 3/32 in) tubíng

extending from.each side. To the other side of the stopcock a

Swagelok 0.64-0.32 cn (l/4-1/8 in) reducer is fittêd, also using teflon

front ferrules. The conbustion tube can be quickly connected to the

Lindberg Hevi-Duty - Div. Sola Basic Industries, Watertohtn' lt¡isc., U.S'A-

Swagelok - T.M. Crawford Fittings (Can.) Ltd., Niagara Falls, ont.

I

2
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Figure 1. A diagram of the combustion tube assembly.

2 - Reducing union 0.95 - 0.64 cm (3/8 to l/4 in.)
3 - High vacuun glass stopcock valve.
4 - Reducing union 0.64 - 0.32 cm (L/4 to 1/8 in.)

40 - 0r:ter stainless steel shell of combustion tube

41 - Inner stainless steel filler rod and öo¡nbustion tube end

42 - \leLC making vacuun tight union between 40 and 41

45 - Stairìless steel sample cup

44 - Uent hole in stainless steel sample cup

45 - Stainless steel filler and sanple holder rcd

46 - Brass back ferrule, reversed

47 - Rubber r0r ring
48 - Brass hex nut for finger tightening ror ring.
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Figure 2. A diagram of the preparation unit,

I - Stainless steel co¡nbustion tube (whole assenbly)
2 - Reducing union 0.95 - 0.64 cn (S/S - I/  ifi
3 - High vacuum glass stopcock valve
4 - Reducing union 0.64 - 0,32 cm G/a - I/g in)
5 - High vacuum finger tight union 0.32 cm (l¡r$ in)
6 - Copperc tubing, flexible 0.32 cm (1/8 in) O.D.
7 - High vacuum finger tight union I/g ín.
8 - Reducing union 0.64 - 0.32 cn ela - L/g in.)
9 - High vacuurn glass 3-way stopcock valve

10 - Valve leg
1I - Valve leg
12 - Valve leg
13 - Glass U-shaped cotd traþ (pyrex)
14 - Glass reduction column (pyrex)
15 - Reduced copper turnings, fine
16 - Nichrone heater wire
17 - Variable voltage transforrner
18 - A.C. line plug
19 - Glass U-shaped cold trap (pyrex)
20 - Liquid nitrogen
21 - Liquid nitrogen
22 - Dewar flask
25 - Dewar flask
24 - Pirani guage sending unit
25 - Glass filler rod in sending unit sten
26 - High vacuun glass s-way stopcock valve
27 - Yalve leg
28 - Valve leg
29 - Valve leg
30 - Glass elect"odeless discharge tube installed in analyser
3I - Pirani guage sending unit
32 - Glass filler rod in sending unít stem
53 - Düai station Pirani guage readout
34 - lrlechanical vacuum pump
35 - High vacuum glass stopcock valve
36 - Tank contaíning ultra high purity oxygen
37 - Trlo stage gas regulator
58 - High vacuum glass stopcock valve
39 - Tubular furnace for stainless steel combustion tube.
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vacuum system by inserting the 0.j2 cn (1/g in) male end. of the re_

ducer into a 0.g2 cm (f/8 in¡ Ultra-Tonl union installed on a

copper tube leading to the vacuun rack, and making it finger tight.
The total volune of the conbustion tube is about 3 nl up to the
closed stopcock, when the sample hotder is in place.

The internal volune of the preparation unit (discharge tube, vacuun

rack betrveen legs 11 and. 27, and conbustion tube] used ín this study

is approximately 20 rnl . It is iìnportant that the internal volune

of the preparcation unit be small if the samples to be analysed contain
little nitrcgen. This is because the pressure of nitrogen is inversely
proportionar to the volune of the preparation unit. The smalrer the
preparation unit volume, the less sanple needed to attain at reast
the âbsolute nininum of 0.2 Torr pressure in the dischaïge tube,

The preparation unlt is constructed of 3 nm bore, 1.5 mrn wall pytex
tubing and the valves are 2 rnm bore spring loaded. vacuum stopcocks

lubricated with silicone high vacuurn grease. The copper red.uction

column is wor.md with approximately 100 turns of about lg guage

nichrome wire across which 65 volts A.C. is apptied from a variable
tr¿nsforner.. The tenperature of the column could not be accurately
neasured but the temperature was such that the heater wire glowed

faintly when viewed in a darkened room. Vacuum is attained using a

Welch2 Duo-Seal 1405 nechanical punp capable of obtaining pressures

<1 nTorr without the use of cold traps. pressure is monitored with a

Ultra-Torr - T.M. Cajon Co., Crawford Fitrings (Can.) Ltd., NiagaraFalls, Ont.

Welch Duo-Seal - T.M. Sargent-lrlelch Scientifc Co., Skokie, Ill.,U.S.A.
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dual range (0 - 100 rnTorr, 0-5 Torr) two station pirani guage (finneys).
Ultra high purity oxygen ¡t,inde4; is supplied vla copper tubing ro
the vacuum rack at approxinately 2 Lb./in,2. The conbustion tube

is connected to the rack via 0.32 cn (1/g in.) 0,D. copper tubing,

Swagelok arrd Ultra-TòrÎ fittings being used to nake the reductions

and unions. The electïodeless díscharge tube, which re¡nains per¡tranently

fixed in the enission spectroneter (Meyer et al. L974), is linked to

the preparation unit by 0,32 cn (1/8 in.) copper tubing also. The dis-
charge tubes as supplied with the Statron NoI-S analyser aïe designed

to roughly fit on a taper joint into which molten picein wax is then

poured to effect a vacuun tight seal. This messy procedure is cir_
curnvented by ernploying an r0r ring around a 0.64 cm (l/4 in.) tapering

glass tubej it yi€l.ds an cffective ¡'et easily nade seal (Fig. 2).

Theory of the Preparation Unit Operation

A dry particulate sanple, cellulat material for example, is
put into the conbustion tube and combusted in a pure oxygen atnosphete.

The conbustion prod.ucts, assumed to be nostl; HZO, COZ, N, and various

nitrogen oxides, then pass through a liquid ,,itrog"r, trap where the

HZO, COZ and some of the unconsuned oxygen condense. The nitrogen,

nitrogen oxides and renaining oxygen next pass through a cohunn of hot

reduced copper that removes the oxygen and reduces any nitrogen oxid.es

Kinney Vacuum Co., Boston, Mass. U.S.A.

Linde - Union Carbide Canada Limited, Toronto, Ont.

3

4



22

to nitrogen gâ.s, The nitrogen gas is finatly passed through another

liquid nitrogen cold trap rvherein any renaining condensables are

re¡noved before the gas enters the electrodeless discharge tube of
the enission spectron¡eter.

Practical Operation of the preparation Unit

It is difficult to describe in an easily readable form the

sequential steps that must be follorved for the proper operation of
the sanple preparation unit. It is suggested that the text be read

hìith continual reference to Fig, Z, The meaning of the word

rstraddlet as used here is seen in Fíg. 2z valve 9 is shown

straddling leg 12.

With v¿lve 58 closed, 35 open, 9 joining l0 to 11, and 26 joining

27 to 29, the vacuum is applied. When the pressure d.rops below 20 rnTorr

the heater for the copper reduction column is turned on. Afterc severar

days initial mnning, typical pressure readings ¿3s <l Torr and <lm Torr

stations 3I and 24 respectívely. It takes this long a period of time

to renove water and contaminating gases from the unit when it is turned

on for the first tirne. Subsequent pumpdowns betÌ,reen sarnples require

only about 15 minutes. Liquid nitrogen is then added to the cold traps

and pressures of <lm Torr and 0 nTorr should appear at stations 3l and

24 respective ly.

The cold traps and copper reduction column are then closed off by

turning 9 to a position straddling l0 and tumin g 26 to a position
joining 29 to 28. This will evacuate the electrodeless discharge

tube. It has been pteviously (Meyer et aI., L9T 4) denonstrated that
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a 15 minute evacuation period will re¡nove memory of previous samples

fro¡n the discharge tubes provided the tube is excited during punp-

dolvn. For this reason, the l5 ninute pumpdown and excitation period

has been adopted as standard.

A dry particulate sample containing 10-200 pg nitrogen is placed
tupon a 4 cn' piece of clean alu¡ninun foill. The foil is folded

over several tines and thàn dropped ínto the sanple cup which is
next screwed onto the sanple holder rod. The whole assembly is then

insert.ed into the combustion tube which is then sealed with the rO'

ring closulîe and connected to the preparation unit. Clean pliers and

forceps are used for all these nanipulations so that nitrogen con-

taninâtion from the hands is avoided. Valve 26 is closed lvhile valve

9 is turned so as to join 10 to 12, and then 26 is reopened thereby

preventing a surge of atmospheric nitrogen into the partially cleaned

up discharge tube, Pumpdown time for the conbustion tube varies and

depends upon the dryness of the sanple. The time is shortened by

gentle heating of the conbustion tube, sonething easily acconplished

by laying the tube on the exterior surface of the tube furnace. A

final pressure of <1 mTorr is usually seen at station 3l after S-10

ninutes punping.

y'¡hen the co¡nbustion tube evacuation is cornplete, valve 9 is kept

in the position joiníng I0 to 12, valve 26 is ¡nade to straddle Leg 29,

and oxygen is allowed into the unit via 38, for about 5 seconds.

This oxygen serves as ¿ rinse and is quickly renoved by the pump.

I Pi""., of foil rdere conbusted as though they contained samples and
they oroduced no appreciabl e nitrogen gas plcessure, thus indicating
that. they were free of contaminating nitrogen.
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Once the pressure again apploaches 10 nTorr, valve gS is closed and

3B is opened for about 5 seconds after which time the oxygen pressure

in the conbustion tube is approximat eIy 2 Ib./ín.2, Valve 3 is
closed, 9 is made to straddle 10, 38 is closed and 35 opened so

that the unit evacuates. Union 5 is loosened and the conbustion tube

disconnected fron tube 6,

The combustion tube is placed into the tube furnace (g90.CJ and is
recoìlnected to the preparation unit by union S, valve 9 is turned

to join l0 and 12 and the system is evacuated up to valve S. Now the

vacuun in the cold traps and reduction colurnn as well as in the

discharge tube is checked and if necessary, reestablished. After 5

minutes of combustion, valve 3 is opened and the combustíon products

are ïouted via 9 through the cold traps and redr¡ction colunn, past

Pirani guage 24 and. up to closed valve 26 (straddling 29). Cold tTap

15 removes condensables such as CO, and H2O, the hot copper column 15

removes any unconsumed oxygen as well as reducing nitrogen oxides, and

cold trap 19 removes residual condensables, The pressure reading at

station 24 is therefore due to nitrogen gas only and one can easily

calculate the weight of nitrogen originally present in a sanple, with

the aid of a standard curve. If the nitrogen pÍessure is above that

desired for accurate analysis (in our case, above 2 Torr), excess gas

can be evacuated viâ. 26 in a position joining 27 to 29. I.lhen a suitable

(0.4 - 2.0 Torr) pressure is obtained, 26 is turned to the position

joining 27 to 28 and the nitrogen is routed to the dischar.ge tube.

The pressure readíng on guage 24 should drop considerably (in this
case, about 50%) because of the sudden increase in volune of the system.

An effort shculd be nade to keep discharge tube pressure approxinately
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between 0.2 and 0.8.Torr for acceptable accuracy in at % N-15

measurenents, the reaions for this being discussed later. This means

that enough sample nust be analysed to produce at least a mininun

pressule of 0.2 Torr; pressures in excess of 1.0 Torr can easily

be evâcuated.

After approxinately 30 seconds, the optical ernission stabilizes

and a seriês of scans (eS. 6) can be rnade of the nass 28,29, and 30

nitrogen emission bandheads. The peak heights are then neasured and

the average N-15 enrichment is calculated (Ferraris and Proksch, 1972).

If sanple drying and combustion are done duríng discharge tube cleanup,

it is possible to process a sample ev ety 20 ninutes,

Sarnples whích are already in the gaseous form are handled

differently than particulate samples. Basically, it is only requireC

that the gas pass through the first líquid nitrogen trap, the hot copper

column, then the other líquid nitrogen trap and finally form a pressure

of at least 0.2 Torr in the discharge tube. Specifically the operation

is as follows: The conbustion tube is separated from the preparation

unit by removing the flexible tubing from union 7. Into the open end

of this union is fitted a rubber septun which is held secure under the

knurled nut. With the unit in normal operating order and everywhere

evacuated, valves 38 and 35 closed, valve 9 straddling leg 12 and

vaLve 26 straddling leg 28, the gaseous sarnple is introduced through

the septurn by a syringe bearing a 26 G hypodermic needle. The quantity

of gas is not critical; ít is only necessary that there be an excess

above that required by the analyser. The syringe is left in place so

that no leakage can occur through the punctule and valve 9 is made to
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nonentarily join legs 12 and 10 and next nade to strâddle leg 10.

The gas thereby distributes itself between legs l0 and 29 of the

unit. By this procedure the septurn is isolated fron the rmít and

the syringe can be safely rernoved without fearing inward leakage

of atmospheric nitrogen.

The portion of the unit between legs 10 and 29 serves as a

sample gas reservoir. In order to facilitate easy subsanpling of the

gas, the pressure is reduced (if necessary) to approxinately l Torr

in the reseîvoir by evacuating through valve 35 until the coLrect

pressure is reached. Next, a subsanple is taken by tutning valve

9 to join legs 10 and 11 for a period sufficient to obtain pressure

equilibrium at sender 24 (apptoxinate ly 30 seconds) and. then turning

9 so as to stïaddle 1eg lI. Because the volume of the gas reservoir

is substantially g"eater than the rest of the unit between legs 11

and 27, the pressure as read on sender 24 is only slightly less than

that in the reservoir i.e. I Torr. Valve 26 is next nade to join legs

27 and 28 and the sample is introduced to the spectrometer for analysis

in the normal way.

Preparation Unit Maintenance

The combustion tube wíll burn out in tine and start to leak. It
is not feasible to repair the tubes and therefore when such leaks occur

the tubes are discarded. The rO' rings on the tubes are subject to

weat and should be regularly checked and replaced if necessary. High

vacuum silicone grease very lightly applied to the t0t rings is helpful
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in ¡naintaining the integrity of the system,

The stopcocks of the preparation unit may in tirne become plugged

or difficult to turn and therefore should be regularly cleane<l and

lubricated with silicone high vacuurn grease, fn our experience, the

copper reduction column.becomes nostly oxidized after perhaps 50

samples have been processed. The copper distinctly changes coloqr

from red tÕ black when it is oxidized and this is plainly visible

through the glass wall.s of the column. llhen this occuts the heater

is turned off so that the copper may cool and the liquid nitrogen

dewars are removed so that the traps will reach ambient temperature.

Valve 55 is closed and hydrogen gas is introduced into the assembly

at valve 26. The gas passes at apprcximately 100 nl/nin through the

copper turrrings and out of the other valve 9 through Leg !2. This

hydrogen nust either be burned or properly vented fr'om the îoom.

Once all the aj.T has been purged from the system by the hydrogen, the

heater is again turned on and the copper is rapidly reduced. The

hrater vapour produced condenses and form droplets whích nostly pass out

of the unit with the unused hydrogen. IVhen all of the copper is

reduced, the heater ís turned off and the colum allowed to cool. The

hydrogen flow can then be halted and the preparation unit evacuated

in the normal fashion. Several hours may be required to pump off the

water fron the system, a pîocess that is considerably accelerated h'hen

heat is .pifi"a, Once the pressure is belor^r l0 Torr the reduct.ion column

heater can again be turned on, Pressures below I mTorr are obtained

after 8 hours of continlrous pumping,

The liquid nitrogen dewars are renoved at the end of each operating

day so that any solidified or condensed gases and vapours will evapotate
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and be punped away fron the unit. The dewars are replaced and filled

with liquid nitrogen at the beginning of each operating day.

