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ABSTRACT

The ralationship of acetylena rasduction to nitrogen-15 uoteke was

»qvenJLﬂ’uod for bluae-grean algal populations in three lakes in the Bx-
perimental Takes Arca of northwestern Ontario and two lahoratory chemo-
stats. MNitrogen fixation rates as estimabed with both techniques were
comparad and acebylena to nitrogen ratios defined. Lake ratios ranged
from 6.3 to 9.7 moles of acebylens reduced per mole of nitrogen fixed
devending upon tha method of calculation, The chemostat acetylane to
nitrogen ratios vericd between the chemostats and with the method of
debormination, but in all cases excsedsd the theoretical value of thraea.
Bunlanations ware proposed for tha discrevanciss betwesn theoretical
and empirical ratios, including hypothesas of excretion of assimilatad
nitrogan-15 labelled material and interference from nitropzenase-
mediated hydrogen production, The relationshin of the substrate and
analegnia was further characterized by investigation of the responsa

of tha two techniques to increased epilimnetic depth, seasonal varia-

tion, dark incubation, extended incubation and varied substrate

(analogua) concentration,
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INTRODUCT ION




Histprical

Following thae development and use of the acetylene reduction tech-
nique (Dilivworth, 19663 Schollhorn and Burris, 1966; Hardy and Knight,
1967) as an alternate to direct estimation procedures utilizing labelled
(nitrogenmlS) or unlabelled molecular nitrogen, a rapid increase in the
number of studiss estimating bacterial, algal and plant nitrogen fixation
was noked (for exarple, Hérdy et al., 1971, 1973; Stewaert et al., 1968,
¥lucas, 1969; Rice and Paul, 1971; Blasco and Jordan, 1976). Though con-
siderable information accumulated which characterized the response of
acotylena reduction to various envirormental and physiological parameters
(Stevart et al., 1968; Hardy et al., 1968, 1973), relatively little ef-
fort was expended to definitely establish the relationship batween the
nitrogen fixation process and the acebylens reduction process assumed %o
accurately quantify it., To derive an sstimate of the rate of nitrogen
fixaﬁion from acetylens reduction rate data, it was necessary to incor-
porate a rate conversion factor tased upon the stolchiometry of the two
chnemical reasction equations involved. The basic reaction equations
follows
No + 3Hp === 2 NH3

00 + Mg === 3 CgH)y
Theoratically, three moles of hydrogen (H») should be sufficient to reduce
ong mole of nitrogen (N2) to two moles of ammonia (NH3), or three moles
of acatylene (CoHp) to three moles of ethylena (CoH)). Therefora, most
actetylens reduction derived nitrogen fixation rates reported were cal-

culated assuming the theoretical 331 conversion factor, usually without

empivical werification of the applicability of this ratio to the system




examined.

proliminary acetylone reduction—nitrogen-15 uptake rate compari-
son s tudies, summarized for various nitrogen fixing populations, demon-
strated an acetylens to nitrogen ratio ranging from 1.7 %o 8.6 (Hardy at
ale, 1973). Rathsr than abandon the analoguse~based technique bacause of
this variability, dstailed determination of the relationship for given
systems appearsd warranted. Woreover, sensitivity, speed, easa, economy,
and ready adaptability to field assay conditions (Hardy 8t al., 1968;
Stewart et al., 1967), prompted retention of thé mathod. Routine uss of
the more cumbarsomo nitrogen-15 uptake method (Ness et al., 1962; Stewart,
1967; Kaanay and Tedasco, 1973; Flett, 1977) required a significantly
larger investment in equipment (a mass spectrometer or emission spectro-
maeter baing asseﬁtial) and analysis time, both critical aspects in ex-
perimental dasign, Usa of the radiocactive nitrogen~13 isotope was not
found to be a feasible alternative in field studies due to its extremely
short half-life (ten minutes) and the involved method of 13N genaration
via proton bombardment of carbon-13, but it wés used in laborat ory auto-
radiographic studies (Wolk et al., 197h).

Praliminary investigation of the relahioﬁship of acetylans re-
duction to nitrogen-l5 fixation has stimulated questions as to the uni-
versality of ﬁhe theoretical value independent of the organism and the
environment in which nitrogen fixation was being monitored (Rergersen,
19703 Paterson and Burris, 1976). Ratios in excess of theoretical wers
most fraquantly observed, indicabting either an oversstimation of ni-
trogen fixafion by the acatylena reduction method, an undarestimation
oy th@‘nitrogén—lS uptakae method or a combination of these two effects.

Fgtablishmant of the discrepancy led to the proposal of various explana-




tiong for its existence,

Tn accord with tha theory of nitrogen-15 uptake rats underestina-
fion, ware raports of significant excration of assimilated nitrogen by
plue-green algal cultures (Fogg, 1966; alsby, 197li; Talsby and Fogg,

19753 Stawert, 1963). In sbudies whare an extendad incubation period was
involved, laballed nitrogen loss via excretion thus raquired inveshtiga-
tion as a vossible source of the ratio discrepancy.

The concapt of acetylens reduction oversstimation in in sita ni~
trogen fixation was supvorted by evidence indicating that only forty to
sixty par cent of the elsctrons supplied to the nibrogenass were ubilized
in the reduction of nitrogen to ammonia (Schubert and Evans, 1976). The
remainder of the slectrons channelled into an acatylsne-inhibited proton
reduction process, also mediated by the nitrogenase, were available for
acebylens reduction but not nitrogen fixation. Acetylens reduction esti-
mates would then overestimate in situ nitrogen fixabion by an amount esgual
to normal nitrogenasse hydrogen production. Hydrogen production was ob-
servad both in intact nodulss, bacheria and algal cells, as well as in
prapaved enzyme exhracts. Thserafore, investigations concerning tha rela-
tionships of the three molacules raduced by nitrogenase, nitrogen, acety-
lene and hydrogen (Bothe et 2l., 1977; Schubert and %vans, 19763 Jones and

Bishop, 1976; Smith et al., 19753 Schubsrt et al,, 1977; Evans et al.,

tc be published) will assist

jde

n the explanation not only of ratio magni-

tuda, but also ratio diversity from system to system.

Resgarch Comolated

In the BExperimental Lakes Area in northwaestern Onbtarioc (Claugh

5

and Hauser, 1971), the acetylene reduction method was employvaed to esti~

mate the contribubion of freshwater blue-grasn algsel nibtrogen fixation




4o the nitrogen budget of artificially eutrophied lakes (Flett, 1977).
Nitrogen budget calculations waere made assuming the theoretical rela-
gionsnip of acatylens reduction to nitrogen fixation, though preliminary
evidenca for its inapplicability was provided (Flett, 1977). To correct-
1y quantify nitrogen fixation contributions, calibration of the acety-
1eng raduchion method with the nitrogen-15 uptake method, a direct es-
timatae of nitrogen fixation, was undartaken. Acetylene reduction and

nitrogen-15 uptake rates estimated in the epilimnetic region of thrae

H-

1akes in bthis region were compared to determine whether a consistent

atio relating the two methods could be established. Vere a reasonably
renroducible acatylene to nitrogen ratio definable for each lake, a

singla ratio represantative of these lskes and similar environments could
then be calculated. Adoption of an empirically-verified ratio would elim-
the necessity of repsated employment of the more involved nitro-~
gon-15 uotake tachnique in the field.

Tnvastigation of the acetylens to nitrogen relationship in two
chorostat-maintained blue-green aigal populations was a sacondary program
complated in conjunction with the lake rate comparison expsriments. The
chemeostats ware dasigned simply as convenient reservoirs of active nitro-

¥

jte

n fix

jo ]

7 colls, not as rigid lake analogues. The high rates of nitro-

@

g
gon fixation attainable in the chemostat permitted rate comparisons at
nitrogen fixation levels unachiaved by lake blue-green algal populations.

An acetylens to nitrogen ratio was calculated for the individual chemo-

stats, as well as for the combined chamostat data set. Relative differ-

-

ences betwoen chemostat rabios and chemostat and lake ratios ware con-

sidared.

Methodological and biological explanations for ratio discrepan-

(2%




aioS both from theoretical predictions and from system to system were
pxoposed based upon empirical evidence collected in this study and pre-
vious studies. Excretion or filtration-associated loss of 15y-1abelled
agsimilation products (Walsby and Fogg, 1975; Fogg, 1966; Stewart, 1963),
and the possibility of active nitrogen-hydrogen substrate competition
(Schubert and Tvans, 1976; Bothe et al., 1977; Smith et al., 1976) were
the most productive hypotheses.,

Additional characterization of the relationship between acetylene
reduction and nitrogen fixation, independent of the direct rate compari-
son, was also attempted. Epilimnetic depth profile, time coursas, sub-
gtrate~velocity, and dark fixation experiments were completed to demon-
strata to what degree the responsaes of acetylene reduction and nitrogen-15

upbake are similar.
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Dogcription of Lakes Samplad

Tdanbification of the characteristics of the lake systems invol-
ved in acatylane %o nitrogen ratio development was necessary if extra-
polation of caleculated ratios among similar systems was to be contem-
platod. At various times throughout the sampling season three lakes in
the Bxperimental Lakes Area—ILake 226 NE, Lake 227 and lLake 30L (Figures
1 to 3)—supported hlue-green algal populations capable of maintaining
nitrogen fixation rates sufficient for rate comparison studies, All
three lakes received fortilizer additions whose nitrogen, phosphorus
and carbon conbtent was regulatsed, depending upon the aspect of the sutro-
phication process to be investigated. During 1976 and 1977, when this
sbudy was baing cowmpleted, the fertilizer ratios for lakes 226 NE, 227
and 20, rospactively, ware 10:5:1 (C:N:P); 5:1 (N:P) and 10:1 (N:P)
(Gehindler, 1977). Blua-green algal bloom development, as a rasult of
these additions, was most successful in Lske 227 in 1976 and 1977. Pre-
viously, Laka 226 NE, receiving the same proportion of nitrogen and
phosphorus as in 1976 and 1977, supported a much larger Anabaena sp.
vopulation (Flett, 1977, Schindler, 197h). Both Lake 226 NE and Lake
30l exhibited evidence of the blue-green algal development in late 1976
- and 1977, but acetylena reduction and nitrogen-l5 uptake assays revealed
ralatively low lavols of nitrogen fixation. As a result, phytoplank-
ton net haul concentration was adonted to enable acetylens to nitrogen
ratio daterninations at mora well-dafined rates,
Aspects of the physical chemistry of these lakes are summarized
in a seriss of figures (Figures i to 11) prepered from data collected

during intervals representative of peak sampling activity (J. Proko-

powich, E.L.A, Chemical Data). The relatively low inorganic nitrogen




Figurs 1. Rathymetric map of Lake 226 NE prepared by Hxperimental
Lakes Area personnel.
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Figure 2. Bathymetric map of Lake 227 prepared by Experimental
Lakes Area personnel.
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Figure 3. Bathymetric map of Lake 30L prepared by Experimental
Lakes Area personnel,
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Figure L. Temperature ( + ) and oxygsn ( * ) concentration depth
' profiles collected in Lake 227, August 31, 1976, (Ex-
perimental Iakes Area Chemistry Laboratory data).
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Figure 5. Temverature ( + ) and oxygen ( * ) concentration depth
profiles collected in Lake 226 NE, July 27, 1977
(Experimental Lakes Area Chemistry Laboratory data),
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Figure 6. Temperature ( ¢ ) and oxygen ( * ) concentration depth
profiles collected in Take 227, August 23, 1977
(Experimental Iakes Area Chemistry Laboratory data).
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Figure 7. Temperature ( + ) and oxygen ( # ) concentration depth
profiles collected in Lazke 30, July 5, 1977
(Experimental Lakes Area Chemistry Laboratory data).
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Figure 8.