The electrodeless discharge tube is subject to discoloration

after continued use, The discoloration has no apparent effect upon

the accuracy of the N-15 lneasurenents, but as a precaution, the tube

is replaced with a new one after approximately every 100 sarnple runs.

Results ând Discussion

A typical recorder t:rracing of the enission spectroneter output

is given in Fig. 3. In this case, the sanple consisted of a pr.e-

conbusted (550'C) glass fibre filier through which had passed 25 ml

of eutrophic lake water, containing 10 pg particulate nitrogen of

natural abundance. The baselines utilized for calculating peak height

(see Fig. 3) are not those reconnended by the manufacturer (Statron)

but h¡ere found to yield the nost accurate results over the largest

range of N-15 enrichments encountered (0.37 - 50.0 at %). Figure 4

shows thê relatíonship between actual at % in standards of 49.25 to

I.36 at % versus the observed at % deternined by the emission sþectro-

neter. The vertical bars represent 95% confidence limits for the

observed at % reading of any single sample, The Studentts t dis-

tribution was employed for this deternination and the sanple size is

printed beneath each bar, Figure 5 is a si¡nilar plot for standards of

7,01 to 0.37 at %, The observed Teadings ar'e very close to the actual

values of the standards and for nìany purposes a standard curve may not be

required because the observed readings will be sufficiently accurate without

correction, If maxinun accuracy is required, a standard curve that joins
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Figure 3. The N-14/14 baseline consists of a line that is ¿t one
end tangential to the tail of the N-14/14 peak and at
the other end intercepts the abscissa immediately
below the inflection point between the N-14/15 and
N-14/14 peaks. If a baseline, drarrn tangent.ial to
both the head and tail of the N-14/14 peak, intercepts
the abscissa further to the right than the previous
baseline, then the second baseline is used instead,
The N-14/I5 baseline is as indicated in the figure.



NATURAL ABUNDANCE SAMPLE

RANGE

RANGE CHANGE
AND NEXT CYCLE
STARTS

l
N-r4/

RANGE
CHANGE

I xrô,ooo lxsool

AMPLIFICATION

Øt-
=4e3
t-
E.

:r
L)

E.

H?o
E.o
O
Hto

F--
i

START END

TIME



Figure 4. A plot of observed at % N-15 as a function of actual
at % frorn 1.36 to 49,25 at % N-15. The numerals
under each 95% confidence bar give the number of
samples analysed.
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Figure 5. A plot of observed åt % N-15 as a function of actual
at % from A.37 to 7,0L at % N-15. The nuneral under
each 95% confidence bar gives the numbetc of samples
analysed,
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averages of observed neasurements should be used because such a curve

enploys actual observations and does not assune that the relationslìip

betrlteen real and observed neasurements is linear, At the natural

abundance level of 0.37 at %, the nachine used in this study gave a

nean reading of 0.337 at 9o for 8 sarples with a 95% confidence inteîval

of 0.32I to 0.553 at eo,

The anount of nitrogen present in particulate samples is deternined

fton a standard curve relating known weights of nitrogen to obseÌved

gaseous pressure in the preparation rmit. The curve is constructed by

pipetting I00 Ul volu¡nes of appropriate concentrations of NH4CI solutions

onto precombusted. Reeve Angell 984-H glass fibre filters, allowing then¡

to dry and then analysing then in ti.e same fashion as for particulates.

Figure 6 shows the results. The vertical bars are 95% confidence

intervals for pressure readings of single sanples obtained by the Pirani

guage. The numbers under the bars represent the sanple size enployed

to detel'mine the confidence inter:vals using the Studentrs t distTibution.

The pressure-weight relatíonship appears to be linear.

When nitrogen gas fron the combustion tube is permitted into the

evacuated preparation unit, the pressure reaches a maximum value in

about 30 seconds and fron that instant on it declines slowly. Figure 7

illustrates the drop in pressure as a function of tine. The pressure

appears to reach a nearly stable end-point after about ten minutes.

The pressure-weight standard curve given in Fig. 6 is constructed fron

rnaximum pressure values obtained about 30 seconds after opening the com-

bustion tube to the preparation unit. The reason for this slow drop in

1 Ru".ru Angel - Clifton, New Jersey, U.S.A.



Figure 6. A plot of gas pressure (Torr) in the sample preparatíon
unit as a function of the r4'eight of nitrogen (¡rg)
co¡nbusted in ths unit, The vertic¿l bars (95%
confidence limits) have the number of sanples analysed
given under then
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Figure 7. A plot of gaseous pressure (Torr)_ ín the sample preparation
unit as a fllrìction of tine (nin). The first neasurement
actually was taken about 30 seconds afte" the sanple had
been allowecl into the furnace, when the pressure had
aheady reached a naximun and had begun its slow decline.
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pressuïe is not known; it may be that the copper turnings are stilt
reacting with unconsumed oxygen in the systen oï that carbon dioxide

and h,ater vapour arfe still being solidified in the cold traps.

Previous workers (Broida and Chapman, Ig5g; Keeney and Tedesco,

1973; Meyer et aL. 197 4) have shown that the observed at % readings

are slightty dependent upon pressure of nitrogen in the discharge tube

The same effect was noted in this study, Figure 8 illustrâtes how a

natural abundance sample varies as a fimction of pressure in the discharge

tube. The relationship between % N-15 and plessure is statistically
significant as is revealed by the value of R2=0.748 for the regression

line drawn, It appears that a substantial poÌtion of the variation

in at % readings is in fact due to this pressulre effect. The most

precise measurements require that a constant pressure be adherecl to

for all analyses; for nany less exacting pulcposes the pressure effect

can probably be disregarded, at least within the pressure ranges shown

here (0.2 - 0.8 Torr).

It has been a common practice to employ inert gases such as helium

or argon to sustain light ernission by nitrogen in electrodeless dis-

charge tubes (Cook et al . 1967; Keeney and Tedesco, 1973; Meyer et al.
1974). These gases are employed in situations where the anount of

nitrogen is low and therefore the pressure insufficient to pefldt

ignition. Meyen et aI. (I97 4) state that ignition can be attained with

as little as 15 nTorr nitrogen pressure, plovided that total pressure is

brought up to I Torr with argon. They also state, however, that accurate

results were obtained only when the nit.rogen pressure vras at least

200 nTorr,' with an addítional 900 nTorr of argon pressure as a sustainer.



Figure 8. A plot of observed at % N-15 of natural abundance
sa¡nplès as a function of gås pressure (Torr) in
the discharge tube of ¿he N0I-5 emission spectro-
meter.
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Even when sufficient nitrogen is present to sustain light emission

in the tube, the previous three groups of r*orkers still reconunend.

the use of sustainer gases.

IVe have found that bright emissions are easily obtained on

pressures from 0.2 to 3.0 Torr Ìr'ithout the addition of â. sustainel:

gas. The emissions are long lived (>0.S hours) even at the lowest

pressures and the accuracy appeaÌs to be generally bett.eï than tlìose

cl¿i¡ned by other workers (Fig. 5). The coefficients of variation of
0.37 and 4:15 at % standards v¡ere Z.Oeo anð, 1,3% respectively (n=g

in both cases). These variations are significantly lower than those

reported by Meyer et al. (1974). 0f nore iinportance is the fact that

it ís considerably easier to process samples if the sustainer gas is
not required.

The gain setting for the photonultiplier tube appears to have no

effect upon the ãt % reading within the range of 1000 to 1400 vol.ts.

This is at least in partial agreenent with Meyer et al. (1974) and in

contrast to the results of Keeney and Tedesco (Ig7S), In our experience

it is not necessary to exceed these voltage bounds.



SECTION II OF METHODS.

ACETYLENE REDUCTION TECHNIQUES
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INTRODUC'IION

The acetylene reduction technique rapidly became popular as a

nethod of neasuring biological nitrogen fíxation because of its high

sensitivity and simplicity. It has been applied to a range of
organisrns broad enough to include termites (Benemann, 1973) and lichens

(Hitch and Stewart, 1973). The number of variations on the basic assay

procedure have increased alrnost proportionally to the increasing number

of investigators interested in N, fixation. Unfortunately not all
these variations can be considered useful and in païticular, nost

nethods used in aquatic envírorunents seem unacceptable.

There are several factors affecting the assay that have been

disregarded in past aquatic applicaiions and results of such work

are suspect. The refinenents to the acetylene reduction assay that.

are essential to this study are described below and have been published

earlier (Flett et al. 1976)

PROCEDURES

Typical PreVious Procedure - "Method Irl

Most aquatic acetylene reduction assays have been perforned on

v¡ater samples using variants of the following basic technique. A small

serun bottle (5-100 ml) is partiatty filted with the sanple, capped

with a serurn bottle stopper, and the vapour phase replaced with a

synthetic at,nosphere containing argon, oxygen, carbon dioxide and

acetylene (Rusness and Burris, lg70). In sone aerobic assays
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(Stewart et a1., 1971) an air vapour phase, to which acetylene has

been added, is employed, Alaerobic "rr.y, t,rtl.ily have a synthetic

vapour phase in which oxygen is replaced by argon, After a suitable

incubation period, which ranges frorn several minutes to inany hours

(Taylor e.t al., 1973; Brezonik and Harper, 1969) a known volune of

the vapour phase is rernoved by syr.inge and its ethylene content assayed

by hydrogen flane ionization detector gas chronatography, A simple

calculation is ernployed to relate this value to the amount of di-

nitrogen fixed:

oles N, fixed = .33 x noles CrH* produced

Such methods appe¿r to be baseC upon a nunber of untested assumptions

involvj.ng the degree and velocity of gas exchange between aqueous

and vapour phases. The methods also appear to be performed under

suboptimal conditions due to this neglect of the basic physical

chemistry of the assay. In aqueous systems many of these difficulties
can be overcone by the following technique.

Modified Procedure - "Method IIrl

The water sample is obtained by any suitable sanpler (in our case,

Van Dorn) th¿t has a female Lond.on Luer fitting installed in the end

of the exhaust tube. Water is allowed to exhaust for several seconds

before a 50 ml glass syringe (interchange¿ble London Luer) is connected

to the Luer outlet of the sampler and partially filled with sanple.

Plastic syringes are unsuitable due to gas permeability and pronounced

rmemory'. The syringe is then disconnected from the sampler and shaken

sufficiently to rinse and conpletely wet the barrel and plunger. This
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hrater is expelled and the syringe reconnected to the sanpler fron

which 'ì,40 ml of sample I is gently dralvn into the syringe. After

disconnection from the sampler, the syringe is held point upward and

the sample volune reduced to tu31 nl, thus expelling any air bubbles,

A 26 G, L.3 cn (I/2 ì,n).h¡podernic needle is fitted to thê syringe

and the volurne reduced to exactly 30 nl . A second nethod of obtaining

Irrater sanples is described in Section III of Methods.

Acetylene is obtained directly from a sr¡all. MC cylinder (welding

grãde) equipped with a regulator that supplies gas via a short length

of surgical tubing that is end-plugged with a s erum stopper. The

tube is flushed with acetylene prior to being sealed by the sen¡m

stopper.

With the syringe pointing upward, the needle is forced through

the acetylene tube serum stopper and ".7 ml of acetylene is allowed

into the syringe over the h¡ater sample, It. is inportant that the gas

does not bubble through the water because it is very rapidly dissolved

and thus an unknor¿n excess of acetylene ¡nay accidentally be added,

lvhile avoiding agitation, which would cause acetylene to d.issolve,

the needle is withdrawn from the serun stopper, thé gas volune adjusted

to exactly 5.0 ml and the needle is then sealed by forcing it into a

solid rubber stopper. The sarnple is vigorousLy shaken for l0 seconds

or until no nore acetylene will dissolve, at which time it is our

experience that the vapour phase has a volume of "t0,25 nl. This nonent

is recorded as the beginning of the incubation period.

1 Nor" all stated volunes are appropriate to our experiments and.
nây vary according to indivídual requirenents; see later.
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After a suitable period of incubation, the assay can be terminated

by the addítion of trichloracetic acid (Stewarc et al ., 1967) or the

equilibrated vapour phase can simply be removed innediately (see

fo l lowing) .

Gas sanples are obtained as follows: A gentle tension is exerted

on the syringe plunger and the stopper is simultaneously removed.

This procedure reduces.the probability of losing gas when the stopper

is removed. Room air is drawn into the syringe such that the vapour

phase volume is 15 nl and then it is resealed with the stopper. The

sy'ringe is vigorously shaken for 30 seconds to equilibrate the

vapour and aqueous phases. The final vapour phase voltrlne is carefully

noted because it lvill exceed the expected 15 rnl, a consequence of

acetylene degassing from the vrater.

Small serun bottles (7-13 rnl) are used as storage vessels for

the gas samples. They are prepared by completely filling then with

distilled wateî and then capping then with serrnn stoppers. The water

that is displaced by the stoppers is vented through a 26 G hypodernic

needle. They ¡nust be free of entrained air'

The equilibrated gas phase frorn the syringe is introduced into

the serun bottle as follows: a 26 G hypodermic needle is pushed just

through the stopper of an upright serun bottle. The syringe needle

is unsealed by removing the solid stoppel' the syringe pointing downward

while being held by the barrel, This may allow a very small arnount of

water to leak out but ensutes that no gas contarnination occurs' Next,

the syringe needle is forced al.l the way into the serun bottle stopper

and the whole assenbly inverted so that the syringe points up. The

gas is forced into the serun bottle and the water displaced through
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the vent needle. After rnost of the gas has been expelled from the

syringe and all of the water forced from the serun bottle, both

needles are removed, The vent needle should not be left in place

any longer than necessary because air may enter thtough it and con-

taminate the gas sample,

Gas clrromatographic analysis of a sanple can be acconplished by

hydrogen flane ionization detector equipped G.C. usíng a variety of

packings (Hardy. et aI., 1973), We have found phenyl isocyanate,/porasi I
I

C^ @ 45"C to be very effective because the large a¡nounts of nethane

often found in lake bottom waters do not interfere with the ethylene

peak nor do large quantities of acetylene interfere because the

acetylene peak follows that of ethylene, Normally, 0,1 mI of sanrple

gives adequate sensitivity yet prevents extensive loading of the colu¡nn

with acetylene. The serum bottles prove convenient because they may

be repeatedly sampled with little loss of accuracy if only 0.1 ml is

withdrawn per analysis.

once the concentÌation of ethylene in the vapour has been de-

ternined, the actual quantity of ethylene produced in a given volune

of h,ater sarnple can be calculated. using the relationship outlined later

in this section of the dissertation.

I tV"autt Associates, Franingham, I{ass.



50

RESULTS AND D ISCUSSION

Ethylene Solubility

Procedures anâlogous to Method I depend heavily upon the

assumption that ethylenê is insoluble in water and therefore that

all the ethylene produced is quickly transferred to the vapour phase,

This assumption is incorrect.

Ethylene is quite soluble in rt¡ater. Under 1.0 atmosphere pressure

of pure ethylene at 20"C,0.122 volumes of the gas will dissolve in

1.0 volurne of water, Compared to nethane, oxygen, and nitrogen, it

is respectively 3,7,3.9 and 8.1 ti:¡es more soh¡ble than these other

gases (Loomis, 1928) .