Profile of nitrate ( + ) and ammonia ( # ) concentration
with increasing depth in Lake 227; data collected Aug-

ust 31, 1976 (Experimental Lakes Area Chemistry Labora-
tory data).
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Figure 9. Profile of nitrate ( 4+ ) and
with increasing depth in Lak

July 27, 1977 (Experimental
oratory data).

ammonia ( * ) concentration
e 2026 NE; data collected
Lakes Area Chemistry Lab-




on

(GM3L3WY HL1dJ3d

i

Yu o BB 128 IER B ME

T

0.0 YPR.A BB BR.R IIOR.R 1ZIR.E (O

a7
n.n

2.07

4.1

b7

B.07

.07

12.01

IH.8~

4

/ LAKE 235 NE a7 JuLy 77
LN + C¢NO3-NY UB/L
N % (NH3-NY UE/L




25

Figure 10,

Profile of nitrate ( + ) and ammonia ( * ) concentra-
tion with increasing depth in Lake 227; data collectad

August 23, 1977 (Experlmental Lakes Area Chemistry
Laboratory data).
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et

Figure 11. Profile of nitrate ( + ) and armonia ( * ) concentra-
tion with increasing depth in ILake 30L; data collected
July 5, 1977 (Experimental Lakes Area Chemistry Lab-

oratory data). |
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- grations obsarved favorad blue-green algal davelopment; this
) cen

B o ability to competae being improved by its capacity for assimila-
roup _

A of atmospheric nitrogen (Fogg, 1971; Fogg et al., 1975). Surface
‘on + —— \

e chlorophyll concentration measured on the same profile dates were
gamp

o 2061 - 1043 png/L, Lake 227 - 28.3 pg/L, and Lake 304 - 8.h4 ng/L.
1.2

Blue-green algae predominately of two genera, Avhanizomenon and

;nabaena, were thought to be responsible for nitrogen fixation activity

fﬁeasured in these three lakes (D. Findlay, E.L.A. Phytoplankton Data).

ﬁoscillatoria redskeii, classified as a non-nitrogen fixing blue-gresen,
aae
‘ioontributed significantly to the algal biomass, but not to nitrogen fixa-

é'tion levels. Oscillatoria may exhibit a slight nitrogen fixing capa-

; city if high levels of organic material enhance reducing conditions in
the surrounding water (Mague, 1977). Blue-green algal activity was most
prominent in May through July in Lake 30h, in mid-July in Lake 226 NE

and in late August and September in Lake 227,

Sample Collection =~ TLake Sampling

For the most part, sampling for nitrogen fixation determinations
in Lake 226 NE, lake 227, and lake 304 was co—brdinated witﬁ knowledge
of impending peaks in primary production (Figure 12 a,b) (J. Shearar and
De. Da Cleroq; persohal cormunication) and the appearance of blue-gresn
algae as one of the dominant phytoplankton groups (D. Findlay, personal
communication). Bacause primary production peaks reflected contribu-
tions by many algal groups; only ons of which was ‘the blus-grasen algasa,
primary production peaks were not always coincident with niirogen fixa-
tion peaks.

In the early stages of the sampling season sparse blue-green algal

populations and low nitrogen fixation activity levels prevented adequate
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Figure 12,

Seasonal variation in primary production (J. Shearer
and D. DeClercq, Primary Production Data) and nitro-
gen fixation.

(a) Lake 30L4 - Primary Production (x—x); Nitrogen
Fixation (o—o0). Lake 226 NE - Primary Production
(6 --4); Nitrogen Fixation (+--+),
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Figure 12. Seasonal variation in primary production (J. Shearer
and D. DeClercqg, Primary Production Data) and nitro-
gen fixation.

(b) lake 227 - Primary Production (x—x); Nitrogen
Fixation - Concentrated (s--s); Unconcentrated (o—o).




33

|

X

I
10 15 20 25
September

I
5

Lake 227
x

|

2\
N

X
R/
O
I

0 15 20 25
August

T
5

)
|

//

———
-
-——
——
=

/x
" A
/
’I
7
/
/
4
/
7T
10 1520 25
July

x\
/
7
7
/
/
/
’
./
(e}
|
5

NTe)
o
_O
N o
L. ©
% = 2
. 0.
e
77 T T T T T T X T T
o o O o) o 0 @) 0 o) 0 ®) (o]
o o0 0 < < m o) N o =
(%) (4y/gwy/obw) uolyonposd uojuwid3
= O (o)) © N~ © o] < \o) o = :

P3}DJUBIUOIUN (0)(4y/1/B) uoloxi4 ANI mov uaboujiN 9904Ing
P3}D4Juddu09 (o) :




3k

;f ethods comparison unless moderate sample concentration was employed.

N fen nicron mesh phytoplankton net, hauled through the zero to two and
one half meter region of the lakes studied, yielded concentrated algal
gamples. Four to eight hauls, drained to one hundred to two hundred
hilliliters (mls), were combined in a ona liter container from which
subsamples could be withdrawn. The cpmposita sample was well mixed,
prior to suﬁsample removal, and subsamples rarely depleted the compos-
1té volume by more than fifty per cent. The latter precaution assisted
in the prevantion of sample heterogeneity due to unbalanced reduction
of the algal population with regeated subsampling. Thifty milliliter
samples for acetylens and nitrogen assay were prepared from the same
composite sample to ensure homogeneity among samples. |

Examination of a number of parameters characteristic of concen-
trated and unconcentrated samples allowed estimation of the degrea of
sample concentration. Analyses completed included phytoplankton counts,
specifically blue-green algal cell concentrations (D. Findlay, personal
communication), chlorophyll concentration esfimations, nitrogen weight
dsterminations and nitrogen fixation rate comparisons (ﬁithin_a given
method). Calculation of an approximate concenfration factor tobe used
only as a qualitative indicator of the sample, not for nitrogen budget

evaluation, was then possible (Table 1). Lake nitrogen budgets were not

gstimated because éach lake was only sampled during a specific interval

during the summer, when nitrogen fixation activity was sufficient for
rate comparison studies. The avarage concentration factor determined for
net haul samples collected on one day was less than tan.

As noted above, concentration of late summer blue-green algal
populations in lLake 227 was unnecessary, as it had been during the Sep-

tember, 1976 sampling interval. Therefore, direct pump sampling from




TABLE

Estimation of Average Factors Describing the Extent of Lake Sample Concentration on Various Dates

Date
29/6/77

6/7/17

9/7/17
13/7/77
15/7/17
21/7/717

23/1/711

27/7/17
29/7/17

Lake

227
226
30k
304
226
226
226

227.

226

Concentrated/Unconcentrated Indicator

a The valus listed is the average
for a given date (one horizontal row).

Chloro-a

6.1
3.8
2.1

3.1
3.L

Phyto-
Plankton

Counts

L7
3.7

CoH2
Reduction 15N2
Rate Rate
h03 11-2
10.7 12.1
9.2 9.3
7.4 a7
6.5 291

Average

Nitrogen for
Weilght " Given Date?

7.8

6.7 6.7

bel

5.8 L.8

2.2 6.8

1.5 6.7

1.6 6.3

1.2 2,8

1.k 33

concentration factor calculated from the independent estimates

A\
AS2%



‘;depths dasired was adaequate to obtain a large sample ready for im-
he

ampling. Tygonl tubing, sectioned into connectable meter

2

Pediate Subs

was passed through a Cole-Parmer® peristaltic pump to facilitate

Langthss
;mjle collection. The final tubing section was weighted to assist in
q;wering the sampling hosa and maintaining the sampling port at the de-
;red depth. A styrofoam float ensured that the dasired length of tubing
qgmained suspended from the surface, compensating for natural fluctua-
ggons in lake level during. the coﬁrse of sampling, all depths being meas-
\;dd with reference to the lake surface. Subsequent subsampling proced-
gjes were identical to those for concentrated samplaes. Howsver, the vol-
;Qe of unconcentrated sample prepared for nitrogen-15 uptake incubations

was increased from thirty to fifty milliliters to ensure sufficient ni-

‘4rogen for nitrogen-15 analysis, as will be discussed later.

Chemostat Preparation and Sampling

Chemostat studiss were initiated in the attempt to define the
fécatylene to nitrogen ratio in a system with a blue~-green algal biomass
fand nitrogen fixation activity level unattainable in the lakes examined.
;It was also thought that the excretion of assimilated nitrogen label, if
:Significant, would be more apparent in such a well-defingd system.

Two nitrogen~free, phosphorus-limited chemostats were constructed

- %o provide sources of highly active, nitrogen-fixing blue-green algaa

P
1;20 C controlled temperature environment, with a bank of fluorescent lights

»faS an energy source for algal photosynthesis. Filter sterilized air, bub-

. |
(Figure 13). A nine hundred milliliter chemostat was constructed in a i ;

|
- .. |

I Tygon - T.M. of Northern Plastics and Synthetics Division, Akron, |

Ohio’ U.S.A.

2.Cole-Parmar pump - Cole Parmer, Chicago, Illinois, U.S.A. j
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Figure 13.

Schematic diagram of chemostat used for culturing
Anasbaena variabilis #21 population - (1) Air Inlet,

(2) Sparger Flask to moisten air, (3) Injection Port,
(L) Medium Inlet, (5) Medium Reservoir, (6) Overflow
outlet, (7) Sampling Flask, (8) Fluorescent Light

Bank, (9) Magnetic Stirrers, (10) Cotton Air Filter.
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'51 g first through a moisturizing flask prior to passage through the
blec

1 1£ure, was the only input of nitrogen apart from nitrogenous decompo-
Eon

gition and excretion products produced after prolonged chermostat opera-

: Hiomne. Anabaena variabilis #21 supplied by F. P. Healey was successfully

; inoculated into both chemostats. The ¥WC medium which supported algal
}:growth was modified for use in these chemostats, medium composition being
?‘defined in Table 2. Chemostat dilution rates ranged from 0.31to 0.33

; days'lo Chemostat 1 was maintained in the Freshwater Institute Labora-

f tory from March through early May, and Chemostat 2 in the E.L.A. field
vlaboratory from June through September.