The arnount of ethylene that passes fron solution into the vapour

phase ín an equilibrated closed system depends upon the relative

arnounts of aqueous and vapour phase present. The actual quantity of

the ethylene transferred can be calculated by the following variation

of Henryrs Law:

..M
" 1+oA

B

where :

X = volune of the gas transferred frorn aqueous to vapour phase (ml),

M = total volume of tlìe gas dissolved in the aqueous phase (nl),

cr = Bunsen absorptio4 coefficient = volrme of gas that will dissolve in

1.0 mI of water at a given temperature and under 1.0 atrnosphere partial

pressure of the gas, A = volume of the aqueous phase (ml), B = vo hlme

of the vapour phase (ml). All of the gas in the systen is assuned

to be initially dissolved in the aqueous phase.
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Application of this relationship is intrinsic to the success of

l"lethod II. It must be stressed that cr depends upon the tenperature

of the aqueous phase when equitibrated, not that occurring during

incubation. It should also be noted, that the value B is the volune

of the vapour phase äftêr equilibratíon; this value will be slightly

larger than the volune of air initially enployed for equilibration.

The percentage of ethylene transferred from aqueous to vapour

phase for a gíven temper¿ture can. also be calculated:

Percent transfer of ethyrene = If#!I 100
1+oA

It

Fron this formula, a plot of percentage tîansfer of ethylene

versus aqueous phase as a percentage of total volume can be made fo¡

various temperatures (Fig. 9),

From this plot it is evident that the percentage transfeÌ of

ethylene is inversely proportional to the percentage of aqueous phase

and is directly proportional to temperature. For example, at a

tenpenature of .5"C only 57% of the ethylene would be transferred to

the vapour phase from an aqueous phase that was 80% of the total volume

of the sample bottle. Therefore, under conditions where the aqueous

phase comprises a significant fraction of the total volume, a significant

error can made if one assunes that ethylene is insoluble, In view of

the fact that the curves shown in Fig. 9 are easily generated and

applied, it would seen unreasonable not to use then when calculating

ethylene concentrations



Figure 9. A thoeretical plot of percentage transfer of ethylene
to the vapour phase versus aqueous phase as a
petcentage of total volume of the vessel for 5, 20

and 30"C.
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Assay Sensitivity

In order to increase the sensitivity of the acetylene reduction

nethod, sone r.¡orkers have concentrated organisns in water samples to

increase the anount of ethylene produced per unit volune of sarnple

(Granhall and Lundgren, 1971). Concentration of natural sanples is

widely recognized in microbial ecology as a procedure best left
undone if there are other methods available for increasing the

sensitivity of an assay.

Figure 10 is a plot of theoretical calculations of percentage

aqueous volune versus equilibrium ethylene concentration for a water

sample at various temperatures and originally containing I.0 x 10-3 ml

CZH4/nI H2O. It should be noted thât the concentration of ethylene

in the vapour phase is directly prîoportional to the percentage aqueous

phase. For exanple, at 2ooc the concentration of ethylene in a systen

¡vi th 80% aqueous phase is 11.2 times greater than in one having a

20% aqueous phase. This illustrates that assay sensitivity can be

significantly enhanced simply by increasing the relative proportion

of aqueous phase in the incubation bottle rather than by concentrating

the sanple. The limiting factor in this method of increasing sen-

sitivity is the volume of the vapour phase as it is necessaty that the

vapour phase is kept large enough for accurate subsampling. If a

vapour phase of a"lO ml were required for accuracy, a 10:1 aqueous:

vapour volulre ratio could be enployed on a 100 nl sanple. Should still

more sensitivity be iequired a 100:1 ratio could be used on a l'0 &

sarnple while still maintaining the 10 nI vapour phase.

This :lethod of increasing sensitivity has evidently been used in

nethods of tx)e I but it appears (Stewart, 1968) that no correction has



Figure 10. A theoretical plot of ethylene concentration in the vapoul
phase versus aqueous phase as a percentage of total volume
of the vessel foÎ 5, 20, and 30"C. The original ethylene
concentration was 1.0 x 10-5 ml CrHO/mL HrO.
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been rnade for ethylene solubility, an important factor in assays

having proportionately large aqueous phases, I{ethod II acconnìodates

the problen of ethylene solubility and also provides flexibility in

determining the final aqueous:vapour phase ratio. If this ¡neans of

increasing the sensitivity proves inadequate in a given situation

perhaps one should ask h¡hether the rate of ethylene production

(nitrogen fixâtionl is of any significance in the environment being

exanined .

Agitãtioa and Gas Exchangq

Many workers using Method I seen to have assuned that ethylene, by

reason of its supposed insolubility was totally transferred to the

vapour phase even though the samples were not agitated during or after

incubat i-on. To test this assunption a 50 mI serum bottle was half

filled with water than contained a nonsaturating anount of dissolved

ethylene. The vessel was sealed and left at rest on a table toP. The

vapour phase was subsanpled for ethylene concentration at regular in-

tervals, the results being seen in Figure 11.

Of the rnaxinun amount of ethylene theoretically transferrable to

the vapour phase, only 57% appeated there in 2 hours. While this

experiment represents the extrene case of abolutely no agitation, it

illustrates how underest inations of ethylene production can be obtained

if one does not ensure conplete equilibration. In an actual assay,

such an underestirnate would be further exaggerated because ethylene

is constantly being produced, not as in this expeliment whele the total

quantity of ethylene was present at time zero.



Figure 11, An experinental plot illustrating the transfer of
ethylene fron aqueous to vapour phase as a function
of time. The vessel was static, had a 50 ml volune,
and contained 25 nl of r^rateï in rvhich was dissolved
a subsaturating ånount of ethylene.
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It being clear that equilibration of the ethylene between the

aqueous and vapour phases was not iÍmediate under static conditions,

an experínent was undertaken to deternine how quickly equilibriun

could be obtained. The method was the sane as in the previous ex-

periment except that the vessels were vigorously hand sh¿ken for

various time periods,

The results (Fig. 12) reveal that equilibration occurred ín about

20 seconds in this specific case, where the. aqueous and uapour phases

were equal in volume (25 ml). However, it is essential that each

experí¡iìenter using a procedure like Method I deternine the equilibration

tine for his own vessels and sample volunes if he wishes to obtain

accurate results. For example, in cases where a 1.0 ml gas phase were

utilized, equiLibration periods of the order of 5 - 10 minutes night

be requíred, Note that Method II stresses precise, standardized

equilibration tines and agitation procedures.

A final caution should be given about data obtained fron experiments

not employing agitation steps. As illustrated in Fig. 12, initially,
very slightly different periods of agitation cause greatly different

anounts of ethylene to be transferred. It is quite conceivable that

duplicate samples could vary greatly simply because one sample was

inadvertently handled (agitated) more than the other. Unfortunately,

data obtained fron such experiments is not anenable to later correction

because each sanple nay have undergone a different and unknown degree

of agitation. Due to this, sone previously published data may be of

litte real value.



Figure 12. An experimental plot shou¡ing the transfer of ethylene
fron aqueous to vapour phase as a function of tine.
The vessel was vigorously shaken by band, had a
50 m1 volume, and contained 25 nl of hrater in which was
dissolved a subsatu"ating amount of ethylene.
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Tn¡e Substrate Concentrations

The concentration of acetylene or nitrogen (expressed in

atnospheres) in a sample can be deternined by a further variation

of Henryt s Law:

" 
Ã ^ = ::ilï:'älï,if,oi;å;'*o gas in the

l¿- M

I +04
E_

Therefore: M-X Mwnere x

p is defined as the initial partiâl pressure of the gas in atnospheîes.

Therefore pB = M

pn - ---!s--1*gA
B

M-X
A

Fron this one is able to calculate the ioncentration of dissolved

gas in sarnples of any aqueous:vapour phase volume ratio and under any

paÉial pressure of the gas.

Figure 13 is, a theoretical plot of dissolved C2H2 concentration

in a series of sampl.es having various % aqueous phases ínitia1Ly rmder

0.1 and 0.8 atmosphere CrH, vapou'r phases. It is obvious th¿t the %

aqueous phase, as well ¿s the partial pressure,. has a marked effect

upon the concentration of dissolved acetylene.



Figure 13. A theoretical plot of dissolved acetylene concentÎations
versus % aqueous phase for vapour phases initially
containing 0.1 and 0.8 atmospheres of acetylene.
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Conceivably, the nitrogenase of one sample could be saturated

with acetylene while that of a second sanple ni-ght not be, even

though both sanples were exposed to the sarne partial pressures of

acetylene. The samples only need to have different % aqueous phases

for this difference to occur. For example, Stewart (1968) has de-

tennined that Anabaena flos-aqua are just saturated at 0.1 atn.

Crtl, in a chanber having a 4.0 nl vapour phase and a 1.0 nl aqueous

phase (Crft, concentration = 0.082 nI CrHr/nI HrO). If the sane assay

were performed in a chanber with 0.1 atn CrHr, a 4.0 ml vapour phase

and a 4.0 ml aqueous phase, the ethylene production/nl of culture

might be or.ly 60eo of that in the previous test, due solely to sub-

saturation of the nitrogenase (0,051 nI CrHr/nL culture).

Moreover, if the half-saturation constant (Kr) values are expressed

ín atnospheres CrHr, vaiues obtained in one experinent are not directl.y

comparable to Kn values obtained fro¡n other experiments; the % aqueous

phase must be included in the data for such conparisons to be possible.

This could be avoided by expressing Km values in terms of concentration

units and then direct comparisons between K, values could be made with-

out having to recalculate past data.

Figure 14 is a plot of dissolved N2 concentration in a series of

samples having various % aqueous phases initially under 0.1 and 0.8

atnosphere N2 vapour phases. As was the case with acetylene, both

partial pressure and the % aqueous phase can be seen to have effects

upon the concentration of dissolved N2 in the water. The change in

dissolved N, in the water, as a function of % aqueous phase, is not

very pronounced for values below B0%. Therefore, aLI ð,ata concerned

with nitrogen gas concentrations and obtained fron samples with less
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Figure 14. A theoretical plot of dissolved nitrogen gas con-
centrations versus % aqueous phase fonrapor"rr phases
initially containing 0.1 and 0.8 atmospheres of
nitrogen.
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than B0% aqueous phases are probably intercomparable even though

they are expressed in atnespheres, This Íneans that nost nitrogen

gas K values which are expressed in atnospheres of nitrogen can

probably be validly interccompared, Nonetheless, nitrogen gas con-

centrations would be belt desc¡ibed In concentration units so that

no ambiguity exists.

A convention shou-ld be adopted with respect to the expression

of dlssolved gas concentration. Oxygen and carbon dioxide are usually

expressed in terms of concentration units eg. U noles/l or mg/l;

so it would seen should nitrogen and êcetylene.

lene Addit ions

It has been suggested previously (Hardy et al ., f973) that any

nitrogen gas originally present in a sample should be removed and then

replaced by a quantity of acetylene that will rrsaturate N2-ase to the

same degree that it is saturated by ambient Nr'r. Such an approach,

though perhaps correct in theory, is not desirable in aquatic field

studies because other gases LCO2, 02, CH4 etc.) will be removed with

the nitrogen and subsequently should be replaced (see later). This

presents ¿n almost insurnountable problem for field biologists.

Another technique has been developed (Granhall and Lundgren, 1971)

wherein acetyLene is applied to a sample in such high concentrations

that fixation of ambient nitrogen is conpletely inhibited, This is

an especially attractive technique because the gases originalty dissolved

in the sanple can be retained provided a sufficiently small vapour

phase is enrployed as in lr{ethod II. The naj-n consideration is to ensure
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that saturation of the nitrogenase has substantially occurred; this

should be verified experinentally for the particular ecosystem

being assayed. However, it nust also be de¡nonstrated that inhibition

of acetylene reductj.on is not taking place [Hardy et al ., 1968;

Brouzes ald Knowles, 1971) due to an excess addition of acetylene.

A typical addition (Stewart, 1968) in methods of type I, has been

0.1 atrnospheres acetylene (4.0 nI vapour phase/l.0 nl aqueous phase)

and the concentration can be calculated' by methods previously

described in this paper, to be 0.082 nI CZH2/nl H2O. The acetylene

concentration, as given in ¡nethod II, is 0.158 nI Cr}j'r/nl HrO when

5.0 ¡nl of acetylene are added. Both have been found satisfactory.

Though very soluble in water (1.032 ml C rftr/nL H2O e 20"C and

1.0 atmosphere pressute CrHr), in our experience acbtylene in the

vapour phase will not quickly reach equil ibrium with the aqueous

phase unless the container is agitated. Therefore, samples should be

shaken imnediately upon injection of the acetylene, as in Method II;

this will ensure thât the nitrogenase is saturated as the start of

the incubation period and not at sone later tine.

Blank Deterni tions

The use of blanks in the acetylene reduction technique is im-

perative. From then one determines the ambient ethylene concentration

of the v,ater and the quantity of ethylene added to the sanple via
1

impure' acetylene, The estination of ethylene can be performed by

t *tat*. ,@o contain as little ethylene
as higñ furity acetylene and therefore the welding grade gas is used
becauie õf its lower cost. The purity of gas inproves as the cylinder
enpties and therefore the first ñalf of the gas is often vented off_so
as to obtain acetylene containing little ethylene (Brooks et al' 1971)'
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adding the acetylene (and contaninating ethylene) to a sample,

equilibrating it by agitation and then imnediately subsanpling the

gas phase for gas chronatographic analysis of ethylene. Provided

that lr'ater and gas phrr. vol.m", are the sane in both blank and

sample, the ethylene deterrnined in the blank nay be dírectly sub-

tÏacted from that deternined in the sample vessel that has been in-

cubated and then equilibrated. Failure to equilibrate the con-

taninating ethylene nay rcesult in high blank values which in turn

will lower estinates of total ethylene produced during incubations.

A search of the literature indicates such errors rnay be cornmon because

there is no evidence that they have been deliberately avoided.

Phâse Effects

Perhaps the least discussed yet most difficult problem in the

application of the acetylene reduction assay to aquatic environments

has been the presence of the vapour phase in the assay bottle, such

as seeir in Method I. Unless the gaseous constituents of the vapour

phase are in exactly the right concentTations, a nonequilibriun

situation will exist between the vapour and aqueous phases, This r¿ill

cause the concentrations of dissolved gases in the water (O2, COZ, CH4,

N. etc.) to change fron those originally occurring in situ,

A general statenent about the biological effects of altered

dissotvecl gas concentrations upon acetylene reduction cannot be made;

there probably are many. For exanple, Stewarct and Pearson (1970) found

that changes in dissolved oxygen concentrations can affect rates of
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âcetylene reduction in algae, These wo¡kers have shown that acetylene

reduction was enhanced. at oxygen levels below or equal to atnospheric

equilibriun and that it $/as inhibited at higher concentrations. Such

findings have implicatíons for the neasurement of nitrogen fixation

in the field. An activèly photosyrthesi zing sanple, one taken fron

the surface of a lake for exarnple, may well contain higher than

equilíbrium concentrations of dissolved oxygen, Acetylene reduction

rates should be depressed in this condition. Unfortunately, if
most current field assay techniques were applied to such a sample,

the dissolved oxygen concentration would drop due to equilibration

with a relatively large vapour phase usually containing 209o orygen.

The probable result of a lowe¡ dissolved oxygen concentration would

be a higher than in situ ratc of acetylene reduction, and hence, an

overestimate of nitrogen fixation.

It has also been denonstrated by Stewart and Pearson (1970) that,

after several hours acclinatization to lower than equilibrium oxygen

concentrations, algae reduce acetylene mote rapidly than at the hígher

atmospheric equilibrium concentrations to r^rhich they were previously

exposed. Therefore, sanples containing reduced. amounts of oxygen

when collected would probably yield underestinates of in situ nitrogen

fixation when incubated under a 0.2 atnosphere oxygen vapour phase.

Several species of the aerobic nitrogen fixing bacteriun

Azotobacter have been observed to be affecterl by changes in dissolved

oxygen concentrations by Drozd and Postgate (1970). These workers have

shown that Azotobacter grown under vapour phases containing less than

than 0.2 atflospheres oxygen exhibit lower ¿cetylene reduction rates when
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exposed to 0.2 atnosphere oxygen vapour phases. Since large

numbers of lakes contain less oxygen than that expected for atmospheric

equilibrium, it is quite possible that acetylene reduction assays

perforrned under a 2.O% oxygen atnosphere would yield underestinates of

Azotobacter nitrogenase activity. This effect may be especially

troublesone when sanpling from stratified lakes where oxygen concen-

trations can range with depth fron levels equiv¿lent to >0.4

atnospheres to 0 atnospheres, In addition, the effects of increased

oxygen concentration upon acetylene reduction appear to be much ¡nore

pronounced under conditions of carbon and phosphorus li¡nitation

(Drozd and Postgate, 1970). Such conditions are not unconmon in lakes

(Scirindler an<i Holmgren, 1971) and therefore oxygen inhíbition nust

be carefully guarded against when assaying these water bodies by

acetylene reduction.

The various problems associated with a vapour phase are largely

avoíded by Method II because of the very small vapour phase eraployed.

Figure 15 is a typical exanple of many profiles of acetylene reduction,

obtained by this nethod from the northeast basin of Iake 226, the

Experinental Lakes Area of northwestern Ontario (Johnson and Vallentyne,

1971). This lake has two basins which âre separcated by a plastic

cuÌtain; the northeast basin receives carbon, nitrogen and phosphorus

while the southeast basin receives only carbon and nitrogen. In the

first and second years of fertilization (1975, 1974) extensive bloons

of blue-green algae (Anabaena spiroides and Anabaena planktonica)

occurred in the northeast basin (Schindler, 1974) ' The results of

Fig. 15 were obtained on August L3, L974 when the bloorn was quite

active. A C|HO : N, ratio of 3 : I was assurned in order to estimate



Figure 15. An experimental plot of nitrogen fixation rates
versus depth, for Lake 226 NE, the Experinental
Lakes Area. It h'as performed according to
Method II of the text and a CZH4 : N2 ratio of
3:I was assuned.
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nitrogen fixation. It can be seen that duplicate rneasurements

(ends of the horizontal barsJ gave quite sinil¿r results, this being

the case in most profiles employing the sfringe technique.

Uglabolisn of the Gasê

It had been previously deternined that ethylene was rapidly

netabolized by rnethane oxidizing bacteria (Flett et al ., 1975) which

were present ín the lake at the aerobic/anaerobic interface, where

oxygen concentrations were between 1.0 and 0,1 ng/I (Rudd and Hanilton,

1975), It was subsequently shown that a ¡nixed culture containing

these same nethane oxidizers fixed nitrogen gas (Rudd et al ., 1976) when

no other nitrogen sÕurces ¡vere present. From this it appeared that

the acetylene reduction assay coulà not be used to neasure nitrogen

fixation in the presence of these organisns. However, de Bont. and

Mulder (1976) have found that the ethylene ís not metabolized when

acetylene is present in quantities normally used for acetylene reduction

assays. This newer infornation índicated that the acetylene reduction

assay could be used even in the presence of the nethane oxidizers. It
is unlikely, however, that nitrogen fixation by the nethane oxidizers

thenselves can be measured, using the acetylene red.uction technique,

because acetylene interfer:es with the oxidative netabolism of methane.

(de Bont and Mukler, 1974; Whirtenbury er at.,1975). The overall effect

is that the acetylene reductíon technique probably can be used to measure

nitrogen fixâtion on all aerobic or rnicroaerophyl l ic organisms except

the methane òxidizers.



SECTION III OF METHODS

OTHER TECHNIQUES USED IN I\,IEASURING NITROGEN FIXATION
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Water Sa.npl ing Technìqùes

Water sanples were obtained by boat in several ways. fn
1972-74 rnost samples were taken with a Van Dorn sanpler. This

sanpler was 0,45 meters long and 3 liters in volune. Thus, the

sample rvas a composite of the water ôver the 0.45 neter depth in_

terval thât the device encornpassed. The outlet hose of the Van Dom

was equipped with a female Luer fitting that could be used to fill
s¡ringes or bottles. In 1975 the sanples were obtained by a portable

perist¿ltic Cole-Parmerl punp because it allor.Jed. water to be taken

at closely spaced depth intervals, an important advantage when one

is exanining gradients of microbial activity over small depth in-

crenents. Meter length sections of 0.9S cn (3/8 ín) 0.D. Tygon2 tubing

were connected together by plastic unions until the hose was the correct

length for sanpling the desired depth. This assured that the hose

length was as short as possible, an inportant factor if degassing of

rnethane, nitrogen, oxygen, etc, fron the water because of pressure and

temperature changes, is to be avoided (Rudd and Hanilton, 1975). The

sarnpling hose was suspended fron a plastic float so that up and doln

movenents of the boat were not transmitted to the hose. The pump fed

the sanple water either directly into bottles (overflow 3 times) oI

into the bottom of an opaque plexiglass vessel of 500 nl volune which

overflowed fron the open top (see Fig. f6). This opaque vessel partially

protected the water from bright surface light and yet permitted easy sub-

Cole-Par¡ner - Ch icago,

Tygon - T.l{, of Nort.on
u.s.A,

Illinois, U.S.A.

Plastics and Synthetics Div., Akron, Ohio,

I
2



Figure 16. A diagram of the water sarnpling apPar¿tus used in 1975'
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sanpling of the tvater, by s¡"ringe, through. the top. Sufficient pumping

tine (30 seconds) was allowed at each new depth for the vessel to be

theoretically filled 3 tines. This appeared to effectively elininate

'inenoryr of previous sanples. Gas exchange vrith the atmosphere was

judged to be mini¡nal beèause Winkler oxygen determinations showed

anaerobic botton water sarnples could be obtained in the syringes.

Additions of Acetylene Gas

Acetylene gas was added to sanples as described in the lAcetylene

Reduction Assayr section of Methods,

Addition of Nitrogen : 15 Gas

Nitrogelì-l5 gas (Onia)l of 57 to gS at o6 was obtained in S00 ml

ampoules that were suitable for connection to vacuum racks, The

vacuun fitting was carefully broken off about 3 cn above the break

seal ¿nd a 2 cm metal rod was gently placed in the open end. A #S7

Suba Seal2 was forcêd ovei. the end of the tube to forn a tight seal,

the tube being inside the Suba Sea1. The dead sÞace between the Suba

Seal and the break seal was next flushed for several minutes lrith

cornrnercial grade t¿nk nitrogen, ít being introduced by one 26 G hypo-

dernic needle and vented through a second 26 G needle. The needles were

removed. and the anpoule vigorously shaken rmtil the break seal was

visibly broken. Next, about 20 nl of boiled distilled waten was in-
jected into the ampor-rl e by syringe with a 26 G needle. This water

0nia - Azote et Produits Chimiques S.4., Paris, France

Suba Seal ¡ Griffin and George Ltd., Toronto, Canada

I
.)
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laised the pressure of the nitrogen in the arnpoule slightly ahove

that in the surrounding air and ensured that any leaks would be in

a direction out of the anpoule. The wate" was previously boiled to

partially rernove dissolved oxygen which would contaminate the N-15.

Nitrogen-ls gas r^ras obtained f-rom the anpoule as fÕllows: a

syringe, of sufficient volume to contain the desired amount of nitrogen

was filled with boiling distilled water which was then injected through

a 26 G needle into the arnpoul e. After the water was injected, an

equal amount of nitrogen-ls was pulled into the same syringe which

was next removed frorn the Suba Seal. The syringe was innediately sealed

by inserting the needle into a solid Tubher stopper (Fig, 174).

If N-15 gas was to be added to samples in serun bottles (4 nl

N2 * 1t6 m1 Hro), the bottles were sealed with serum stoppers in such

a way as to exclude air bubbles (see rAcetylene Reduction Assayr section

in Methods). The N-15 gas was injected into the bottle thÌough the

sennn stopper, the bottle being ínverted and the excess water being

released through a second 26 G needle (Fig. 178)

If N-15 gas was to be added to sanples in syringes (1 mI N, +

29 ml HrO), the gas was simply added through the rnale Luer fitting
(the needle off the syringe - Fig. 17C) with the syringe lying on its.

side. The syringe was then sealed with a needle that h¡as forced into

a solid rubber stopper,

Vigorous agitation of the sanples was required to dissolve and

equilibrate the N-15 gas. The tine period required for equilibration

was variable, dependíng upon the aqueous : gaseous volurne ratios,

temperaturè and degree of agitaticn. For exanple, equilibration of



Figure 17 (A) A diagram showing how l'l-15 gas was obtained from
the gas ampoul e.

A diagran showing how N-15 gas Ì\'as added to a

water sample contain¿d in a senmt bottle.

A diagram showing how N-15 gas was added to a

water sample contained in a glass syringe.

(B)
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1 ml of N-15 in 29 ml of water at 20 C required about 5 ninutes of

vigorous hand shaking.

The sample was incubated either in tilg ot in an incubator (see

Incubator Procedures in Methods) for a period generally shorter than

4 hours,

Determinations of Specific Activitíes of N2 - 15 in Sanples

The actual concentration of N, - 15 in a sample was estinated

theoretically:

s - 
(vE x PE) I vN x PN) 

where
VE*VN

Vu = vol.une of enriched N2 - 15 gas added (known)

PE = at % N - 15 in enriched gas (known approximatery)

v" = volurne of originally dissolved natural abundance nitrogen (calculated)

PN = at % N - 15 in natural abundance nitrogen (known)

S = specific activity (at %) of equiribrated N, gas in sarrlrle

In nost cases lhe estimated specific activity was found to be

accure-te enough. Where a better accuracy was denanded, or where S

could not be calculated, the actual at % was rneasured directly:

For bottled samples, at the end of an incubation the equilibrated

gas bubble was forced into a syringe by adding distilled water to the

sanple bottle (Fie. fSA). The gas so collected was injected diÏectly

into the sanple prepalation unit (Fig. lSB) of the N-15 analyser, through

a septun installed on leg 12. For syringe -enclosed samples, the gas



Figure 18. (A) A diagram showing hoh' to obtain gas sanple of the
equilibrated gas phase in a serum bottle so that
N-15 specific activity can be determined.

(B) A diagram showing hovr the gas sanples (from serum
bottles or sylinges) are injected into the preparation
unit for N-15 analYsis.
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bubble was injected directly from the syringe into the preparation

unit (Fig. 188). The amount of nitrogen in the .sample was far in

excess of that requiTed for analysis and therefore most of the gas

was pumped away from the preparation unit before it was passed thTough

the traps and column on its way to the analysgr (see rN - 15 Techniques I

section in Methods),

Incubat ion Procedures

I, In situ incubations

A. Profiles of depth

Sarnple vessels we"e suspended in the. water column at one meter

intelvals fronr a 0.64 cn lf/A inJ diameter polypropylene rope which was

attached to a I gallon glass bottle (Fig. 19). The neter increnents

of depth were marked with chrome-plated irose pinch clamps, to which

the samples (bottles or syringes), could be easily fastened. Spring

'dog leashr clips were secured to the vessels with wi¡e or suitable

clanps thus allowing quick connection or disconnection of the vessels

fron the incubation rope. Duplicate sarnples could also be conveniently

placed at each depth. Depth of incubation was general.ly 0,2, 1.2, 2.2,

3,2, 4.2, 5.2,7,2 and 9.2 meters although the deepest depths were not

always sanpled.

B. Subsurface replicates

If a nurnber of sanples !¡ere to be incubated at the same in situ

light intensity, a horizontal, clear plexiglass rod rvas suspended between

trì¡o floats and the sarnples in turn suspended from the rod (Fig' 20).

This incubation technique worked well for both syringes and bottles

and ensured that no shading of sanples occurred.



Figure 19. A diagran of the in situ incubation apParatus foÎ- depth profiles of nitrogen fixation '
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Figure 20. A diagram of the in situ incubation apparatus used' for conparing rates of nitrogen fixâtion between
a numbei of samples at the same subsurface light
intensity.
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II. Variable light intensity incubator

The rates of nitrogen fixatíon and acetylene red.uction were

deternined as functions of light in a variable light intensity in_

cubator (Fig. 2tJ. The incubator was designed by Fee (1973) for
studies of primary production of phytoprankton in lakes. It features

4 rotating wheels, each at a diffe¡ent light intensity, to which are

fastened clear glass vessels containing the samples to be studied

(Fig. 22). The rotation of the wheels ensured that all sanples

received equal incident light and agitation. The illumination was

supplied by a bank of tungsten-íodine ¿nd. mercury vapour light bulbs.

The lanp intensity could be adjusted with variable transformers as

required to sirnulate seasonal. variances in the incident solar radiation.
The spectral quality of the light was sinilar to that of sunlight

(Fig. 231 , The light intensity at each wheel was deternined with a
1

tambda- quantum neter and therefore nitrogen fixatíon or acetylene

reduction were expressed as functions of light in UEinsteins (1 Einstein
1Z

6.02 x L0" quanta = I mole oF quanta).

Sedimgnt Co.re Methods

A technique was developed that allowed us to isolate and manipulate

7,0 cm dianeter sedinent cores in very shallow lrater.s (<0.5 meters).

A suitable shallow area was first identified (Lake 239, S.E, sub-basin)

and then a workjng platform about I x 2 m was constructed 0.3 n above

the water level . Pre-existing fallen trcees served as foundations for

Lanbda - Lanbda Instrunents Corporation, Lincoln, Nebraska, U.S.A,



Figure 21. A diagram of the variable light
of Fee, shown here with primary
in place,

intensity i.ncubatolc
production bottles
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Figre 22. A diagraln of one of the rotating wheels of the Fee
incubator, shot{ing syringes in Position for a
nitrogen fixation assay.
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Figure 23. A plot of light relative intensity vs. wavelength 
-foi direct sunlight on June 15, 1976 at 2i0O prn at E'L'A'

conpared to a spectrum obtained fron the frónt
of the brightest charnber in the Fee íncubator on the
sarne day. Although the sunlight is much brighter
(tu3x), the relative distribution of light at the
different wavelengths is quite sinilar to incubator
light until the wavelensLh becomes greater than 650

nm, at which point the incubator light is considelably
richer in the red.
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the platform, Next a steel pole of 2 cn diameter and 1 m length was

driven about 80 cm into the sedinent. Onto this was fitted a clamp

capable of holding a vertical pipe of 7.0 cn iliarneter. A 20 x 7,0 cm

dianeter plexiglass pipe, with a beveled leading edge, was forced

very gently into tlìe sediment, through the open arms of the clarnp.

Once the leading edge of the pipe h¡as to a sedinent depth of 15 cn, the

clamp was closed so that the pipe was firnly held in position, The

pipe was âllowed to stand for at least 2 weeks befcre any further

manipulations were performed, in an attempt to allow the sedinents to

reassune their undisturbed state,

After this waiting period the pipe was very gently capped l¡ith

a large stopper that had 2 glass tubes through it (Fig. 2a). About

20 crn of Tygon tubing had previously attâched to each of the glass tubes,

and on each piece of Tygon was an open hose pinch clamp.