Algal growth in Chemostat 1 appéared uniform on visual examination
~ after the initial adjustment period, though some wall growth was apparent
throughout the chemostat!s operation. The health of the culture was jud-
gad to be good on the basis of the bright green cell coloration and the
high capacity for nitrogen fixation (Healey, 1973). Trypticase soy broth
tests for bacterial contamination proved nagativé./

The facilities for operation of Chemostét 2 at the E.L.A. field

station were less extensive, consequently influencing the growth condi-

tions experienced by the Anasbasna variabilis population. Slow develop-

ment of the population and an unhealthy yellow-brown apéearancs of the
algal cells were characteristic of this chemostat. Close proximity of
the culture tubg’to the Gro-luxlt light banks, in the confined space of a
small incubator, was thought to contribute to this unhealthy response.
Therefore, one of the two sets of bulbs was removed. Uniformity of algal
distribution in the tube and the level of nitrogen fixation activity were

observed to improve, though algal coloration was relatively constant. An

e

X Gro-Lux - Sylvani.
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TABLE 2

Modified WC Medium Composition Usad for Growth of
Chemostat Anabaena variabilis Populations

Chemical Concentrations(mH)
KHoPO), 0,15
MgS0),* THoO 2.00x10~3
CaClpe2Ho0 0.25
NaliCO3 0.15
Na,5103+ JH20 0,10
Trace Elements a
Vitamins b
Tris Buffer (pH 7.5) 100
NaCl 1.00
XC1 | 0.08

a L0 mls of trace slement solution (providsd by F. P Healey)
per 8 liters of medium.

b 8 mls of vitamins solution (provided by F. P. Healay) per
8 liters of medium.




Il

4 J1thy yellow color has baen attributed to pH elevation due to pro-
1he

3 éed aeration of the culture (Nees et al., 1962), however, the Tris
lon =

@uffer system should have minimized pH changes. A decrease in photosyn-
;hetic pigments, including chlorophyll and photosynthetic biliproteins,
ibbserved to be a general response to nutrient deficiency in blue-green
é?lgae (Healey, 1973? may also have been the cause of the unhealthy colora-
?ﬂtion. Tnefficient autoclaving facilities and contamination during medium
;}eservoir changes and sample withdrawal prevented maintenance of the de-
i;sired axenic condition of the culture.

; Chemostat 2 chemistry was defined for an August 25, 1977 subsample
5 . Prokopowich, personal communication), ihe data being summarized in

; Table 3. An August 18, 1977 sample showed similar chemistry. Lake 227

: surface sample chemistry is provided as a comparison.

Chemostat subsampling was limited by the necessity of maintaining

the resident Anabasna varis ilis population close to a steady state con-

f: dition. Withdrawal of approximately ten per cent of the total culture
volume reduced the disruption of culture growth state, thus allowing
daily sampling, if required. Marked fluctuations in culture optical den-
sity, a measure of cell concentration, were used to indicate steady state
disruption. One hundred o one hundred and twenty milliliter volumes wers
usually collected from the internal rather than the overflow population
following internal scrubbing of the culture tﬁbe walls with a magnetic
stirring bar-external magnet combination. Medium influx, at the normal
flow rate restored the initial resting culture volume after approximately
Seven hours. Preliminary measurements of algal nitrogen fixation capa-
bilities had indicated that a ten milliliter subsample would provida mora

than adequate rates and nitrogen pressures (See Nitrogen Analyses discus-
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TABIE 3

Analysis of Selected Chemical Species For
chemostat 2 (August 25, 1977) and Leke 227 (August 23, 1977) Samoles

Chemostat 2 P Lake 227 ©
Concentration ' Conceantration
Species (pg/L) (pe/L)
NH3-N ' 18,400 6
TDN 65,000 1160
TDP 6 10
CHLORO-a ' 16 28
SUSP N ‘ 2,000 & 199

a Vacuum guage estimate.
b August 25, 1977 sampling.

¢ August 23, 1977 epilimnion sampling.

\

e —— :
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S




L3

; 1low meaningful methods comparisons. Ten milliliter algal
“;on) po &

g:uples were diluted to thirty milliliters with chemostat medium to
%}acilitata use of easily measurable gas volumes and employment of avail=-
}able equipment. Dilutions were prepared directly in the fifty milliliter
¥g1355 syringes used for sample incubation. To promote sample to sample
ghomogeneity’ the original sample was kept well mixed throughout the sub-
;sampling procedurs. Homogeneity was determined by analysis of replicate
Egubsamples for their respective nitrogen contents.

‘ Ten milliliters of culture was pipetted into the storpered syringe
‘?5afrel following addition of twenty milliliters of chemostat medium.
;:After insertion of the plunger and expulsion of captured air, the sample
? was shaken well, prior to acetylene or nitrogen-15 injection. Substrate
;'injections were proceaded with only after completion of the preparation

. of all samples. Sample dilution was not found to affect rate estimation.
‘1 Acetylens reduction rates measured for an undiluted sample and for sam-

%T ples diluted 1,5 and 3 times were 21.3,.13.8 and 7.2 pg ethylene produced/

é} L/hr, respectively.

Sample Preparation and Analysis

Sample manipulation for acetylene reduction and nitrogen-15 uptake
differed with respect to methods of substrate addition and sample malysis.
Methods of substrate addition differsd due to the nature of the substrates
and the manner in which they were provided by the supplier. Analytical
differences were intrinsic to the type of method. The acetylens reduc-
tion method measured a released gaseous product, while the nitrogen method
85timated the incorporation of a labelled precursor into the particulate

fraction, Therefore, each of the techniques will be independently des-




J

aribed:
- Acetylene Raduction ¥ethod

é’ A brief summary of the acetylene reduction methodology adopted for
;fhis st&dy is outlined below, details having been provided previously by
iFFlattv(1976). The importance of consideration of the significant solu-
Zybilities of both acetylens (CpHp) and ethylens (CoH),) in sample prepara-
jition and analysis is stressed. |

Fifty milliliter glass syringes, filled to thirty milliliter sam-
ple volumes, were prepared, as described earlier, for injection of acety-
lena. A small MC refill acetylene cylinderl, adapted for acetylene with-
drawal (Flett, 1976), permitted addition of five milliliters of gas to
gach syringe. Acetylene was drawn in over the water sampls, which was
held vertically to prevent additions in excess of five milliliters, due
to solubilization of the gas in the sample. Due to its characteristic-
ally high solubility in water (1,11 mls acetylene per ml water at 17°%
and one atmosphere pressure) almost ninety-five per cent of the added
acatylene rapidly dissolved on vigorous shaking for ten seconds. Acety-
lane was provided in excess to ensure successful competition with nitro-
gen for reductant and ATP stores (Hardy et al., 1973).

To determine the level of ethylene production achieved during the
binoubation, gas stripping pfocedures were necessary. Air stripping into
fifteen millilitors total volume was found to be effective. Agitation
for thirty seconds of the sample and the air phase introduced after in-

cubation allowed equilibration of ethylene between the aqueous and the

vaoor phase. Sample temperatures were racorded during gas stripping

1 hcetyleons - Welder's Supply, Winnipeg, Manitoba.
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:f dures, since the gas solubilities and thus the gas equilibration be-
0C6

n phases, was a function of stripping temperatures. Removal of the

ipor phase Was then accomplished by gas injection into a ventad, thir-

b en mllllll'b

b jonization gas chromatograhy of 0.1 ml subsamples of this gas mix-

or serum bottle, filled with distilled water. Hydrogen

*;re provided measurements of ethylene concentration, which were cali-

mrated with a specific 0,893 micromolar ethylene standard. The column

Wacklng used for ethylene determination was phenyl isocyanate/Porasil C
; eated to 45°C.

Correction for ethylene, indigenous to the water sample, or pres-
aent as a contaminant in injected acetylene, was achieved by running a
;sample which was air stripped immediately following acetylens injection.
EQSample ethylene concentrations greater than or equal %o twice the back-
§ ground concentration, usually between 0.05 and 0.23 pM, were accepted as

;]being significant. Gas composition analysis was completed within an hour

. of air stripping procedures. -

Estimabion of Acetylsns Reduction Rates

After correction for ethylene present iﬁ the unincubated blank,
sample ethylene chart units were converted to a micromolar concentration.

" The convarsion factor applied was calculated from the char units re-

corded for the 0.893 M ethylene standard. A linear relationship betwsen
racorder chart units and a specific range of ethylens gas standards was
determined. As a result of aquaous-vapor phase partitioning of ethylene
and the solubility of ethylene in water (0,122 mls CpH),/ml H20 at 20°¢

and one atmosphere pressura) the caleculated concentration required cor-

—

i ¥ G. C. Packing - Waters Associates, Framingham, Massachusetts,
oSuA.
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4 raction of ethylena produced which remained in the water
bon for the :

10’ g

A fo1lowin% air stripping procedures. Estimation of the fraction
16 g ’ .

ﬂéferred from aqueoué to vapor phase was described by Flett (1976).
,;;ion by this fraction allowed calculation of the actual ethylense
é#btion within the entire sample, rather than simply the ethylens
%;ction measurable in the vapor phase.

| rThe use of vapor phase end sample volumes in these calculations
uiited in a figure presumed ‘o represent the absolute amount of ethy-
‘J; produced. Division by the time of incubation yielded the rate of
@£ 1ene production in umoles CpH), produced/L/hr, or equivalently, the
-mgles Colly raduced/L/hr. The equivalence was determined by the stoi-

.$1ometry of the chemical reaction equation for acetylene reduction das-
wiibed in the introduction. Assuming the theoretical acetylens to ni-
‘ﬁogen ratio of 3, nitrogen fixation rates were estimated as ug nitrogen
fixed/I/hr, after multiplication by the molecular weight of nibrogen,

pg/umoles .

Nitrogen-15 Uptake Method

Following sample collection, nitrogen-15 uptake sample prapara-
%ion and analysis differed from acetylene reduction methodology. Unlike
fﬁcetylene additions, nitrogen-15 gas injections were not direct and were
ynot under pressure. This was due to the nature of the nitrogen-15 gas
ireservoirl, a 250 ml or 500 ml glass ampoule, sealed with a large rubber
isuba Seal2. This tyce of resaervoir closure facilitated subsampling by

%direct withdrawal of gas into 2.5 or 5 ml Glaspak3 syringes. Depending

1 litrogen-15 gas - Onia-Azote et Produits Chimiques S. A.,
;Parls, Franca.

2 Suba Seal - Griffin and George Ltd., Toronto, Canada.

' " 3 Glaspak - Becton, Dickinson and Company, Rutherford, New Jerssy
g “nA. i

i
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the activity of the system studied, four levels of enriched nitrogen-15
4gas were utilized for experiments in 1976 and 1977, including L9.9, 9L.6,
:;97 1 and 98 atom per cent. Lack of pressurized injection of the labelled
iﬁﬁitrogen’lg’ from the Glaspak syringe into the sample, caused displace-
ﬁ'ment of a volure of sample equivalent to the injected gas volume.
| Aqueous solubilities of acetylene and nitrogen differ significantly.
17A£ 17°C and one atmosphere prassure, nitrogen gas is 1.,2% as soluble as
;facetylene. For this reason, only a small fraction of the nitrogen gas
;’bubble introduced, immediately entered the solution. Attainment of gas
5 exchange equilibrium required two to three minutes of vigorous shaking
compared to the ten second agitation period required for acetylene samples.
Following parallel incubation with acetylene samples, the amount
of the nitrogen isotope fixed in particulate matter was estimated. Fil-
tration through 2.5 cm precombusted Reeve Angell 984H glass fibre filter
:'papers was used to collect the sample. Depending on the cell density of
the sample, filtrations under low vacuum could require from thirty to
~ sixty minutes for lake samples. ‘DeSpite the algal density, chemostat
sample filtration was rapid, requiring only twolto three minutes for fil-
tration of the thirty milliliter sample; presumably filter clogging by
detrital or bacterial matter was much reduced. Filters were rinsed with
five milliliters of distilled water, unless filter clogging was prohib-
itive, and then removed for slow drying at room temperature in a sealed
:; §essicator containing a layer of silica gel dessicant. Removal of un-
incorporated label was umnecessary, since it was released with atmospheric

@xposure during filtration. Filtrates were collected and stored for iso-

tope excretion studies, which will be discussed later.

————

1 Reeve Angel - Clifton, New Jersey, U.S.A.
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; J Filtars, which had been stored in the sealed dassicator for
e

' y Yo more than a week, were then analyzed for isotopic com-
aa J '

The.procedure and apparatus required were developed and des-
. Flott (1977). Briefly, what was involved was the oxygen-

. combustion of particulate material in a previously evacuated

od
1lowed by reduction of oxidized nitrogenous compounds to mol-
rogene.

s&e sample preparation system was composed of two sections. Thae

1

i

n unit included a Lindoerg Hevi-Duty™ oven, maintained at

15 a stainless steel combustion tube, with an inner sample cham-
| le of being connected to the evacuation source. A specially
éievacuated glass rack (Flett, 1977), maintained at 1 millitorr,
sﬁgonnection o a Telch Duo-Seal 1405 2 or Sargent Welch 2 oil

:@n pump, provided the feducing conditions necessary for copper
ﬁeduction of oxidized nitrogen compounds to nitrogen gas. Re-
Vr-shaped liquid nitrogen traps intercepted gaseous contaminants,
oxygen, water vapor and carbon monoxide; which interfered with
measurements. Detailed sample combustion and oxidation pro-
‘ﬁwere outlined by Flett (1977). |

iollowing preparatory steps, the nitrogen pressure, from which
gitTOgen.weight was derived, was estimated with a Pirani3 vacuun
ﬁ%aChed to the glass rack and to a Kinney3 vacuum guagse. Nitrogen
“if Yere recorded from the torr (1 torr = 1 mm mercury) or milli-

: 85 of the Xinney vacuum guage, prior to release of the gas
;Iindberg Hevi-Duty-Div.Sola Basic Industries,Watertovm,Wisc.U.S.A.

Wﬁch guz—Seal/’Sargent Welch - T.M. Sargent Tlelch Scientific Co.,
V%) o -A.

i 1 S o~ ‘.,.
ranlfﬁlnney Vacuum Guage-Kinney Vacuum Co.,Boston,Mass., U.S.A.
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yhrough a copper tubing link to the Statron® M0I-5 SN analyzer dis-
charge tube. Ethylene diamine tetraacetic acid (EDTA) standards of
knovm nitrogen weight, applied in aqueous solution to Reeve Angel fil-
ter papers, were used for calculating nitrogen pressure-weight conver-
sions. A representative standard curve is shown in Figure 1llj. In prac-
tice, EDTA standardization was frequent due to instabilities in vacuum
guage characteristics, which resulted in a standard curve intercept
range of 0.0L to 0,09 torr and a linear slope range of 0,016 to 0,027.
Emission spectroscopy is the basis of Statron analysis of nitro-
gen isotope compositions of gaseous samples. Excitation of the entering
nitrogen gas was initiated by 27.1 megacycle radiation, relaxations to
lower energy states being monitored at specific wavelengths, for the
molecules of interest. Nitrogen molecules with 15NlSN, th15N and
Wiyllky combinations were investigaged at 297.7 nancmeters (mm), 298.3 nm
and 298.9 nm respectively. A ratio of thth to 1hN15N peak heights
from recordar output was calculated for use in determination of 15N atom
per cent enrichment. The formula utilized is atom % = 100 , where

2R+ 1
R is defined to equal

(Poak Height Mlwlly) (attenuation LunlSy)
(Poak Height LoNLLN) (attenuation il

A typical trace is provided in Figure 15.

To celibrate 15N atom per cent output derived from analyzer traces,
known 15N atom per cent ammonium chloride standards wers used to con-
struct an actual versus observed atom per cent standard curvse (Figure 16).

The working renge of enriched standards was designed to fall between

-1 P.G.H. Statron, Bhrenfried - Jopp - Str. 59, G.D.R.
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Figure 1l.

Representative standard curve relating tha measured
nitrogen pressure (Torr) to the weight (pg) of nitro-
gen present in prepared ethylene diamine tetraacetic
acid standards. Pressure-weight standard curves were
prepared frequantly.
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Figure 15.

Trace of a typical 15N analyzer output obtained on
analysis of a natural abundance sample. A sgift in
attenuation from 10,000x to 300x after the Lowlly

peak is necessary due tﬁ tne relative abundances of
this molecule and the WILN molacule. Baseline

construction is as described by Flett, 1977,
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Figure 16. Representative standard curve relating actual and
observed 12N atom per cent enrichment for four ammon-

jum chloride standards.
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i a1 abundance, 0.367 atom per cent and lj.15 atom per cent, which en-
natur’

4 agsed any enrichment that would likely be attained with lake or
(e ‘mp b

éhemostat incubations. An unincubated sample, injected with nitrogen-15
‘;nd tﬁen immediately filtered, served as a blank for each set of 15N
%amples incubated. Sample atom per cent increases exceeding 0,03l atom
ier cent were accepted as indicative of positive nitrogen fixation acti-
2§1ty- This significance level represents two standard devigtions

;is = ¥ 0,017 atom per cent) from the mean natural abundance, 0,393 atonm

3

fier cent, calculated for a series of unenriched samples,

Nitrogen-15 Uptake Calculations

Estimation of a nitrogen fixation rate from this nitrogen-15 up-

] take data required no theoretical conversion factor, the rate being de-
Z‘rived dirgctly from sample enrichment. The rate calculation necessi-

#

{'tatad prior determination of the sample specific activity, which involved
7 calculation of the amount of artificial enrichment, plus the natural

fvabundance leval characteristic of any unenriched environment.,
Specific Activity = (N) (V1) + (E)(Vy)
(V1 + V2)

; where: N = the fraction of 15y prior to enrichment, i.,e., theor-
3 etical natural abundance 0,367 atom per cent,

the fraction of 15N characteristic of the enriched gas
injected. '

=
i

V1 = volume (mls) of the unenriched molecular nitrogen dis-
solved in the water sample. This value was derived from
nitrogen gas solubilities, sample temperature and agqueous
volume, following Loy injection,

Vo = volume (mls) of injected nitrogen label.

V1472

it

total volume of molecular nitrogen present in the
aqueous-vapor system, (m1s).
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ytilization of the calculated specific activity along with the

i;eﬁpirically determined sampls 15N enrichment, nitrogen weight and length

1 BT incubation, permitted estimation of the rate of nitrogen fixation in

the following manners

Np Fixation Rate (pg/L/hr) = (A-B)/100 () (L)
(s) (1) (V)

15N atom per cent enrichment of the filter preparad for
a given sampla.

background atom per cent determined from the unincubated
blank.

weight of nitrogen estimated for the sample (pg).
mls per liter.

sample specific activity (a fraction, therefore no
dimension).

length of the incubation interval (hrs.).

volume of the sample filtered (mls).

Sample Incubation - Tn Situ and Laboratory

Incubation, which was identical for both acotylene and nitrogen
mothods, involved suspending the syringes in the water column at desired
depthé, or placipg syringes in a 20°C incubator in the laboratory. At-
taching syringe clips to paired clamps, spacaed at meter intervals along
a polypropylene rope, allowed incubation of acetylene and nitrogen sam-
Plas at the same depth in the lake and in similar orientations to the
lake surface. The buoy from which the sample line was dropped was trans-
barent glass to prevant shading of the suspended samples. TIncubation
Periods of two to three hours were chosen on the basis of time course

studigs, which will be discussed later. The langth of the incubation
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J o defined by the initiation and termination of light exposure.
wa il

Dark Rate Fstimation

In addition to incubations carried out in the presence of a solar
éor fluorescent light source, some nitrogen fixation rates were measursd
?for samples incubated in the dark. Acetylene and nitrogen methods were
iused to estimate dark fixation of nitrogen, and to observe whether or not
{the same ratio of acetylene reduction to nitrogen-15 uptake was found in
gdark and 1ight incubations. Normally, dark samples were not pre-incubated
iin the dark, prior to acetylene or nitrogen-15 addition, sample prepara-
;tion procadures being the same as fﬁr light samples, except for the lack
~of the final light exposure. Dark samples were laft to incubate in the
;1ight-shaded sample box. To determine whether dark fixation was attri-
gbutable to residual energy reserves of the algae present, some samples
%were pre-incubated in the dark for four hours prior to acetylens or

:nitrogen-ls addition. Fixation rates were then measured and compared to

frates exhibited by illuminated samples run concurrently,
.

Experiments With Filtration Procedures

é' Filtration and drying procedures were found to be important to

fnitrogen-ls up take rate determinations. In particular, the nitrogen weight

:dérived from nitrogen gas pressure readings was examined in relation to
ithﬁ volume of sample filtered and the methods of filtration and drying.
;ﬁamplés from Chemostat 1 were filtered utilizing different degrees of ’ N

i&acuum and then air-dried or dried at varying distances from a heat blower.
These £i1ters were then combusted and passad through the vacuum rack prep-

:aratory system to obtain a nitrogen pressure reading. Increasing aliquots
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ulture wefe also filtered to cbserve whather the pressures recorded
;}eased in a predictable manner with respect to sample yolume. These
nples were prepared in duplicate so that a compariscn might ba made be-
4 aen two different estimations of nitrogen weight; Cdzbon—nltrogen anal-
;er determinations of nltrogen (B. Hauser, personal communlcatlon) as
”posed to nitrogen estimates derived from vacuum guage pressures.
preparation of a filtration arror curve (Arthur and Rigler, 1967)
;ir nitrogen~15 uptake in Cherostat 2 samples was alsé attempted. A one
{#ndred and twenty milliliter serum bottle, filled with sample from the
iecond chemostat, was injected with 4.3 ml of 9.9 atom per cent nitro-
;en—ls gas. Following a two hour incubation, aliquots of increasing vol-
fﬁme, from five to thirty milliliters, in five milliliter increments, were
ifiltered through precombusted Resve Angel filters. Filters were air-

idried in a sealed dessicator, then analyzed for nitrogen weight and atom

“per cent enrichment for purposes of nitrogen fixation rate determination.