Into a 50 cc glass sfringe was drawn 50 nl of h'ater from the lake

inmediately adjacent the pipe, To this syringe was added 2.0 ml of

95 at % N - 15 gas from a second 5 cc syringe (see rAddition of Nitrogen -

1.5 Gas in lr{ethods). The syringe h'as sealed with a needle forced into a

stopper and shaken vigorously for 5 ninutes by hand. The same process

h'as repeâted for a second 50 cc syringe.

The need.le was next removed from one of the 50 cc syringes and

the N - 15 containing lake water was gently forced into the stoppered

pipe through one of the Tygon tubes, as was the equilibrated N - l4/f5

bubble. The gas bubble also contained, in addition to the nitTogen,

some CtlO,O, and CO2 renoved fron the lrtater duling equilibration; by

reintroducing the gases they were again available to the organisrns in

the tube if the existing dissolved CH4, 02 and CO2 were consuÌned. This



Figure 24. Â diagrarn of the appar.atus used to isolate sedinent
cores and then enrich them with N-15 gas.
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was repeated for the second syringe so that the desiì:ed 100 nl of

N-15 containing hrater was added and then both hose pinch clanps were

closed. The system was allowed to incubate for a period of I to s

weeks,

At che end of tlie incubation peniod, the hose pj.nch clanps were

opened and the stopper gently renoved f¡on the plexiglass pipe. A

tiny piston corer, constructed from a l0 cc plastic syringe, was used

to obtain â 1.5 cn dianeter by 5 cm long core (Fig. 25). The piston

could be firmly held by one hand that rested on the pipe edge while

the other hand was used to foÌce the balrel of the syringe down into

the sediments. once the desired depth was obtained, the entire syringe

Iaras pulled slowly out of the sedinent and a rubber stopper was forced

into ihe oDen errd of the syringe to seal it. Cores appeared tc ¡etain

their integrity when obtained in this fashion,. even after being trans-

ported back to the laboratory where they were iÍunediately frozen by

placing then vertically upright in a -40"C freezer for 2 hours.

0nce frozen, the core was extruded from the syringe in 0.3 cn

increnent.s, the core being forced from the syrínge by the plunger. The

0.3 cn sections were carefully cut off by a clean jeweler's saw and

deposited onto prefired (550oC for 12 hours) Reeve Angel glass fibre

filters of 2.5 cm diametetî. The filters were then held by clean forceps

in front of a air strean from r Hort grrnl until the sanples were dry

(approximately 1 ninute). The samples, on the filters, were next placed
'2

in 5 cm dia¡neter Millipore- disposable petri plates for room tenperature

Heat Gun - Master Appliance Corp.

I{illipore - Millipore Corpo::ation,

Racine, lVisconsin, U, S.A.

Bedford, l"Iass., U.S.A.

1

2



Figure 25. A diagram showing the paocedure used to obtain cores
of sedilBent for later analysis of N-15 content.
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storage until analysis which tvâs acconplished within several weeks.

For nitrogen isotope analysís, sevelal cubic ¡nillineters of

the dry sedinent was placed on another prefired Reeve Angel 984 H

glass fibre filter and treated as was described in the rN-15

Techniques' sect íon of Methods.

Conpucer Modeling

Once weekly neasurenent of acetylene reduction gave an estimate

of the annual rate of nitrogen fixation although considerable inter-

polation between measurements was required' The organisms that fixed

nitrogen in these lakes were photosynthetic and therefore were strongly

under the influence of incident solar radiation. For this reason it

was considered important to relate acetylene reduction directly to

incident light in order to account for the nany variations in light

due to cloud cover and day length (schindler and Fee, 1975) ' Incident

light has been measured at the E'L'4. neteorologlcal station for the

wholeperiodofthisstudy'Lightextinctioncoefficients,basedupon

biweekly measurenents, were available for each lake being studied

(Shearer, 1976; Shearer and Declercq, 1976); see example Fig' 26'

These allowed calculation of the light available for fixatíon at

anydepth,asaft¡nctioDofincidentso]'arradiation.Therelationship

between light intensity and rate of acetylene reduction was the other

infornation required. Such data were obtained using the variable

light intensity incubator of Fee (1973) - see Incubation Ptocedures'

II of Methods section.

Figure 27 is a plot of average nitrogen fixation rates as functions

of light intensity for 1'5n sanples obtained fron Lake 226 NE on



Figure 26. Exanptes of plots showing % light transmissíon as a- function of depth for various dates in 1975 (Lake 227).
Courtesy of J. Shearer and D. Declercq [in press).
The extinction coefficient, E, is given for each
plot.
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F igu're 27. A plot of average (for 2 dates) nitrogen fixation
t.t"t ". functions of light intensity fron
lake 226 NE on August 10 and 21, 1974 (solid lines) '
The incubation was done in the Fee incubator
for 2 hours, the sanples having been taken at about

10 a.n. Dashed lines are explained in text'
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August l0 and 2I, 1974. Fi.gure 28 gives a. similar plot for Lake

226 NE, 1975, In this case, however, the line iepresents an average

of four separate measurenents on the sare day over different tirne

periods. A ¡atio of one nitrogen molecule reduced per thtee ethylene

nolecules produced was assuned. The dashed lines were ârbitrarily

chosen to conplete the fixation: light relationship for low and high

light intensities, rvhere actual measurements could not be made. FoI

Ig74, the decision to make fixation ïates equal zero at O,l yE/n2/sec

or lower light intensity was based on in situ results which showed

fixation to be just d.etectable at light levels of n,0.1 UE/n2/sec on

August 17, 1974, a date intermediate to the two incubator studies.

The dashed line at the high light intensities was plotted so that

fixation would equal zero j-f the fixing organisrrs experienced naxinurn

possible irradiance fron the sun (2300 yn/n2 / secl at the very surface

of the lake, This presumed that the organism would exhibit 100% fight

inhibition r:nder such circunstances, a rather unlikely presumption.

Both of these arbitrarily positioned dashed lines were ¿ssuned to

underestimate nitrogen fixation rates. For 1975, the assì.rnptions were

the same except that fixation was assumed to equal zeto when light was

t
<0.38 pE/m-/sec, In all cases, it was assrrned that the relationship

between íncident light and nitrogen fixation, as seen in the curves of

Fíg. 27 and 28, were valid over the entire period that fixation hras

neasured,

The program functioned as follows: For each day on which in situ

acetyLene reduction results were positive, pïedictions of nitrogen

fixation were obtained fron the model for the sarne time periods over
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Figure 28. A plot of average nitrogen fixation rates as functions
of light intensity, for integrated samples (0-5 n depth)
on Sept. 12, 1975 (solid lines). Samples were taken at
6:00 a.m. , 10:00 a,m. , 2:00 p.m. and 5:00 p 'm. and
iacubated fot: 2.C hours in the Fee incubator' The
results of all the different sampling periods were
averaged to give the plot illustrated here. Dashed
lines are explained in text, A = 6:00 a'n.,
B.= 10:00 a,n,, C = 2:00 p.m, and D = 5:00 p.m.
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which the in situ assay t{as performed. The predicted fixations

at 0.2, 1.2, 2.2, 3.2, 4.2 and 5.2 m depths r^rere co,npareá with the

observed fixations at the same depths and a factoÌ were calculated. for
each depth that expressed the observed value as a fraction of the pre_

dicted va1ue. Discrepancies between observed and predicted varues were

attributed to changes in population activity and density of the nitrogen

fixing organisms. Next, the mod.el rvas asked to predict the fixation rates

at discrete depths over the whole lighted day, at 0.2 meter intervals.

The predicted value at each depth was multiplied by the previously

obtained factorc from the sane or closest depth. For example, the factor

obtaíned from the in situ depth of 1.2 meters would be used to multipty

the model predictions at 0.8, 1.0, ,.2, 1.4 and 1.6 meter depths.

Sinilarly, the factor obtai¡ied fron the 2.2 meter depth in situ in-

cubation was used to multiply the model predictions from 1.8, 2,0,2.2,
2.4 and 2,6 neter. depths etc.

The rates of adjacent 0.2 neter depths were then averaged and this
value was used to rnultiply the total lake volune enclosed between the

two depths, This was perforned for depths from 0.0 to 5.0 neters, the

only depths for which significant activity was noted, Twenty-five

predictions were sum¡ned and the resultant value represented the total
dayts fixation of nitrogen ínto the lake,

The model was then asked to calculate fixation for days other than

those when in situ fixation data were available. The assunption was rnade

that the factors remained constant with tine and therefore the only new

input required for the program to run r,i'as the light data for each day

examined. fn situ fixation measurenents were normally done once weekly;

the factors derived fron these neasulements were apptried to the three
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days preceding and the three days following the in situ neasuïenents.

The prograrn produced daily totals of fixation and the su¡n of

these totals represented the estinated yearly total input of fixed

atmospheric nitrogen to the 1ake.

The actual program lísting pnd an explanation of it is given

in the Appendix of this rhesis.
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Acetyleúe Reduction Assays for Blue-Green Algal Nítrogen

Fixation in the Watercolumn

Beginning in 1973, neasurements of âcetylene reduction were

carried out ín a nurnber. of lakes of the Experinental Lakes Area,

using the syringe technique previously described in Methods,

Three lakes, 227, 302 North and 26I were monitored beginning in

May and Lake 226 Northeast was added to the list in late August of

the sane year.

Lake 226 is a well stratified double basin lake of 16.1 hectares

total atea, the southwest basin being 7.8 hectares and northeast basin

being 8.5 hectares (Fig. 29). The lake was classified as ol igomesotrophic

prior to 1973 when a fertilization progran htas initiated. In the spring

of that year the tlro lake basins were separated by positioning a plastic

Sea Curtainl across the lake at the narrow neck connecting the two basins.

This effectively created two separate lakes.

The southwest basin was continuously fertilized over a 2l week

period during the open w¿ter season with 5.89 C C/^2/y, as sucrose and

')
3.08 g N/¡n-/yr as NaNOr. The northeast basin was similarly fertilizecl

except that in addition to the C and N, a further 0.58 g P/mz/yr was

added as phosphoric acid. The northeast basin rapidly responded to

the nutrient additions and algal biomass increased above that in the

other basin (Schindler, 1974). Toward the end of August 1.975 a thic&

epilinnetic bloorn of Anabaena spiroides appeared.

I S"a C.r"t.in - Kepneï Plastics, Torrance, California,
U. S.A.



Figure 29. A bathynetric map of Lake 226 (Couttesy E'L'A' Staff)'- The X narks the sampl ing location.
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Acetylene reduction depth profiJ.es were obtained on Septenber 4

and lI of that yeâr. Total inputs of nitrogen to the lake were

calculated in the following way: For each profile, rates of

adjacent 1.0 m depths were averaged together and the average was used

to nultiply the volulne of the lake water beti¿een the th'o adj acent

depths. This result h¡as the amount of nitrogen being fixed in the

lake per hour in the layer between the adjacent depths. The total

nitrogen being fixed per hour in the entire lake was next obtained by

sunming the results for all the layers examined in the profile. The

hourly whole lake fixation rate was assumed to continue for approximately
1

10 hours' and this yielded a rate of daily fixation. The two lates so

obtained are graphically expressed as '*r in the top panel of Fig' 30.

The dashed lines represent bionass of nitrogen fixing blue-green algae

in the epilirnnion of the lake (data of D. Findlay, E'1.4. project).

The assumptíon was ¡rade that fixation remained constant for 3 days

prior to and 3 days after the in situ incubations, and that fixation did

not occur on other dates. The total nitrogen fixation input to the lake

was estinated to be 26 Kg N, based on these åssumptions.

In L974 a bloon of Anabaena solitaria f. planktonica formed in

Lake 226 NE; nitrogen fixation was initially detected on July 26 and

persisted up to September 9. The data was conplete enough for an attenPt

Diurnal experinents on Lake 226 NE (Aug. L7, L974) had later shown
that for a day with about 15 hours of sunlight, one could assune the
10:00 a.n. to 2:00 p.n. rate of fixation x 0.77 to be the whole day
rate. This neant that one could assurne 0.77 x 13 = 10 hours of
fixation at the tnoonr rate. The figure is obviously approxinate
and nass calculations based upon it should be treated with
rceservation.



t2L

Figure 30. The wet weight biomasses of the nitrogen fixing blue-
green algae ar-e given by the dashed lines while the
ásterisks or solid lines represent nitrogen fixation
rates. In all c¿ses the fixation was estimated using
the acetylene reduction technique, assurning that the
C2H4: N2 ratio was 3:1'

Top Panel. A plot of nitrogen fixation r'ates and N2'

fixing blue-green alga1 bionass as a function of tine in
Lake ,26 NE, 1973' 0n1y data fron Sept. 4 and 11 are
shown here and no nodeling was attenpted.

Middle Panel. A plot of nitrogen fixation rates and N2

. fixing blue-green algal biornass as a function of time in
Lake 426 NE, 1974. The fixation rates shown are due to
colnputer rnodeling described in the text.

Lower Panel. A plot of nitrogen fixation rates and N2

fixing blue-green algal bionass as ¿ function of tirne in
take iz6 NE, 1975' The fixation rates shown are due
to conputer rnodeling described in the text'
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to be nade at moÇeling nitrogen fixation as a function of incident

solar rad.iation to the rake. This is describe¿ in the computer Modeling

section of l"fethods.

The niddle panel of Fig. S0 shows the conputea estinated daily
fixation rates to Lake 226 NE, 1974. The dashed lines are measures of
biomass of nitrogen fixing blue-green algae (data of D. Findlay,

E. L.A. proj ect) .

In 1975 a bloom of 4lrsÞgglg solitaria f. ptanktoníca appeared in
Lake 226 NE with nitrogen fixation first being detected on July g and

last detected on October 7, Nitrogen fixation as a function of light
was rnodeled in a similar way to that of Lake 226 NE (7974). The results

are seen in the lower panelof Fíg, 30. The biomass of the nitrogen

fixing blue-green algae in the epilinnion is given by the dashed lines

(data of D. Findtay, E.L.A. project).

Lake 227 is a small well stlatified lake. of 5,0 hectares in area

wíth a naximum depth of 10 n (Fig. 3l). In its natural state it was

ol igomesotTophi c (Schindler et al . l97f) with averaged analyses fron the

euphotic zone showing total dissolved nitrogen = 160 Ugll,, total díssolved

phosphorus = 7 Ve/L and chlorophy Il a = Z-S UglL (Arnst¡ong and Schindler,

f971). The Chrysophyceae were the doninant phytoplankton. In 1969

a program of fertilization was started (Schindler et al . 1971, t97S)

r^,herein additions of 0.48 g V/n2¡yr (as HrpOO) and 6.29 g N/nz/yt

(as NaNOr) were added in 21 equal increments from mid May to nid October.

These additions were designed to natch the N : p loading ratios observed.

in the St. Lawrence Great Lakes. The lake responded irünediately to the

increased nutrient loading and exhibited a higher algal standing crop,

an elevated chlorophyll a concentration and a shift in population to



Figure 31.. A bathynetric rnap of Lake 227 (Couttesy of E.L.A.
staff). The X marks the sampling location.
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Chlorophytes. Cyanophytes were abundant but of the non-nitrogen fixing

varieties such as Oscillatoria redekei (Schindler et al . 1973). In

the years 1975 and 1974 acetylene reduction assays were negative

throughout the water colunn,

It has been previously observed (Schindler, 1974) that Lake 226

NE in the E,L.A. produced bloons of nitrogen fixing algae when fertilized
t?2

with 5.89 g C/n'/yr, 0.55 g P/n'/yr and 3'08 g N/n'/yr- It was there-

fore decided in 1975 to fertilize Lake 227 at a sinilar rate (P =

'))
0.46 g/n'/yt and N = 2.25 g/n'/yr) in an attemþt to cause blooms of

nitrogen fixing algae (D.W. Schindler, personal communication). The

attenpt was successful, for in early JuIy of 1975 nitrogen fixation

was noted to begin and it continued through until mid OctobeÌ. A

concurïent bloom of Aphanazornenon g1egl-lis (data of D. Findlay' E.t.A.

project) was believed responsible for the fixation' Fig, 32, A-D,

shows t)?ical examples of acetylene lreduction depth profiles. These

neasurements were perforrned once weekly overa the entire bloorn period.