Filtrate Analysis

As was noted in the description of the l/V method, filtrates of

lsN samples were recoverad following filtration procadures. The filtrates
;ware storad, at LOC, in plastic or glass scintillation vials, until they
‘?Gould be processed. Storage for up to one month was not uncommon. Pro-
‘f°GSSing involved preparation of filtrate samples for 15N analysis. Ini-
itially roto~svaporator concentration of filtrate samples at 50 to 5500
vas used as a preliminary to application of the concentrate to a precom-
ibusted filter. Roto-evaporation reduced tha fifty milliliter filtrate
;VOlume'to approximately two to three milliliters, which could be collected

t1n g five milliliter Plastipakl syringe. A Reave Angel filter was then

1 Plastipak-Becton, Dickinson znd Co.Canada Ltd,,Mississauga, Canada.
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? badly saturated and drisd over a heat blowsr until all the concentrate
‘63 o

,iibeen applied. The temperature within the drying chamber was only Lo
:}uSOC due to tha distance of the drying plate from the heat sourcs.
This procedurs was modified as filtrates with higher nitrogen con-
r s were maasured. Two alternate methods ware adopted. Ono method in=-
w§1ved application of one milliliter of unconcantrated filtrate directly
13 the filter using the same saturation and drying procedurss. As a come
ison, the rest of the filtrate was concentratod and then a 0.2 %o 0oL ml.
naiiquot was used to saturate the filter, only once, bafore a final drying.
;ia reason for the procedural modifications was that concentrates of chemo-
;;at and lakae sample filtrates, when completely applied, yislded nitrogen
\i¥essures which axceedad the capacity of the vacuum guage and contaminated
f&he combustion tubg, The desirable filtrate nitrogen pfessure fall behwean
;0.3 and 1,0 torr, for which atom per cent characteristics were defined and
:consistont.

3 Filters prepared from selected filtrate samplk s were then analyzed
iin the same manner as particulateifractions ware analyzed. The background

ilSN enrichment for filtrate samples was established by analysis of the

;filtrabe from the unincubated 15% blank.

Time Course Determinations

Sample preparation for time course studies was identical to that re-
- Quired for normal rate comparison expsrimsnts. However, the langth and

* the “location of sample incubation, both laboratory and field, varied.

Acotylens Reducticon Time Course

The in situ determination of the relationship between the amount of
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,ietylena reduced with increasing time was facilitated by the nature of
;ﬁa air stripping and product collection procedures involved. Sarmples
ﬁbuld be readily stripped in the field and the gases injected into serum
é;ttles: after various lengths of incubation. Incubations from fifteen
;inutes to four or five hours, at thirty minute intervals, were undertaken

B

io i1lustrate the relationship over time intervsls likely to be applied
;n day to day sampling.

i Time courses were carried out with Chemostat 1 and Chemostat 2,
?:ke 30l concentrated samples, and Lake 227 unconcentrated samples., All
Zgamples for a given system and time course were prepared from the same
;@ompgsite sample. Chemostat samples were incubated in an 111um1nated 20°¢
1ncubator, while lake samples were incubated in situ, syrlnges being sus-
;pended from a horizontal rod 0.25 meters below the lake surface. Tncuba-
;tion was initiated on exposure of all samples to the light source and

- terminated when samples were stripped, imediately after removal from the

i,

Nitrogen-15 Uptake Time Course

Due to procedural problems with sample ’iitration in the field,
Samples for nltrogen-lS uptake time courses were incubated in the labora-
-tory—controlled temperature incubator. In this way, access to a filtra-
ttlon unit was rapid, so thera would be no lag botween removal of the sample
?from the light (the criterion for end of incubation) and filtration.

Both chemostat and lske time courses were performed and COmparad
;La&e Samples were prepared from two liter unconcentrated samples. which
”BTG drawn from 0,5 metors, and returned to the 1 laboratory in sealed,

llght-shlelded glass containers. Similar to daily samples, nitrogen-15
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jj ctions were made, and samples were then incubated for selected time
injé

N’téfvals. As with the acetylene reduction time courses, the range of
ime intervals (fifteen minutes to six hours) encompassed those likely

‘o pe used during normal sampling procedures,

Michaelis-Menten Relationships

f§ Relationships of reduction rate and substrate concentration were
-éxamined for both substrate and analogue. The intent was to determine
;~ather any differences existed in the uptake response of the blue-green
;glgal population on exposure to either nitrogen or acetylene. Variability
fin.the substrate-velocity response could possibly contribute to explana-
;tions of observed rate discrepancies. The concentration-rate experiments

were defined independently for each of the substrates.

f The Relationship of Acetylene Concentration and Nitrogen Fixation Rate

During the course of a normal assay, acetylens was present in ex-
%cess so as to corpeta sucéessfully'wiﬁh the natﬁfal substrate, nitrogen.
fChoice of this concentration was determined through selection of a sub-
?strabe level corresponding to a plateau reductioﬁ rate.

| Procedurally, the definition of this plateau region for acatylens
é‘reduction rates iﬁvolved preparation of a series of substrate concentra-
{;tions to be utilized under normal assay conditions. Substrate dilutions
;WBPG prepared to obtain a final sample concentration range of 60 to 7500
;?micromolar. A preliminary experiment was run with a series of lower acety-
glene concentrations. which assisted in the final selection of a represen-
;:tativE COncentratiQn range. Volumetric flasks, filled to the praescribed

1;V°1ume with air, were utilized for acetylens dilutions. Flask neckspace
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MZE rilled with water. Acetylene volumes to be injected were measured
émistored in 1, 2.5, 5 and 10 ml Glaspak syringes. Desired gas volumes
;are injected into the dilution flasks, through rubber Suba Seal flask
;toppﬁrsi following removal of an equivalent volume of air from the flask.
%or purposes of attaining gaseous equilibrium between tha small agquaous
?Qnd large vapor phase flasks were shaken for two to three minutes. This
;reliminary mixing was necessary for accurate calculation of gas parti-
Efioning between phases.,

] Samples were prepared from a two liter sample drawn from Lake 227,
jone to two hours prior to substrate injection. This sample was kept closed
f and light-shielded until subsampling was initiated. Normal subsampling
fpmocedures were pursued, however, the sample size prior to injection was
;?thirty—five milliliters, rather than thirty milliliters. The additional
:éfive milliliters of sample was displaced on syringe injection of the five
;?milliliter gas bubble prepared from the acetylens dilutiqn flasks. The
z;presence of air in the injected gas caused a smaller percentage of the gas
" bubble to dissolve on vigorous shaking than wheﬁ pure acetylene was in-
;3ected. Incubations, lasting two hours, were not carried out in giﬁg be-
f;cause of the difficulty in sample preparation and gas dilution manipula-
;)tions in the field. The controlled temperature incubator, fitted with
:;Gro—Lux'bulbs, ailowed laboratory incubations at in situ temperatures,

~ CGas stripping procedures, following incubation, were identical to those in
;the standard assay method. Acetylens reduction rates were measured for
;ithe acetylene concentrations listed in Table . The highest substrate con-
%Centration was achieved without dilution procedures. Tt reprosented thae

- 3Queous concentration achieved in the regular assay by direct injection of

i five mil1ilitors of acetylene into a thirty milliliter sample.
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TABLE )

Acetylens and Nitrogen Concentrations Fmployed For Definition of
' Michaelis-Menten Relationships

CoHo Concentration N2 Concentration

(pr) ()

63 L7

123 | o 93

2l . 116

596 225
1198 - L
173 L65
2977 - 95
11102 513

hh7
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Lcatylena Concentration Calculation

Ars indicated above, acetylens dilutions were vrepared in an air-
) 11ed volumetric flask, residual volume in the flask neck being filled
;'th yater. Determination of gas-liquid partitioning of the acetylemne
\

;etween the two phases in this flask, and in sample syringes was neces-
;% arye

Tnitial Gas Dilution Determination

The concentration of injected gas was estimated using the following
f;quation:

Cg(vg) + Cl(Vl) - VT

wherat Cg = ml concentration of acetylene in the vapor phase at given

v ml temperature and ons atmosphere pressure.

v volume of the vapor phase (mls).

3]

g

ml. concentration of acetylene in the agueous phase at
ml  a given temperature and one atmosphere pressure,

Cy1

HH

Vl = volume of the aqueous phase (mls) - flask neck volume.

Vp = total volume of acetylene initially injected in%o the
dilution flask.

‘.
:To simplify the above equation CXCQHQ, acetylene's solubility coefficient
- Was required.

A. .
1 X = E& or equivalently C1 at a given temperature and one
4 s atmosphers pressura.
iSymbol definition was as abovae.

Utilizing a specific < , the first equation was simplified to:

C1_(Vy) + €1 (V1) = Vp
¢ C2H2

fSiHCQ all other parameters were available, C; could be defined; Cg, of
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ﬁ? giluted gas mixture, then equalled Cy .
Lhe —
. <

Final Aqusous Acetylene Concentration

After preparation of the initial acetyleans/air dilution, five mil-
jdliters of this gassous mixture were injected into a thirty milliliter
iqueous sample, (V7). Vg was assumed to ba the volume of injected gas,
ﬁecausa the very soluble acetylens contributed only a small proportion of
the injected air-acetylens mixture. Vp was calculated from the injected
‘éas volume multiplied by Cg, the estimated concentration of the diluted
;ixture- Incorporation of these values into the first equation allowed
fﬂetarminaﬁion of a ml/ml aqueous acetylens concentration for_each sample.
lMicromolar concentrations were obtained following division by the molar
;volume of the gas at standerd temperature and pressure.

! A1l concentrations listed in Table L, except the highest acetylens
?concentration, were determined in this manner. Determination of the lat-
:;tar concentration required only the final calculation described, becausa
_Efive milliliters of acetylens were injected directly into this sarple,

i without dilution. Vg and Vy werae 0.25 mls and 29.75 mls, respectively.
f Bacause of pure acetylene's high aqueous solubility, all but 0,25 mls of
j,the acetylene injected dissolved, explaining the low Vg volunme,

'. Following incubation and gas chromatographic analysis, acetylene

- Teduction rates were calculated in the same manmmer as was described in

f‘the Rate Estimation Segction.

The Relationship of Nitrogen Concentration and Nitrogen Fixation Rate

Determination of the relationship of nitrogen fixation rate and

Nitrogen concentration was accomplished with Lake 227 samples. Though ni-
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;één dilutiOﬁs were prepared with nitrogen-15 gas, the use of the label-
::é éas only, rather than a 1hN2 - 15N2 mixture, was merely a measurement
;; calculﬁtion convenience. Because of the large percentage of nitrogen

:Eair’ nitrogen dilutions were prepared in helium-filled yolumetric flasks,

.fescribed volumes of 15N—nitrogen, prepared in Glaspak syringes, were in-

:gcted into the independent flasks in a similar menner to that used for
_;ety1ene—air dilutions. Calculations were made of the partitioning be-
q;uen the water-filled neckspace volume and the flask gas volume. Some

gilutions wera prepared directly in the syringe, injection of a given

gitrogen—ls gas volums being followed immediately by injection of a given

ielium volune. To achieve highsr nitrogen concentrations a larger volume

of pure nitrogen-15 gas was injected, rather than a helium-nitrogen mix-
:ﬁure. A combination of these three methods, yielded a final sample nitro-
%gen concentrétion series which was listed in Table L. Samples were in-
;kubated for two and 4half hours under Gro-Lux lighting in the laboratory
?ﬁncubator. Analysis of isotope uptake, and thus nitrogen fixation rates,
gwas identical to that required for normal nitrogen-15 upbake rate esti-

mations,
i

Hitrogen Concentration Calculation

Calculations for the initial nitrogen-15 gas dilution with helium
~ and the final sample nitrogen concentration were identical to those em-
?ployed in the acetylene experiment. The aquation

Gy (Vg) + C1(V1) = Vg
Vs usad, but with nitrogen gas volumes and concentrations substituted for

- acatylens terms, in both the preliminsry dilution calculation and the final

i‘nitrogen caleculation. The aqueous solubility of nitrogen, .« Np, rather than




f tylene's solubility coefficient, was required.
1c8

vhen gas dilutions wers prepared within the sample itself, a pre-

gatermined volume of nitrogen-15 gas and helium were injected dirsctly
;nto the syringe, the aqueous sample volume, Vi, being measured following
iisplacemsnt of some sample with gas injection. For this method, modi-
;ication of the gbove equation was required with the following interpre-
i;tion of terms:
§ Cg (Vg) + C1 (V1) = Vp
f‘ere: Cg = C1 = final vapor phass nitrogen concentration in the

=< N2 sample ml .

ml

Vg = the total volume of helium and nitrogen injected (mls).

Cl1 = final aqueous nitrogen concentration ml .
ml

V1

il

sample volume corrected for water displaced by gas
injection (mls).

VP = volume of nitrogen-l5 gas injected (mls). (Vg = Vg vwhen
only nitrogen-15 gas injected.)

fAfter ostimation of nitrogen weight and 15N enrichment, nitrogen-15 uptake

,icalculations were accomplished using normal rate formulae. Tndividual

; Specific activities wers estimated incorporating the different volumes of

? nitrogen-15 gas injected, and the effect of th nitrogen dilution.
’.




RESULTS AND DISCUSSION
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Introduction

Acetylens reduction rate and nitrogen-15 uptake data are presented

;ﬁ giscussed for thae lakes studied in the Experimental Iakes Area and
ngr Chemostats 1 and 2. Acetylene to nitrogen ratios, calculated by ave-
ﬁége, weighted average; linear regression and weighted linear regrassion
w;thods: are indicated both for individual systems and related systams,
f%d the merits of each method of caloulation are examined. Explanations
;br intrasystem variability are suggested. Ratios eshimated in specific
;&stems are compared to determine if a relationship exists between the
’}atios calculated and the environments examined. Conclusions ara reached
;ﬁoncarning the spplicability of the theoretical versus the empirically-
;derived ratios and discussion of attempts to explain demonstrated dif-
;ferencas are included. Also reported are the results of additional ex-
gperiments further defining the relationship of acetylens reduction and
5nitrogen—15 uptake. Epilimnetic depth profiles, sampling sseason ratio

- variability, dark nitrogen fixation estimation, time course assays and

- substrate-velocity responses are discussed.

Iaks Nitrogen Fixation Rate Comoarisons

Nitrogen fixation was estimated by acatylens reduction in Lake 206N
and Lake 227 in the Experimental Takes Area to establish its contribution
%o the lake nitrogen budgets (Flett, 1977). Though preliminary nitro-
gen-15 calibration of the acetylene reduction technique was commenced,
acatylena reduction estimates of nitrogen fixation were not corrected for
acetylens to nitrogen ratios found. Calibration was completed in this

Study, acetylene ‘o nitrogen ratios being determined both for unconcen-




ad aﬁd conéentrated lake samples.

Acetylene reduction and nitrogen-15 uptake rate data accumulated
Lake 006 WR, Lake 227 and Lake 30 in 1976 and 1977 is summarized in
;bles g to 8. In these tables the acetylene-derived nitrogen fixation
,mte and the acetylene reduction ratewere distinguished. The former,
;1cu1ated assuming the stoichiometric acetylens to nitrogen ratio, was

only included in the rate percentage estimation. Definition of the dim-
,sionless acetylene to nitrogen ratio required prior conversion of
’/L/hr rates, to pmoles/L/hr by inclusion of the molecular weights of
thylene and nitrogen. Also nacessary was ths assumption basad on the

Vhearetlcal acetylene-ethylene equation (see Introduction), that an

équivalent amount of acetylens was reduced for a given amount of ethy-

?ene producad. Rates reported for the individual depshs are the averages

of rates calculated for duplicate samples. Division of acebylens reduc-
;ion rates by nitrogen-15 uptake rates yielded a direct estimats of
iacetylene to nitrogen ratios.

| None of the lakes examined ‘exhibited reductlon rates exceeding
;10 pg ethylens produced/L/hr or 2 pg nitrogen fixed/L/hr. Waximum rates
:for concentrated lake samples, 2.5 ng ethylene/]/hr (Leke 226 NE),

19-h pg ethylane/L/hr (Lake 30L) and 5.1 ng ethylene/L/hr (Lake 227) ware
iof the same order as acetylens reduction rates measured for unconcen-
;trated Take 227 samples assayed during the course of the late summer
 Anabaena bloom, (6.l pg ethylene/L/hr). From this comparison 1% would
{appear that net haul concentration procedures described earlier were not
;UHreasonable. A few of the samples exhibiting low nitrogen fixation
;?actiVity (for example, July 29, 1977, Lake 226 NE - Table 7) showed some

: 1nconsistency in ratio magnitude, but no obvious correlation betveen
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TABLE 5
§5N yptake Rate and Acetylene Reduction Rate Estimates Accumulated For
1 2225 NE and Lake 227 During the Summer of 1976. Rate percentages and

e CoHp:Ny Ratios Are Calculatec Diractly.

carple %M Rate  Cpip Rate®  1oNp Rate g O

=

"Date Description (peNo/L/hr)  (ngCoHy/L/hr) N2 (CoHp YRata? Np
 —

o 226 Om . 0.080 0,419 53.5 5.6
_7/7/7 1m 0.045 0,56l 23,9 12.6

| 2 m 0.072 0.132 50,0 6.0
0/8/76 227  Om  0.17h 1.239 h2.1 7.1
30// 1m 0.169 1.281 39.6 7.6
: 2m 0.121 1.035 35.1 8.6
7/9/76 227 Om  0.059 0.528 33.5 8.9
1m 0.0L9 0.524 28,1 07
2 m 0.071 0,500 12,6 7.0

10/9/76 227  Om  0.166 0.821 60.7 I1s9
2 m 0,080 0. 509 L7.2 6.

- 11/9/76 227 Om 0.112 0.608 55.3 Sali
1m 0.100 0.551 . Shals 545

: 2m 0,076 ° 0.hh7 51.0 5.9
A/9/76 227 Om  0.092 0.372 0.2 1.0
1n 0.07L 0.356 . 62.1 11,8

] 2 m 0,079 0.287 82.6 3.6
16/9/16 227 0Om 0,050 0.1,02 0.3 7.1
1m 0.052 0.354 L.l 6.8

2 m 0,072 0.300 72.0 b2

NOTE 1: a CpHp Rate - Acetylens reduction rate not converted to nitrogen
) fixation rate.

b Np(CpHp) Rate — Acetylene reduction rate converted to nitrogen
fixation rate by assuming the theoretical
CoH2:Np ratio of 3.
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TABLE 6

;i Uptake Rabe and Acetylene Reduction Rate Estimates Accumulated For
‘f?ﬁe 20l During the Summer of 1977. Rate Percentages and C2H2:N2
‘ol Ratios Are Calculated Directly.

! Sample 150, Rate  CpHp Rate®  15Wp Rate g  CoHp

| pate  Description (mgNo/L/hr)  (ngCoH)/I/hr) Wo(CoHp)Ratel N>
5 6/77 304 Om 0.843 6,150 h1.1 7.3
4 2/ /7 1mn 00508 )-l.617 3300 9.1
) 2nm 0,107 3.123 35.7 8.4
s 304°  Om 0.012 0.105 343 8.9
ﬁg 6/77 30k 0m 1.528 9.416 U8.7 6.2
§°/ 1n 0.893 7.1:90 35.8 8L
| 2m 0.579 L.L06 39k 7.6
527/6/77 30l 0Om 0,500 3.911 38.h 7.8
: 1n O.h09 30003 hoo9 703
: 2 m 0,210 1.913 32.9 9.1
CW/7/77 304 Om 0.218 1,149 56,9 5.3
1m 0.196 0.672 87.5 3.h
. 2 m 0,135 0,545 a3 1.0
~ 9/7/77  30L 0m 0.460 1,75k 7847 3.8
1 2 mnm 0,155 0.935 b9.7 6.0
f 13/1/77  30L4 Om 0,37 1,560 71.9 b2
; 1m 0,332 1.649 604k 5.0

a See Note 1, Table 5.
b Sea Note 1, Table 5. .

¢ TUnconcentrated Sample.
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; " TABIE 7

n§N2 Uptake Rate and Acetylens Reduction Rate Fstimates Accumulated For
lLake 226 NE During the Summer of 1977. Rate Percentages and C2H2:N?
} Ratios Are Calculatsd Directly.

‘ Sample 154, Rate CoHp Rate? 15 Rate CoHp
| pate  Description (ugNo/L/hr) (ugCpH)/L/hr) No(CoHp)Rate® Np
" —.“-

6/7/77  226NE

Om 0,117 0,963 36.1 8.2

19/7/77  226ME O m  0.133 0,611 62,2 1.8

;_5/; 1m 0,126 0.719 B6.7 5.3

2 n 0.08).1 Och?h 5302 506

. 226NEC Om 0,011 0.060 55.0 5.5
21/7/77 2268E Om 0,32l 2,1L7 39.7 7.6
3 1m  0.3L5 2.4L7 h2.3 7.1
2m 0,216 11236 51.l 5.8

n 226NEC O m 0,035 0,267 39.3 7.6

23/7/77 226NE Om 0,398 - 2. 8.9 6.1
' 1mn 0,203 2.1451 2.8 12,1
2 m 0.217 1.790 36.L 8.2

‘ 206NEC Om 0,027 0.330 . 25 12.2
29/7/77 226NE Om 0,176 1.880 28.1 10,7
] 1m 0,098 1.179 2.9 12.0
~2m  0.037 0.663 16,7 17,9

226NEC Om 0,085 0.288 88.5 © 3.b

a See Note 1, Table 5.
b See Note 1, Table 5.