Total yearly nitrogen fixation vras estirnated using a cornPuter nodel

similar to that employed in the Lake 226 NE åstimate. The only impoatant

variations were that light extinction coefficients for Lake 227 were used

as were the in situ Lake 227 acetylene reduction data. Unfortunately,

no variable light intensity incubator studies were performed on this

Lake 227 population of Aphanazonenon grac-l]::. In líeu of such data

relating nitrogen fixation to light intensity, the culves obtained foÎ

Lake 226 NE (1975) during the Anabaen¿ solítaria bloon were used instead-

A plot of the day to day estinated nitr.ogen fixation rates are given ín

Fig, 35. Also included on this plot are epitinnetic bionass concerl-

trations of ¡!3!e9!s gracilis, the only nitrogen fixing blue-green algae



Figure 32. A-D. Exarnples of nitÌogen fixation depth profiles in
" Lake 227,1975. The acetylene reduction technique

was enplóyed and a C2H4 : N, ratio of 3 : I was assurned'
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Figure 33. A plot of nitrogen fixation rates (solid lines) and
nitrogen fixing blue-green algal biomass (dashed
lines) as a function of tine in Lake 227, L975. The
fixation rates were predicted using a conputer nodel
described in the text. The model estinated the amount'
of nitrogen fixed, in between the once weekly in situ
measurements, as a function of incident solar iãdIa-lïon.
The acetylene reduction technique was used and a CrHn :
N2 ratio of 5:1 was assumed.



f,ATE OF N2-FIXATION tN Mg ¡7¡¡27 94v ¡.-¡

\
I
I
t
I

I
t

LAKE 227 EPILIMNION

BIOMASS OF N2' FIXING BLUE'GREEN
aLGAE tN Mg/m2 (-------)



r34

present in abundance in the lake (data of D. Findlay, E.L.A, project).

Lake 302 is a well stratified dimictic double basin lake of

23,7 hecta'res area, the north basin being 12.8 hectares and the south

basin 10,9 hectares (Fig. 3a). The two basins are separated by plastic

Sea Curtains in a rnanner sinilar to Lake 226. The south basin received

no fertilizer and renained oligotrophic; the north basin received
.)

additions to the hypolinnion of 3.73 g C/n'/yr (as sucrose), 0.54 g
p/t#/>o (as H.POO) and 2.79 g N/nz/yr (as NH4C1) (Schindler, 1975).

Acetylene reduction measurenents were perforrned approxinately nonthly

in the south basin in 1973 anð, 1974. The results were always negative;

significant numbers of nitrogen fixing blue-green algae were never ob-

served (data of D. Findlay, E.L.A. project) in biweekly sanples.

Lake 261 is well stratified, of 5.57 hectares in area (Fig, 35)

)
and has been fertilized with HaPo* at a rate of 0.246 g p/n'/yt f-ron

1973 onward. The lake was classed as oligotrophic prior to fertilization
and continues to be so classed. No nitrogen fixation was ever detected

in the v¡ater column of this lake during the approxinately once monthly

samplíng schedule of L973 and 1974. No significant populations of

planktonic nitrogen fixing blue-glceen algae were observed in monthly

sanples (data of D. Findlay, E,L.A. project).



Figure 34. A bathymetric nap of Lake 302. (Courtesy of E.L.A,
staff). The Xrs nark the sarnpling locations.
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Figure 35. A bath).rnetric map of Lake 261 (Courtesy of E.L'A.
staff). The X marks the sampling location¡
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@ionbyMethane
Oxidizing Bacteria in the Watercolum

It had beerì shown tlìat nethane oxidizing bacteria were active

in sone lakes of the Experimental I.akes Area at depths where the

oxygen concentrations were between 1.0 and 0.1 ng Or/l (Rudd et al ,

1974), Some methane oxidizing bacteria had previously been observed

to fix nitrogen (Davis et al . 1964) and therefore it was decided to

investigate the possibility that the nethane oxidizing bacteria present

in Lake 227 were nitrogen fixers also. The N-15 technique was chosen

to assay for nitrogen fixation because it was suspected that the

acetylene reduction technique was not applicable to the nethane

oxidizers (Flert et al. 1975).

An atternpt was made to demonstrate in sítu N-15 fixation iî Lake 227

on September 26, 7974. A sanple of 120 ml volune, taken fron 4.75 m

depth and containing I.02 mg Or/I was equilibrated with 5 ml of 57 at %

N-15 gas and then incubated in situ for 6 hours (see Section III of

Methods). No fixation was detected.

A second attenpt was rnade to shora' nitrogen fixation by the rnethane

oxidizers, this time in Lake 302 N. The hypolimnion of this lake basin

was receiving fertilizer additions (described previously in Results)

and was anoxic during srìnmer stratification. On July 3L, 1975, samples

of 120 ¡nl volume r4rere taken at different depths in the low oxygen zone:

each sarnple was equilibrated with 4 ¡nl of 97 at % N-15 gas and then

incubated in situ for 18 hours. Fixation was noted to occur (Table II).



Table II shows nitrogen fixation rates, particulate nitrogen con-
centrations and oxygen concentrations as a function of depth
in Lakê 302 N, July 31, 1975'



Depth

(m)

02 Concentration
(¡ng/L)

Particulate N NZ Fixation
(ue/L) (ue N/L/hr)

'7)

7.4

7.6

8.0

0.2

0.1

0.1

0.0

295

371

475

340

0. 011

0.019

0.019

0. 006
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It is assumed that the nitrogen fixation was due to nethane oxidizers

because they are known to fix only at low oxygen levels (usually

<1.0 ng 0^/L - Rudd et aI. L976) and because no nitrogen fixing blue-

green algae were present in the sanples. The fixation was occurring

in a hypolimnetic bloon of algae, concentrated in a narrow band around

the 7.5 m depth, this concentÎation being easily noted in the particulate

nitrogen data of Table II. The doninant algae genera rvere, in order

of inportance, Chlamydomonas, Cryptononas and Mallononas' (unpublished

data of E.J. Fee of E.L.A.).

Nit n Fixation in the Sedinents

In Lake 302 S and Lake 227 several sedinent slurries were obtained

in surn¡ner 1973 by allowing a 3 litïe Van Dorn sampler to partially

penetrate the soft bottoÍ¡ sediments of the hypolinnia before being

triggered. The slurries were assayed for nitrogen fixation by the

acetylene reduction syringe technique in the sane way as for water

samples. The samples were incubated ¡" :¡fg just above the lake bottons.

The hypolimnion h'ater of Lake 502 S was nearly saturated with oxygen

while that of Lake 227 was anoxic. No nitrogen fixation was detected

in either s lurry.

In Lake 239 (I97 5) several studies were done to deteflnine if N-15

gas would be fixed by in situ sedinent corces Located in the organically

rich, shallow h¡ater littoral sediments of the south-east sub-basin.

These techniques are described in the Methods section under I Sedinent

Core Methodsr, An 8 day incubation (August 2l - 28) and a 2l day in-

cubation (Septenber 2 -23) wít]¡, equilibrated N-15 concentrations of 70



r43

at % in aqueous phases of approximately 100 ml over the cores proved

to be negative with respect to fixation in the sediment cores.

Methane bubbles were noted coming from the sediments when they were

disturbed.

Nitrogen Fíxation by the Periphyton

Periphyton was not examined for nitrogen fixation in this study.

However, very prelininary results by M. Turner (personal conmunication)

of the E.L.A, project indicated that nitrogen fixation was being catried

out by the periphyton of Lake 261 in 1975, the only year in which

measurements were made, The fixation was light dependent and appeared

to be due to a blue-green Anabaena ¡g.

Co¡nparison of Nitrogen Fixation Rates Deternined by N-l5

and Acetylene Reduction Techni

Nitrogen fixation rate estinates obtained by acetylene reduction

were cornpared to rates simultaneously obtainéd by N-15 gas uptake.

The conparisons were performed on subsarnples of larger samples taken

from Lake 227 anð, 226 NE at various dates. The acetylene reductions

I4'ere alvrays done in syringes with 50 ¡nl of water as prevíously described

by tAcetylene Reduction Assaysr in Methods. The N-15 uptake was done

either in syringes with 30 ml of water and 1 nl of N-15 gas, or in 120 ¡¡1

bottles with 4 ml of N-15 gas as was described by 'Additions of Nitrogen-

15 Gasr in lilethods, During in situ comparisons, duplicates of acetylene

reduction and quadruplicates of N-15 were noflnally done and incubations

were carried out at 0.3 n depth on a horizontal plexiglas rod described
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in 'Incubation Procedurest. In the incubator conparison, both N-15

and acetylene reduction techniques were performed in syringes in

duplicate. The incubation periods were between 2 anð S hours and

they were the sane for both assays in any given conparison.

The results are given in Table III. It is obvious that the

acetylene reduction technique, using the tatio of 3 CrHo Produced :

I N, fixed, usually gave much higher estimates of .nitrogen fixation,



Table III shorr¡s the rates of nitrogen fixation as determined by
the acetylene redcution and isotopiu nethods when applied to
subsanples of the sane water' The data marked with r*! are
excludãd from the aveïage because it is believed that the activity
vras too low to be rneasured accurately'
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Incubator Light Rate by Rate by 'Ratio of
Intensity CZHq N- 15 Rates

UEinste ins/m2l sec Ug N/L/hr pg N/L/hr C2H4/N-15

LAKE 226 NE

Sept 4/74

Sept 4/75

Sept L2/75

Lake 227

JuIy 2L/75

Sept 18/75

Sep1-. 2s/75

Sept 18/7s

Sept. 24/75

462

102 ,

6

2 .02

0.26I

0.s74

0. s78

0.433

0 .322

0.247

0.116

0.51

0,r23

0.193

0. 165

0.145

0. 056

0. r08

0.047

3.96

t lt

2,97

3. 50

3. 03

8 .94*

2,29

2,47

0. 99

0.24

0, 095

Average = 2,90

Excluding *

1.40 0.7L

0.088 2.73

0.046 2.OS

Average = 1 .83
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Nitroøen Fixation by Blue-Green AIgae in the Watercolumn

In Lake 226 NE, nitrogen fixation obviously had sone irnportance.

Table IV shows the estimated nasses of nitrogen fixed in the lake fol

the years of 1973-75, Also given in the table are other inputs of

nitrogen as deternined by Schindler and his co-workers at the

Experinental Lakes Area (personal connunications). The shape of

the fixation curve for 197 4 aîd 1975 generally corresponds with the

bionass of the nitrlogen fixing blue-green algae.

The Lake 227 lesult-s are sumrned up by Table V. Only in 1975 was

nitrogen fixation detectable, Again, the other nitrogen input data

are due to Schindler and his co-wor]ìers (personal coÍmunications).

The relative contribution of fixed nitrogen to Lake 227 was less than

than observed for Lake 226 NE but it vras still significant.

The bimodal shape of the Lake 227 fixation curve seen in Fig. 33

is not easily explained; it is possible that organicalll derived NH,

nitrogen was being returned to the watercolurnn from the sediments

during the period frorn July 25 to August 13, 1975 and that this nitrogen

was repressing fixation. An analysis of the allochthonous nutrient

inputs to the lake (total N and total Ð did not reveal any significant

differences between the N:P latio of the nutrients during the suruner

periods when fixation was and was not occurring.

Large periodic changes can be noted in the rates of nitrogen fiiation

of both lakes ( Fig. 30 and 33). These very abrupt changes only

occu¡ when new in situ nitrogen fixation data, very different frorn the

previous ðata, ar:e encountered by the computer rnodel. The 1975 fiiation



Table IV shows the contribution of nitrogen fixation t'o Lake 226
NE for 19 75- 75.



Year N, Fixation Fertilizer N Other Sources %N Contributed- Input(KG) Input (KG) N Input (KG) by N2 Fixation
A B C A/(A+B+C)

LAKE 226 NE

t973 r7.8 149.7 72,5 7.4%

Ls74 139.6 149.7 76.2 38.2%

1975 51.4 t49.7 \70 ryt9eo



Table V shorr's the contribution of nitrogen fixation to Lake 227
for 1972-75.



LAYê. 227

Year N2 Fixation Fertilizer N Other Sources %N ContÌibuted
Input (KG) Input (KG) N Input (KG) by N2 Fixation

A B C 
^/(À+B+c)

t972

t97 3

r97 4

t97s

0

0

0

26

314 .2

3I4 .2

314.2

1,10 5

61,9

47 .6

66. 8

,ì,60

o%

OYo

Oeo

^,I4e.
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data fron Lake 227 and 226 NE often show weekly stepwise changes in

algal nitrogen fixation activity per unit volume of water. The

smaller variations on top of each step ¿re due to changes in light.
In Lake 226 NE, 1974, t]ne steps occur at irregular intervals because

in situ measurements were not rnade on a rigid once-a-week schedule.

In both lakes it appears that the fluctuations in nitrogen fixation

rates are due mostly to changes in activity of the algae per unit

volume of water and not to changes in incident light.

In none of the other lakes examined was planktonic blue-green

algal nitrogen fixation detected.

It was suspected that nitrogen fixing methane oxidizing bacteria

were responsible for the observed nitrogen fixation in Lake 302 N and

therefore an attempt was nade to estinate the possible magnitude of

such a nitrogen input tå the lake.

As a first estinate, if one assu¡nes that a maxi:num rate of methane

oxid.ation of 0.1 UM CH^/L/hr (upper estimate - J.ÍJ.M. Rudd - personal'4

connunication) occurred steadily for a period of 5 nonths and if one

nole of nitrogen was fixed for every 20 noles of nethane oxidízed,

then approximately 300 Ug of nitrogen would be fixed per litre of lrater.

If one further assuned that the activity took place through a one meter

depth, then the areal contribution of nitrogen would have been approximately
a0'13 g Ìi/¡n". As a second estinate, if one took 0.015 pg N/L/hr as an

average fixâtion rate (fTorn Table II) the areal contribution of nitrogen

to this lake would have been 0.014 g N/n2. The natural allochthonous

Methane Oxidizi Bacteria Watercolurnn
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input of nitrogen to this lake is approximately O.B g w/nz/y-r

(0.W. Schindler, unpublished). There exists, thèrefore, only a

slight possibility that this fixation might supply a significant

fraction of natural nitrogen input to the lake, If one includes the

fertilizer nitrogen input in these ôalculations (2,lS g N/nz)

the possible relative significance of nitrogen fixation is further re=

duced. The quantity of nitrogen fixed nay be significant to the nethanç

oxidizers thenselves but it is unlikely that it is very important to

the nitrogen budget of the entire lake,

The Lake 227 N-IS uptake experiment, designed to show fixation by

the nethane oxidizers, proved negative. The oxygen concentrations in

this experiment nay have been too high, however, and significant fixation
cannot be definitely ruled out until the studies are repeated.