¢ Unconcentrated Samples.




TABIE 8

115V Uptake Rate and Acstylane Reduction Rate Fstimates Accumulated For
b ‘%le 297 During the Summer of 1977. Rate FPercentages and CpHp:No
’ Ratios Are Calculated Directly.

e ——

E Sample 15N2 Rate "CoH2 Rate? '15N9 Rate g CoH2
. pate  Description (megNo/rL/hr) (pgCoH) /L/nr) Np(C2Hz)Rate® N2
0/6/77 227 Om 0,257 150 9.9 6.0
29/5/ Inm 0,209 1.338 16.9 62l
] 2m 0,135 0.782 51.8 5.8
227 Om  0.023 0.363 19.0 15.8
12 /77 227 Om  0.551 5.1h1 32,2 9.3
1 2m  0.25% 3.215 23,3 12,9
y8/71 227°  om 0.87  1.625 3.5 8.7
A 1m 0,056 1,0hk 16.1 18,6
2m 0,087 0.855 30.5 9.8
3m 0,031 0.LL7 20.8 1.l
22/8/77 227  Om  0.826 5.550 L. 6 6.7
. 1m 0.579 5,004 3h.7 8.6
_ 2m 0,268 2.673 30.1 10,0
2L/8/77 227  Om  0.800 11,995 18.0 6.8
1 O m O-9h3 . h¢626 61.2 ho9
- 26/8/77 227¢  Om  0.829 5.598 NN 6.8
‘ Omnm 0.802 6,181 38.9 Te7
Om  0.8L45 6,29 10,3 7.1t
| Om  0.687 6.1,18 32,1 9.3
1 29/8/77 2276 . O0m  0.860 5.738 45,0 6.7
P 1m 0,739 5.279 12,0 T»1
2 m 003,-16 30,428 3003 909
3m  0.120 1.391 25.9 11.6
12/9/71 227°  om 0,522 L.731 33.1 9.1

B e

a See Note 1, Table 5.
b See WNote 1, Table 5.

¢ Unconcentrated Samples.
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/; 1evel and ratio magnitude was apparent within the lake data subset.
A1l individual sample acetylene to nitrogen ratios listed for

026 NE, Lake 227 and Lake 304 differ significantly from the theor-
;1031 valua. Determination of representative ratios for sach lake and

“;e combined lake data set is discussed following presentation of chemo-

() !‘at data.

Chemostat Rate Comparisons

Though esteblishment of an acetylene to nitrogen ratio for fresh-
;;ter blue-green algal populations was the primary purpose of this re-
;gearch, restricting sampling to lakes in the Experimental Lakes Area
f;muld have prevented estimation of rétios for systems capable of main-
ftaining very high nitrogen fixation rates. A spectrum of rate levels
iwas considered necessary to determine whether ratio magnitude is a func-
;tion of nitrogen fixation activity level, If the acetylena to nitrogen
ratio is a function of nitrogen fixation rate, aopllcetlon of a single
‘ratio to lakes exhibiting various levels of nltrogen fixation is unjusti-
;,fied.

I Measurement of nitrogen fixation rates siﬁilar to those antici-

i Pated in a eutrophic lake, with a well-developed blue-green algal bloom,

; Was possible in chemostat Anabaena varisbilis populations. It must be

; émphasized, however, that the chémostat was used as a densely vopulated
reservoir of actively fixing cells, rather than a2 lake analogue from which
8xtrapolations to a eutrophic lake ware attempted.

Charostat 1 and Chemostat 2 differed both in the magnitude of their
'7 Maximum nitrogen fixation rates and in their predictions of acetylane to
Nitrogen ratios (Table 9 and Table 10). Table headings are as defined in

Tables 5 %o 8, however, rates listed are the result of individual, rather




TABLE 9

uiN Uptake Rate and Acetylene Reduction Rate Estimates Accumulated For
icgembstat 1 During the Winter of 1977. Rate Percentages and CpHp:No
1 Ratios Are Calculated Directly.

& Chemostat 1N, Rate CoHp Rate® _ 15W Rate ¢  Collp
Date Yumber (peNo/T/hr)  (ngCoH)/L/br) N (CoHp )RateP Np

w317 1 9,132 L0. 185 67.7 bl

§ ,/ 1 11,091 33.966 12,5 2.l

23/3/17 1 26,922 87.0L8 92.8 3.2

] 33/ | 20,145 98,100 61,6 19

E 17.385 87.043 59.9 5.0

18.297 98,100 55.9 5.k

519/h/77 1 6.210 113.920 L2l 7.1

" 50301 36.036 hh.l 608

1(Dark) 0,705 15.696 13.5 22.3

4 7.998 113.920 5li.6 5.5

- 25/4/77 1 9.567 ~  58.6LlL 18,9 6.1

b 10. 749 57.192 56,1 5¢3

1(Dark) 3,105 27,117 3h.3 8.7

9,807 58,6l - 50,2 6.0

12,219 57.192 63.8 Lo ?

L/s/77 1 8,277 37,146 66.8 .5

a See Note 1, Table 5.

b See Note 1, Table 5.
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TABLE 10

take Rate and Acetylene Reduction Rate Esbtimates Accumulated For

ulggmgztat 2 During the Summer of 1977. Rate Percentages and C2H2:N2
P Ratios Are Calculated Directly.
. Chemostat  15Np Rate CoHp Rate? 15y Rate CoH
" Date Yumber (pgNo/L/hr)  (neCeH)/T/hr)  No(CpHp)RateP N2
2/6/77 2 0,945 13.752 20,6 14.6
33/ / 1,227 16,236 22,7 3.2
19/6/71 2 0.390 5,076 23.1 13,0
i 0.%85 752 770 R
: 0.522 L.878 32,0 9.1
0.561 3.321 50.6 5.9
0.612 1. 167 oL 6.8
' 30/6/71 2 0.393 5. 742 20.6 1.6
-. | 0.789 5.139 16,0 6.5
/777 2 1.179 11,286 3L 9.6
1.578 12,636 3755 8.0
1,608 11.187 3.1 7.0
1,977 10.251 57.8 5.2
/71 2 0,222 - 3.591 18,7 16,1
s 0.279 2.952 28.L 10.6
0.135 3474 11.8 25.5
0.249 2.547 29,2 10,3
8/1/11 2 1,104 22,653 1h.6 20,5
2.1,96 21,321 35,1 8.5
212 22,167 32.6 9.2
1545 20,133 23,0 13,0
26/1/11 2 1.0Lh 15,255 2065 1.6
1.527 14.580 31.h 9.5
1.167 13.617 25T 117
0.948 12,798 22,2 13,5
1,095 14,040 23.1 12.8

a See Note 1, Table 5.

b See Note 1, Table 5.
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«én quplicate analyses. Maximum acetylens reduction rates for Chemo;
;afs 1 and 2, 98.1 pg ethylena/L/hr and 22,6 pg ethylens/I/hr, excesded
;;imum 1ake rates by greater than a factor of ten in Chemostat 1 and a
;éctor of 2 in Chemostat 2. The differences in rate level betwsen Chemo-
,Smts 1 and 2 were not anticipated on the basis of the similarity in bio-
;§g1031 and chemical dasign of the chemostats. Roth chemostats ware sup-
x;°6d with the‘same algal species, limiting nutrient and medium compo-
iition and supply. Differences in maximum rates may have been the result
;} variations in individual cellular capacities for nitrogen fixation,

;r differences in population nitrogen fixation level based on unequal
.%all concentration. Support for concentration-induced inequalities was
2obtained on comparison of particulate nitrogen weights, one indicator of
ipell density. Ten milliliter samples collected and analyzed for parti-
?culate nitrogen April 27, 1977 (Chemostat 1) and September 1, 1977
g(Chemostat 2) demonstrated nitrogen weights of 37,0 pg N and 19.3 ng N,
érespectively, a difference of avproximately a factor of two in favor of
iChemostat 1. Activity levels differaed by a faétor of approximately four
ior five, thus activity level inequality appears to ba subjectto more
;:than simple povulation density influences.

r An additional axplanation proposed for activity differences be-
'ftWeen the chemosﬁats was based upon the availability of inorganic nitro-
; gen, specifically ammonia, as a nitrogen source more readily assimilated
? than molecular nitrogen or as an inhibitor of the nitrogen fixation pro-
:ACGSS. Preferential assimilation of armonia has bean observed (Hardy et

ﬁ al., 1973), but its influence on the present study is only supported by

{ inforence. The axenic state of the cultures, tested by trypticase soy

-~ broth inoculation, tho extent of ammonia release mediated by bacterial

activity, assuming bacterial contamination, and the degres to which the
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F od ammonia would affect nitrogen fixation activity are critical to
gled®

Q}é'proposal. Only Chemostat 1 was maintained in an axenic state. There-
i

e, pacterial decomposition of organic nitrogen with relsase of ammonia
ﬂ%s possible in Chemostat 2. An ammonia concentration of 18.4 pg/L/hr

)@ representative of the significant levels of inorganic nitrogen measur-
ébla in Chemostat 2. Suspicion of higher armonia release per cell in low
gensity Chemostat 2 may be supported by the observation that passage of a
;{all molecule (such as ammonia) from a cell to the environment will be
énhanced in less dense natural populations compzred to more concentrated
v§opu1ations, though this has not been demonstrated in blue-green algae
:Kpogg, 1966). Comparison to axenic Chemostat 1 ammonia levels was im-
-%ossible, though, as an analysis of Chemostat 1 chemistry waé unavaiiable.
iAmmonia, if present in Chemostat 1 medium, would presumably have been re-
Eleased by algal cells. Howevar, without an estimate of Chemostat 1 am-
émonia concentration rGSponsibility'for observed lavels in Chamostat 2
;cannot be assigned either to the algee or bacteria.