Nir n Fixation in the Sedinents

Nitrogen fixation could not be detected by acetylene reduction

in the sedinents of aerobic Lake 302 S or anaerobi c Lake ZZ7. Unfor-

tunately, this does not allow one to draw definite conclusions re-

garding sedinent nitrogen fixation. The perfornance of the acetylene

assay is questionable in anaerobic (Brouzes and Knowles, 1971; Orenland

and Taylor, 1975) and near anaerobic (Acetylene Redution Assay in Methods)

regions. The more reliable N-15 technique, applied to sediments in

Lake 239, indicated that if fixatíon was occurring, Tates were belou

that detectâble by the ¡nethod. The following calculation was performed

to determine the naxinun amount of nitrogen that could be fixed in the

sedinents of Lake 239 and, still be undetected by the N-15 techniques:
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Given: Sedinent core length examined = 5.4 c¡n

Average density of examined. cote length = 0.6375 g/cm3 O t0S"C

Highest nitrogen content of sediments noted in E.L.A.

<4% (Brunskill et a-l. 1971).

Mininun increase in N-15 required to be certain that

fixation is occurring = .04 at % when using Statïon ernission

spectrornetet.

Incubation period = 3 weeks (21 days)

Then: Ifaximum nitrogen content = .04 x .6875 = 2.75 rng N/cm3

Maximum nitrogen in core to 5.4 cn depth = 5.4 x 2.75 =

14.85 mg N/crn2

Best sensitivity of N-15 method = ninimun .04 at % íncrease

inN

.'. Anount of fixation that could go undetected = 0.Q004 x 14.85 =
?)

5 .9 ¡rg N/cm- = 59. 0 mg N,/m'

Fixation rate that could go undetected = 59/21 = 2,8 ng
t

N/n- /day.

IF fixation vras active for 6 warmer nonths of the year,

I82 x 2.8L = 0.5f g N/m2 coutd have been fixed and still have

been undetected.

There is a possíbility that the N-15 gas diffused so slowly into

the sediments that insufficient N-15 gas was present to be fixed and

later detected. It may be that the labelled nitrogen gas never diffused

down into the deeper anaerobic sections of the core and therefore that

anaerobic nitrogen fixation lras not actually assayed. It is suspect€d

that N-15 gas did diffuse at least to 2 cm depth in the core because
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oxygen has been noted to penetrate to this depth from overlying

oxygenâted waters (R, Hesslein, personal coffnunication), If N-15

gas did penetrate as far as oxygen into the core, nitrogen fixation

by methane oxidizing bacteria or other aerobic bacteria shoul.d have

been observed, provided the rates were high enough to be detected.

The loading rate of Lake 239 has been approximately t.Z g f:l/n2/yt

(average I972-L974) (D.ht, Schindler, unpublished E.L.A. data), If
the sediment nítrogen fixation were actually occurring and at a rate

just below detectability (<0.5 g ¡:l/nz /yr), sedinent nítrogen fixation

could have supplied significant portions of the total nitrogen input

to the lake and still have escaped detection.

The deter¡nination of the anount of nitrogen fixation that could

go undetected is obviously a rough approximation and much confidence

should not be placed in it. It does illustrate that a more sensitive

u¡eans of measuring nitrogen fixation than was applied here is needecl

for the sedinents before good estinates of rates can be obtained.

Macgregor and Keeney (1973) have previously stated much the same opinion

with respect to sone Wisconsin lakes.

Nitrogen Fixation by the Periphyton

The positive nitrogen fixation results in Lake 261 were most in-

teresting but far too prelitninary to allow estimates of its irnportance

to be nade. TheXN: XP ( X = fertilizer and natural inputs) loadi-ng

ratio of this lake is <5:1 and it was initially suspected that such a

loading ratio would encouÌage a planktonic bloo¡n of nitrogen fixing

organisrns. (0.W. Schindler, personal contnrmicat ion) . It seerned logical

that nitïogen fixers would become dominant in a relatively nitrogen poor
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environnent, Such was the case for Lake 226 NE in tg13-75 and later

for Lake 227 in Ig75 when the N:P loading ratios were approxinately

5:1. Lake 261 appeared abeïant, when only planktonic nitrogen

fixation was considered, because it did not fit the predicted

pattern. If it is revealed that periphyton fixation supplies signi-

ficant quantities of nitrogen to the lake (rneasurements are presently

being made by E,L.A. staff), Lake 26I may still be perforning as

predicted i.e, inaking up its. nitrogen shortage.

Comparison of Acetylene Reduction to I.l-15 Gas Uptake

The results given in Table III.shov, that the acetylene reduction

technique consistently gave higher estimates of nitrogen fixation

than the N-15 uptake technique. hrhy was Ehis so?

The N-15 uptake nethod as used here neasured the increased N-15

content of the particulate naterial only. If rapid extÏacellulaÎ

excretions of fixed N-15 occurred, underestirnates of nitÌogen fixation

would be made. This is a plausible explanation for the discrepancy

between the two nethods. Although extracelluLar excretion was not

investigated in this study, it has been shown to be an active and

uidespread process in the green and blue-green algae (Stewart, 1963;

Fogg, 1966; Jones and. Stewart, f969 (A)). Excretion of nunerous a¡nino

acids and peptides has been demonstrated. Compounds such as arnrnonia

and a¡nino acids are also actively taken up by microbes (Jones and

Stewarct, 1969 (B); Gardner and Lee, 1975) and therefore the net loss

of fixed nitrogen from the particulate would depend upon its re-uptake.

If all. the extlaceLlular products were taken back up iÍunediately by
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any of the particulate fractions, the N-15 technique as described

here should have given results sinilar to the acetylene reduction

technique.

A seconrl exÐlanation may be that the algal cells were partially
broken when fi l tered , through the Reeve Angel 984 H glass fibre filters
used in this work. If this occurred, the probability is high that

labelled cell contents would have passed by the filter into the

filtrate where they woutd not have been rneasured.

Another possibility is that the N-15 technique was giving accurate

results and that the 3:l ratio assumed. for ethylene production: nitrogen

fixation is incorrect. The results from Table III indicate that

acetylene reduction is overestimating nitrogen fixation by more than a.

factor of two. If this were so, all of the budget figures given in

this work would have to be reduced by rnore than fifty percent.

Although the significance of nitrogen fixation would be substantiaLly

reduced, the general conclusions.-to this study would not be greatly

altered.

Further work concerning the ethylene: niirogen ratj"o is being

carried out by B.M. Grahan at the E.L.A.



CONCLUSIONS
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Conclusions Concernin rhe Methods

N-15 Techniques

The emission spectrometric techniques developed here possess

so4e substantial advântages over previous met_hod.s. The very time

co¡suning and tedious wet chemical sanple preparation procedures are

avoided by the preparation unit earlier described. The unit is
relatively inexpensive, easily constructed and processes samples

containing as little as 5 pg N, a considerable inprovement over othçr

nethods (Meyer et aI. 1974;.Keeney and Tedesco, l97J). An inpottant

irnprovenent of this preparation unii is that it gives an estinate of
the quåntity of nitrogen in each sanple and thus avoid.s the titrations
and delicate weighing procedures required. by other nethods. Anothel

feature of the unit is its low operating cost : the electÏodeless

discharge tubes are reused many tines instead of being discarded after
each us e.

The Statron emission spectrometer, h¡hen operated in the modified

fashion described in this thesis, gives better precision than has been

previously noted by others. The rate of sarnple analysis is not as rapid

as th¿t of the autonated mass spectronetric procedure of Barsdate and

Dugdale (1965) but equipment costs are considerably lower and only

one operatol is required versus the two needed to operate the automated

rmit.
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Acetylené Reduction Technioues

The acetylene reduction assay, as used in this study, avoids

as nany of the obvious errors as possible, The solubility of ethylene

is acknowledged and simply dealt with and the use of different gas:

aqueous volunes to ihcrease assay sensitivity is handled in a practical
way. Proble¡ns associated with ethylene and acetyLene gas exchange

ar.e also identified and solutions to these problens are given, The

use of syringes for incubating aqueous samples is a major improvement

in the assay procedure because it essentially renoves the need for
special gas nixturo in tlìe headspaces of incubation vessels. lllith
the syringe technique, the concentrations of dissolved gases in the

sanples remain basically r-rnchanged and therefore the sample should yierd

more accur¿te results.

It is concluded that the physical problems associated h,ith the assay

have been lnostly renoved.. Some biological problerns such as acetylene

inhibition or toxicity and uncertain CZH4 i N2 ïatios still renain to

be solved.

Conclusions drawn from the Results

Fron the data presented in Tables IV and !, it nay be concluded

that nitrogen fixation can be a significant source of nitrogen to

Canadian Shield Lakes. This would tend to support the viehr put forth
by the .International Joint Conmission (1969), Schindler (1974) and

others that phosphorus was the logical elenent to renove from effluenf.s

entering the Gleat Lakes. Both carbon and nitrogen can enter a wat:er

body directly fron the atmosphere in gaseous forn and then be fixed by

algae. Control of these carbon and nitrogen inputs is irnpossible.
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The data for Lake 227 in TãbIe VI, relating the appearance of
nitrogen fixing blue-green algae to the total nitrogen: total
phosphorus loading ratio, leads one to furcther conclusions. ft
¿ppears that the lower N:p loading ratios may encourage devetoprnf,nt

of blue-green algal bloorns while higher N:p loading ratios nay dis-
courage them. A problen arises here with respect to the terms total
N and total P. In Lake 227 mole than g0% of the total nitrogen loading

and nore than 89% of the total phosphorus loading was supplied in the

readily assi¡nilated soluble inorganic forrn via the fertilization
program. In other, non-experímental lakes, however, the chenical

composition of the nutrient loading is not as closely defined. It
is probably not accurate to use total phosphorus and total nitrogen

inputs to estimate effective nutrient loading to nany lakes because

not all of the total can be immediately assimilated. particulate

phosphorus, in the form of nineral dust, would certainly require time

to be dissolved and particulate phosphorus held in living tissue would

mostly not be available until cellular lysis at time of death.

Furthernore, it is well known that total dissolved. phosphorus con_

centTations are very low in most lakes, even in those subj ected to
high phosphorus loadíng rates (e.g. Lake Erie) ¿nd this indicates rhat

nearly all of the total dissolved phosphorus is. available to algae.

For this reason it was decided to use total dissolved phosphorus con_

centrations, ¡neasured in nutrient inputs to a lake, r4¡hen trying to

estinate the phosphorus loading rate. Similarly, it is well known that
inorganic nitrogen concentrations (llOr, N0;, NHS ) are often very low

in lakes subject to high nitrogen loading rates (e.g. Lake Erie) and it



Table VI shows the lrelationship of N:p loading ratio to occurrenceof blue-green fixers in Lake 227 (NutTient loadings aïe those of
D.W. Schindler, E. L,4. dara).



Total N

Loading
KG

Total P

Loading
KG

N:P Ratio Presence of Blue-
toading Creen Fixers

t972

r973

L97 4

197s

376.I

36r,7

381.0

tuL65

26.7

25.9

26.9

,,"26

L4 .4

14. 0

t4.2

tu6.3
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ís obvious that inorganic nitrogen is rapidly assinilated. The

roles of the other fractions of the total nitrogen pool (the dissolved

organic nitrogen and the païticulate nitrogen) are not so obvious.

In the Experinental takes Area, for exanple, between I00 and 400 yg/L

of dissolved organic nitrogen has nonnally been present ín all the

lakes studied, regardless of trophic state (Schindler, unpublished.

data of the E.L.A.). This suggested that the dissolved organic

nitrogen was not readily assimilated by the algae and therefore it
was decided not to consider this nitrogen when estinating effective

nitrogen loading rates. Particulate nitrogen was considered an un-

important input when estirnating effective nitrogen loading for the

sane reasons previously stated conceflìing particulate phosphorus. In

order to estinate the effective nitrogen loading rates to lakes, there-

fore, it was decided to use only the dissolved inorganic nitrogen con-

centrations observed in the nutrient inputs.

To furËher investigate the possible relationship betvreen the ratio

of dissolved inorganic N to total dissolved P in nutrient loading and

the presence of nitrogen fixing algae, data from a ntrrrtber of other ].akes

were exa¡nined to see if the relationship held for then also. The data

are seen in Table VII. In addition, the ratios of dissolved inorganic

nitrogen to total dissolved phosphorus already in the lakes were also

calculated (Table VII) to deternine if they weie correlated to the

occurrence of the nitrogen fixing blue-green algae.

In order to sinplify the analysis, no attenpt was rn¿de to assess

the effects of sediment feedback of nutrients upon the N:P loading ratios.
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Table VII shows the average ratios of inorganic nitrogen concentrations:
total dissolved phosphorus concentra.tions in both nutrient loadings and
lake rvaters and relates these ratios to the occurrence of blue-green
nitrogen fixing algae for a number of lakes on various dates.

* These results are based upon Kjeldahl -N + NOj - N ratherc than

NOS- -N + NO2- -N + NH3 -N.



Date Average Ratio of
(N03 + ¡6¡* ¡¡,rr -t
: Tot. Dis. P in
Sunner (Wtll{t)

In Loading In Epil imnion

t67

Presence
of Blue-Green
N^ Fixers

¿

226 NE

226 NE

226 NE

226 SW

226 SW

226 SW

227

227

227

2s9

239

239

Gravenhurst
urt,,

Green Bay

Little Otter
tlll

Pasqua

L.we/
Red River

L,wpe./
Sask. River

7973 6,8
1974 7.1

L975 \7
t973 72.4
1974 68.4

1975 \'7 0

L972 I4.4
1973 14.0
1974 I4.2
1975 6.3
1973 2r
1974 2s

19 75 \'22

1969-71 3.4*

797L-73 15.5*

I97L-72 tu10

t97r 8.8
1972 tu106

1965-66 0.2

1968-69 6.9

2,8

5.1

1.3

4.4
32.8

21.6

1.2

1.6
)'l

4.4

J.t

5.0
2.3

1.6

4.3
1.8

0.5

2.9

0.2

4.0

0-9

+

+

+

+

+

+

6,21968-69
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The data for the numbeted lakes are all fron Schindler (unpublished

data of the E,L.A.J. Algal species identifications are by D. Findlay
(unpublished data of the E.L.A,), Gravenhurs t Bay data are carculated
from work by Michalski et al . (197J, 1975). The nain nutrient input
to this bay was from a sewage outfall and the concentrations of total
dissolved P, Kjeldahl-N and NO'-N in the sewage were regularly
determined by those workers. Unfortunately, NHS_N concentrations hrere

not measured and therefore direct conparisons of loading rates between

this and the other lakes are not possible. In ordêr to use the data,
however, the Kjeldahl-N concentïations were substituted for the NHS_N

concentrations, it being realized that the Kjeldahl_N concentrations

would be higher than the NH'-N because Kjeldahl_N rneasured NH'_N plus

organic nitrogen. The result is that the N:p loading ratios shown in
Table vII shourd probably be rower than are indicated for Gravenhurst

Bay, 1969-75. The methods of determination of dissolved nutrient
concentrations in the l.ake itself were similar to those used. on the

other lakes given in the Table. The 1969-71 results represent N:p

ratios before tertiary treatnent was installed on the sewage outfalL
and the I97I-73 results represent post-tertiary treatment latios.

The Green Bay resurts are carculated from data of vanderhoef et ar-

Q97a); the loading ratio was assuned to be the ratio of the sum of the

dissolved NH"-N and NO;-N concentrations to thes - '3 total dissolved Pon-P

concentTation observed at Station Z, a site in the Fox Ríver which

is the nain nut?ient source of the Bay. The nean of neasurenents fron
Stations 5-14 in the Bay proper was used to estinate the average 

"atio
of dissolved inorganic N : total dissolved p duríng sunme¡ in the

epilinnion. The Little otter Lake results are calculated from data.of,
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Michalski and Conroy (1973). The nitrogen loadings rvere determined

using suns of average NHS-N and N0a--N concentrÊtions and mean daily

water infloh's to Little otter Lake. The phorphorus loadings were

given by Míchalski and Conroy and required no calculations. The 1971

"esults 
were obtained during a period when extrenely high phosphorus

inputs occurred from an industtíal site. In L972 that phosphorus

input had been arrested. The Lake Pasqua ïesults are calculated

from the data of HaÍüner (1969) and Wanvick (1967). The average yearly

concentrations of NOr- -N and NOr- -N and NH'-N and of dissolved

P04- -P at Station 9, in the QurAppelle River just before entering

Pasqua Lake, were used to calculate the loading ratio. Sinil.ar

neasurements in Lake Pasqua, averaged over the sumne]., gave the ratio

of dissolved ínorganic N : total dissolved P in the lake water' For

Lake Winnipeg, chemical data and station numbers are those of

Brrmskill et al. (unpublished) while the phytoplankton data are those

of Holngren and Kling (unpublished). The loading ratio was assuned

to be equal to the sr¡In of dissolved NOj- -N and NO2- -N and NH, -N

versus the total dissolved phosphorus concentration periodically

observed in the Red River at Station 0 and the Saskatchewan River at

Station 29. Both of these liver stations are close to the nouths

of the respective rivers where they empty into Lake Winnipeg. Sirni:lar

periodic neâsurements perfonned at Station 25 (approxinately 25 KÍl

into the lake from the Saskatchewan River mouth) and station 2 (3..2 Y,J\

into the Lake fron the Red River rnouth) perrnitted calculation of the

dissolved inorganic N: total dissolved P ratios in the lake.

Table VII reveals that the nitrogen fixing blue-green algae

generally appear to be associated with waters having N : P loading



t7o

ratios of less than 10, Such btue-greens are nostly absent fron

waters wheLe the loading ratios are above 10, Figure 56 is a plot
of Table VII which clearly demonstrates this trend. The + 5ig¡¡g

indicate the presence of nitTogen fixing blue-greens while the - signs

indicate the absence of these algae. Gravenhurst Bay is an exception,

and as vras discussed earlier, the loading ratios assigned to that

water body nay be too high. The arrows indicate the directions in

which the points should prcbably be shifted if they are to more

truly tepresent the loading experienced by the Bay. The abscissa of

this plot is expressed as the logarithn of total dissolved inorganic

nitrogen concentration. It was hypothesized that, given a sufficiently

high dissolved inorganic nitrogen concentration, nitrogen fixation

would no longer be â competitive advantage for the blue-green algae.

Stripped of their conpetitive advantage, it was suspected that.the

blue-greens would disappear in favour of other algae with faster growth

rates. .This hypothesis does not appear valid, at least for the in-

organíc nitrogen concentTations encountexed here.

No clear relationships between the appearance of nitrogen fixing

blue-greens and the ratio of dissolved NO; + NO; + NHJ : dissolved roral

P could be found. When the ratios were plotted (fig. 57) the scatter

of points appeared randon. This tends to confirm the belief [Schíndler

and Fee, 1975) that measurements of dissolved p and N concentrations

often do not yield data indicative of loadíng rates. If the relation-

ship between N : P loading ratios and occurrence of blue-green N,

fixers is valid, then it foLlows th¿t measurement of dissolved surn¡ner

epilimnetic N and P concentrations nay be of little use for prediction

of such blue-green bloons.



Figure 36. A plot of + and - occurrences of blue-green fixers as
functions of N : P loading ratios and average dissolved inorganic
nitrogen concentrations in the surnrner epilímnia of a nunber of lakes.
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Figure 37, A plot of + and - occurrences of blue-green fixers
as functions of díssolved inorganic N: total dissolved
P ratios (sunrner epilimnion averages) and dissolved
inorganic nitrogen conc3ntrations in the stlrnner
epilinnia of a nunber of lakes.
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0f what practical use are these findings in water nanagement

techniques? If it is valid that blue-green nitrogen fixing algae

occur only when the N : P loading ratio is less than 10, then a

wateÌ manageÌ would know, before starting tertiary treatments, the

approxinate quantity of phosphorus he must remove from an effluent in

order to avoid these blue-green nuisance blooms in his receiving

water. Such .information would obviously be of primary importance

when designing and operating treatment facilities.

In sone cases, it nay not be possible to remove enough phosphorus

to raise the N : P ratio above 10. Under such circumstances it nay be

possible to raise the loading ratio by adding nitrogen instead of

(or as well as) renoving phosphorus. The addition of inorganic nitrogen

nay actually íncrease the areal prinary production in a receíving lvater

but the production would be of non-bloon forming algae which are

generally distributed over rnuch greater depths in the water colunns.

The surface concentrations of these algae would not be as high as

night have been experienced if nitrogen fixing blue-greens had been

dominant, and the water vrould be clearer at the surface' For example,

in 1974 Lake 226 NE exhibited a very thick and highly visual bloom of

nitrogen fixing blue-green algae. From appearances alone, it seemed

that this lake was much more productive than take 227 in tl:.e same year.

However, epiliÍmetic prirnary production figures (E.J. Fee, unpublished)

for Lake 226 NE (82 e c/n2/yr) and Lake 227 (I58 s clnz/yr) show that

Lake 227 was actually the nore productive of the two even tirough it was

visually less obvious. fn short, the kind of prinary production can be

¡nore inpo;tant than the quantity when one is considering the recrea-tional
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potential and aesthetic appearance of a surface water.

The ability to Ìnhibit nuisance blooms of nitrogen fixing blue-.

green algae would be valuable in some fish cultuiing operations.

In numerous lakes (Barica, 1975) these blooms collapse so suddenly

at their conclusion that their degradation can compleùely consume

the dissolved oxygen ín the water column and thereby cause massive

fish kills. If one raised the N : P ratio by augmenting the inorganic

nitrogen supply to such waters, it might be possible to encourage

populations of other more stable (less subject to sudden collapse)

algal families. The risk of 'surruner killsl would be much reduced with

these stable algal conmunities.
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APPENDIX



Conputer program used for predicting nitrogen fixation input into
a lake as â function of incident solaÌ ladiation.

University of Manitoba IBll-370 Conputer. Language: Fortran -
I|TATFIV Conpiler.
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fl.Í. 2Ioo F=(ALoGl0(QLfTE¡+8.0831 / tT.2+
147 co TO 28 00
L4\
l4g

e3oo F= (ALOG t 0 (qLtTE ) t0.0aZ ) / +.7723
GO ',ÍO 2800

rsc ?600lsl 2800
F= (ALoGÌÕ ( QLITE I +a.42aZl / 3.97
SUr"rFiX=SU F¡XrF

I53 3000 A (L =SUr'lF I X/ 12. O
-T*¡2-
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154 ÐO 500 l=lr3
ìi5 500 Ê(I)=A(I)rfÂRVÂL(C)

=4,157 A8=Cr I
r53 5r0 E(1):A ( I )-;i-ÂRVAL (ABl
15ç 66 520 I-=9;13

l6l 5¿0 E ( i ) =A ( 1 ) /.A Rv AL (A C)

163 AD=Cr3
rf.1, 530 E ( tt=A ( t lrf ARrr,AL(AD)
tó5 DO 54o t=lg:23
lÁó ÂE=Cr4
167 540 E ( I) =A( l)-fARVAL(ÁE)
Ia4 0e 550 1.=24 t 26
l6q AF=C+5
IIU 55O E ( I 

' =A ( I ) 
'IARVAL 

(AT )
l7l DO 600 I=l rZS
r7? AG:T+I
173 600 ß ( I ) = ( Ë ( I ) +E (AGt 

' 
r'z

!7L DO 650 I=l rZ5
17c 650 G(i)=È(I),i?AVoL(I,
! rr. lvR ITE (6167O ) (6( l) r l=l ¡25)
177 670 FoiìMAT ( r0r.5Fì5.1)
17? Ë=0
179 D0 7O0 i=tr25
180 70o H:H+G ( I I
lAl !'¡RITE(br720)DÄYNO(X) rH
L?? X=r(+ I
t 8-ì

-----T 
^ 

t'
7 ¡ 5 G NÕToT =G À,D T OT +H
(70 FoRMA'i (r To'l nL FtxArloN IN LAKE oN DAYrrF4.0rtIStr

GFt5. I I'MICROGRAMS ñJTROG€N' )
! Hb l30 wt{I IE (6r740)G^rOlOì
I8Á 14o FoRMAî( I G'ìAND ToTAL OF ALL N FIXED FoR YEAR IS.,- _--- 

GÊt5.tt'-¡'lICffi
I a7 5T0P
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Exanples of the first and second sections of computer output. The
first section gives day number, the 5 predicted fixation rates for
0.2, 1.2, 2.2, 3.2, 4.2 anð,5.2 meter depths, and the 5 values of
ARVAL. The secûnd section gives the weight of nitrogen fixed on the
indicated day into the whole lake in 0.2 meter thick layers from
0.0 to 5.0 rneter depth,
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Table VfIl shows the way in which predicted daily rates of
nitrogen fixation were corrected by weekly observed in situ
rates,
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L94

Lines 1- 3,

Lines 4-9,

Lines 10- 14,

Lines 15-20"

Línes 2I-22 ,

L1ne ¿5,

Lines 24-25,

Lines 26-27 ,

Lines 28- 36,

Line 37,

Line 38,

Line 39,

Line 40,

Line 41,

EXPLANATION OF PROGRAM

Di¡nension statements

Reading in 25 values of AVOL where AVOL = volune of the lake
between adjacent 0.2 meter depths for 0.0 to 5.0 meters.

Reading in 15 values 9f ITONE and 15 vaLues of lTThrO
where ITONE is the nth 5 ninute interval of the lighted
day and corresponds to the beginning of an in situ.
acetvlene ¡eduction measurement.
wherå tttw0 is the mth 5 ninute intervat of the lighted
day and corresponds to the end of an in situ acetylene
reduction measurenent.

Reading in 90 values of WVAL where WVAL = the rate of
nitrogen fixation observed in situ in the lake. There
are values for 0.2, L.2, 2,2, SS, +.2 and 5,2 ¡neter
depths for a period of 15 weeks ie, 6 x 15 = 90 values.

Internal cormters.

IDAT0T tel1s the nunber of days to be examined and
thereby instructs conputer to read only that anount
of light data.

Reading light data in.First nunber read is DAYNO (X) and
it gives the day of the year,

Reading light data in. Second nurnber read is IYINC(X)
and it gives the nunber of 5 ninute increments in the
lighted day.

Reading light data in. Instructs computer to read
thç con'ect nunber of cards for each dayrs light data
and also the number of days to read ie. IDATOT.

Initializing counteri

Defining first value of X for DAYNO(X).

Initialization.

ISET defines the rank of the day for which the first
in situ data are available ie. on the 4th day of
fîgñã-aata read in, in situ observations r'tere
obtained in Lake 227, L975,

IJ defines the rank of the last day for which in sit¡¡
data are available.
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Lines 42-43,

Lines 44 -95,

Line 44,

Lines 45-46,

Lines 47-60,

Line 61,

Lines 62-82,

Line 63,

Lines 64 -80,

tine 65,

Lines 66-79,

Line 80,

Initializatíon.

Routine to estimate fixation at 0.2, 1,2, 2.2, 3.2,
4,2 and 5.2 meter depths for the sane time interval as
the in situ neasulenents. These estinates, A(I), are
then-ãomþãied with the actual in situ observations,
hVAL, and the ratio of IWAL/A(Ð = nnVnl. New values
of ARVAL are generated for each week in which in situ
data are available. In this case, there are 6 depths
and 15 weeks for a total of 6 x 15 = 90 values of
ARVAL.

Defines which days are to be exanined.

Redefinitions.

Light attenuation factors are given for a range of
dates for the lake in question,

Defines initial depth Z = O.

Routine to predict rates of fixation at 27 depths,
from 0.0 to 5.2 neters in 0.2 meter intervals, for
the sarne tine interval as the in situ measuremènt,

Initializing value of SUMFIX = 0, where SUMFIX is
the sun of the nitrogen fixation tates at a single
depth that are deterrnined every 5-ñÏñ[te s from the
average incident solar radíation during each 5 minute
period (sumnation occurring over the períod of in situ
incubation.

Routine for sunning all the values of F, where F is
the predicted rate of fixation over one 5 ninute
inteaval at one depth.

Gives the light attenuation equation, where
QLITE = actual l-ight intensity reaching the depth
ALITE = incident light intensíty
2.7183 = e
FITK = extinction co-efficient

Z = depth in rneters.

The correct equation for expressing light intensity:
nitrogen fixation is chosen according to the light
intensity and then the average rate of fixation, F,
is calculated for that 5 minute interval,

A1l. of the values of F that were calculated for the
period of the in situ incubation are sum.ned.
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Line 81,

Line 82,

Lines 85- 86,

Lines 87-93,

Lines 94-95,

Lines 96-98,

Lines 99-Ì83,

tine 99,

Lines 100- 113,

Lines 114-128,

Lines 12 9- 130,

Lines 13I - 153,

Lines 154-170,

Depth is increnented by 0.2 neters.

The average rate of fix¿tion predicted for the in situ
incubation period is deterrnined at each depth, - 

-InstÎuctions to write DAYNO and the average fixation
Tates on that day number at 0.2, I.2, 2.2, 5.2, 4.2
and 5,2 meter depths.

The values of ARVAL are caLculated for each depth.

Increnentation .

InitiaLization.

Routine to predict total nítÎogen fixation input to
the lake, on a daily basis and as a total .

Defines number of days to be exanined.

Give required light attenuation factors,

Intemal coluìters.

Initialization.

Routine predicts average rate of fixation over
entire day at 0.2 neter interval.s fron 0.2 to 5.0
meters depth.

Series of statements that cause each average daily
rate of fixation, at each 0.2 meter depth, to be
nultiplied by the appropriate ARVAL, For exanple
assùne that on day 74 an in situ incubation wele
performed and rates of fixation were determined at
0.2, I.2, 2.2, 3.2, 4.2 and 5.2 meters between
the hours of 10:00 a.n. and 2:00 p.n. Assume also
the rates of fixation ât the same tine and depths were
predicted fron light values input into the progran and
that ARVAL lrrere calculated from the rates at the six
depths. Assune next that the entire days light data
were used to predict the average rate of nitrogen
fix¿tion over the lighted day at 0.2 meter intervals
from 0.0 to 5.0 meters depth. It is further assumed
that if the nitrogen fixation rate determined in an
in situ observation is different frorn that predicted
6y î-ne t igtrt vaLues, then the predicted lates are
wrong and should be nade the same as the in situ
rates by rnultipylying the predictions by the ARVAL

of the nearest or equivalent depth. Table VIII gives
an example of how the ARVAL values are applied. The
next assurnption nade is that the values of ARVAL are
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Lines 154-170 - continued

valid for the 3 day periods imrnediately precêding
and following the in situ neasurenents. -The 

coriected
predicted rates arõ-t en obtained for these other 6
days of the rveek by use of the appropriate solar
radiation values. The procedure is repeated untilall of the weeks in the experi¡nentâl period have
been eiamined

Lines 171-175, Averages corrected predicted daily rates of nitrogen
fixation fron adjacent 0.2 neter depths.

Lines I74-I77, Calculates and writes out predicted daily weight
of nitrogen fixed in each 0.2 meter depth layei of
the entire lake.

Lines 178-183, Calculates and writes out predicted daily weight
of nitrogen fixed in entire lake,

Lines 184-186, Writes out predicted totat weight of nitrogen fixed
in entire lake over complete experinentaL period.

Lines 187-188, End statements.