Experiments completed with TLake 227 samﬁles in 1976 indicated that
.;very high ammonia concentra%ions dscreased the rate of acetylens reduc-
f;tion. Over a concentration range of 590 pM to h?BO M ammonia, acetylene
;freduction exhibited a gradual dacline to approximately sixty per cent of
F the rate of a saﬁple receiving no ammonia addition (Table 11). The back-
i ground ammonia concentration in the control sample was 0,29 pM. As an

- approximation, the relationship derived with this data set was applied

L to the Chemostat 2 ammonia concentration, 18,400 pg/L or 1082 . The

- Percentage rate decrease, assuming the presence of 1082 nM ammonia and

- an exponential decline in rate with increasing ammonia concentration, was

{ twenty-four per cent, insufficient to account for the large rate ¢ iffer-

8¢y betweoen Chemostats 1 and 2. This explanation being inadequate, it
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TABIE 11

‘Thg Effect of Increased Ammonia Concentration on Acetylens Reduction
Rata, as Estimated August 17, 1976 for Lake 227 Samples.

e

(Ammonial Regngﬁsnefiate Por Cont of
) (pghp/L/hr) Control Rate
0.29 1.10 100
590 1.17 8ly
1180 0.99 71
1770 | 0.98 70
2370 0.77 g5
2950 ' 0,72 51
3550 - 0.7h | %
L1ho 0,57 Lo

14730 0.61 ' "t
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ﬁld ﬂpﬁear that there must be some other reason for rate differences,
cf_’ e

1 ﬁher it be related to the influence of different external factors, or
‘l‘a‘f (]

[ the specific physiology of the algze in Chemostats 1 and 2.

"
10

Acetylena to Nitrogen Ratio Tstimation

4 1ow nitrogen-15 uptake rate to acetylene—deriqu nitrogen fixation
;ate percentages estimsted for lake and chemostat samples (Tables S to
;O) indicated that use of the theorstical factor for acetylene reduction
;rate conversion was inadequate to achieve balanced estimates of nitrogen
ﬁfixation activity. Calculation of an empirical acetylens to nitrogen

)

gratio appeared necessary if acetylens reduction rate data were to be used
:ﬁto predict rates of nitrogen fixation. The nitrogen-15 uptake rate and

] acetylens reduction rate data described above ware used to calculate this
rétio for sach lake and chemostat system. More than one method of cal-
ﬂ_culation was included to daemonstrate that the ratio obtained was dapend-
ent upon the manner of‘estimation. Tha choice of calculation procedure

is significant if comparison to previously asti@ated acaetylena to ni-
trogen ratios is anticipated.

Caleculation of a simple mean ratio to deséribe the acetylens to

é nitrogen relationship for each system was the most direct procedurs, ratios
' ranging from 6.3 to 11,9 for the individual systems (Table 12). Mean de-
termination in this manner assumed that each valus incorporated was char-
acterized by an equal uhcertaintg of astimation. This assumption was rnot
valid for all sample rates. This assumption may be avoided by inclusion

of a weighting factor in the meen calculation. The waighting factor chosen
was the reciprocal of the sample variance, 52, (Bevington, 1969); Contri-

butions to the sampls variance included an estimate of the standard de-




TABIE 12

CoHo:Np Ratios Estimated by Mean, Weighted Mean, Linear Regression and Weighted Linear Regression Anal-
yses.  Ratios Are Calculated Independsntly for Each System Prior to Determination of Overall Ratios For
The Lake, Chemostat and Complete Data Subsets.

Weighted
Sample Mean Weightsd Regression Correlation  Regression Correlation
-System Size - Ratio Mean Ratio? Ratio Coefficient Ratio? Coefficient
1.226-227
(1976) 21 6.6 Ts2 8.8 0.83 9.2 0.78
L. 30 19 6.3 6.9 7.7 0.96 8.3 0.92
L. 226 17 8.2 9.2 8.3 0.90 9.3 0.88
L. 227 26 9.1 9.7 762 0.9k 8.0 0.95
Chem 1 16 6.4 9.4 L.3 0.87 L.1 0.97
Chem 2 - 26 1.9 13.2 12.4 0.81 12,5 0.85
ALL Lekes 83 7.6 8.5 7.5 0.96 8. 0.92
211 Chem L2 9.8 12.L Lol 0.95 10,5 0.82
A1l Data 125 8.L 10.3 L.8 0,95 10.9 0.86

a Weighting = 1/e® = 1/ [(.017)2 + (% Error x Ratio)2]

b Weighting = 1/2 = 1/ [(.017)2 + (% Error x 15y Rata)q

g




viation associated with the average of a series of natural abundance
semples and a term reflecting the error asmciated with estimation of a

given sample ratio.
Waighting Factor = 1/s% m l/[(Standard Deviation)? 4 (% Error x Ratiofﬂ

The first term corrected for the larger uncertainty associlated with sam-

15

ples whose ~“N atom per cent value approached the natural abundance lavel,

which averaged 0.393 * 0.017 a%om per cent. The second term incorporated
an-éStimate of per cent error in the measurement procedure, which was
obtained from a series of sample replicates for which nitrogen-15 uptake
and acetylens reduction rate analyses were available. Average rates and
their associated standard deviations were calculated for nins replicate
series (Table 13). The per cent arror is equivalent to the ratio of the
standard deviation to the averags rate. Nitrogen-15 uptake rates exhibited
‘the largaest per cent errors, so these values were used in weighting fac-
tor detarmination. Because specific values were available for ths lakes,
éhemostat 1 and Chamostat 2,'déta from each syétam was waighted by its
characteristiic average per cent error. The following equation yisldad

the weighted mean ratios

vt s o S
Mean = ..”.ngi..blo S
>, L/s<

Woilghting elevated all the nmsan acetylaens to nitrogen ratios, espscially
that of Chenostat 1 whoss ratioc increasad by 3.0 slope units.

Linsar regression analysis of acatylens reduction and nitrogan—lsv
uptake data was also used to quantify the acetylens to nitrogen relation-
ship. Regressio@ analysis requires assigmment of rate data as either de-

pendant or indapaendant wvariables. When, as in this case, both paramseters




Determination of Mean Nitrogen-15 Uptake and Acstylens Reduction Rates For a Number of Ssts of Sample

Replicates. 5he Standard Deviation of Each Mean and the Per Cent Error {S/g){100) Are Included.
Yean 15y  Standard Yean Standard
‘Rate Deviation CoH2 Rats = Deviation

Date System {(pg/L/ar) {ng/L/nr) ¢ Frror (mglCoHp/L/hr) (umegCoHy/L/hr) 4 Error
2L/8/71 227 0,833 0,098 11.8 11,902 0,243 5.0
26/8/77 227 0,791 0,071 9.0 6.123 0.363 5.9
23/3/77 Chem 1 1.4183 L.906 22,8 92.574 6.380 6.9
19/4/77 Chem 1 6,503 1.372 21,1 11,292 4.552 11,0
25/L/ 77 Chem 1 10.586 1.203 1l.h 58,068 0,645 1.1
19/6/77 Chen 2 0.53& 0.087 16,0 L.h39 0;711- 16.0

7/7/77 Chem 2 1.586 0.326 20,6 11.339 0.982 8.7
12/7/17 Chem 2 0.221 0.062 28.1 3.1h1 0.484 15.4
26/7/77 Chem 2 1,356 0.381 28,1 11,058 0.93L 6.6

0
=




axhibit an ob&ervable error in estimation (Tabla 13); the parameter with
tho largest relative error is usually designated the depzmdent variable.
The average per cent error associlated with nitrogen-15 uptake measurements,
18.8%, exceeded that associated with écetylene reduction, 8.5%. Thers-
fére, nitrogen~15 uptake rate was examined as a function of the indepen-~
dent acatylane reduction rate variable. A linear equation ¥y = mx + b

was then calculated, such that the diécrepancy betwaén measured nitrogen-15
uptake fate values and thosa predicted by this equation was minimized.

The reciprocal of %the slope "m", Which characterized the relationship of
nitrogen-15 uptake (y) to acatylens reduction (X), yielded an estimate of
the acetylene to nitrogen ratio. Acetylene to nitrogen ratios calculated
by linear regression analysis of the individual data subsets are included
in Table 12. The mean ratios deterﬁined previously were less than ra-
gression estimates, with the exception of ratios calculated for Lake 227
and Chemostat 1. / |

Regression—derived raﬁios calculaﬁed for sach of the lake sysﬁems
were similar, but chemostat ratios exhibited differences from lake values
and baetween chemostats. Individually, Chemostat 1 rate data yielded the
lowest ratio, li.3, while Chemostat 2 data yielded the highest ratio, 12.4.
The distribution of data around linear regression lines and within ninety-
five par cent confidance intervals, calculated assuming applicability .of
the émall sample-based Student t distribution, is also shownv(Figures
17 to 22).

A similar data weighting procedure was adopted for linear regres-
sion analyses as for mean determination, to gonerate a final series of
ratios. Again, use of a weighting factor allowed inclusion of the un-
certainty associated with individual astimstions. Determination of the

sample varisnce (s°) preceded introduction of the weighting factor (1/52)
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Figure 17.

A plot of the linear regression analysis of acsiylens
reduction rats and nitrogen-15 uptake rate data col-
lected in the summer of 1976 for Ilake 226 NE and

Lake 227. The regression equation, correlation co-
efficient (R) and sample size (N) are provided. Dotted
lines indicate the 95% confidence interval calculated
for the given line.
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Figure 18. A plot of the linear regression analysis of acetylene
reduction rate and nitrogen-l5 uptake rate data col-
lected in the summer of 1977 for Lake 226 NE. The
regression equation, correlation coafficient (R) and
sample size (N) are provided. Dotted lines indicate
the 95% confidence interval calculated for the given
lins. '
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-Tigure 19, A plot of the linear regression analysis of acetylene
reduction rate and nitrogen-15 uptake rate data col-
lected in ths summer of 1977 for Lake 227.  The re-
gression equation, correlation coefficient (R) and
sample size (N) are provided. Dotted lines indicate
the 95% confidence interval calculated for the given
line.
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Figurs 20,

A plot of the linear regression analysis of acetylene
reduction rate and nitrogen-15 uptake rate data col-
lected in the summer of 1977 for lake 304. The re-
gression equation, correlation coefficient (R) and

sample size (N) are provided. Dotted lines indicate

the 95% confidence interval calculated for the given
lina,
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Figure 21.

A plot of the linear regression analysis of acetylense
reduction rate and nitrogen-15 uptake rate data col-
lected in the winter of 1977 for Chemostat 1. The re-
gression equation, correlation coefficient (R) and
sample size (N) are provided. - Dotted lines indicate
the 95% confidence interval calculatsd for the given
line,
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Figure 22,

A plot of the linear regression analysis of acetylens
reduction rate and nitrogen-15 uptake rats data col-
lected in the summer of 1977 for Chemostat 2, The ro-
grossion squation, correlation cosfficient (R) and
sample siza (N) are provided. Dotted lines indicate
thae 95% confidence interval calculated for the given
1i1‘18 @
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into the regression formulae,
Weighting Factor = 1/s2 & 1/[(Std. Deviation)2 + (%Error x 15, Ratefﬂ

The only modification in the above squation was the replacement of the

ratio values includad in the mean calculations, with individual nitro-

gen-15 uptake rates. Thus the weighting was linked with the rate lsvel

observed in the individual systems. ZILow rates did not have the largest

per cent error of estimation as might be anticipated. Both standard de-
viation (0.017 atom per cent)vand.per cant arror valuass (Table 13) were
identical to those incorpo}ated into weighted mean calculations. The
factor dasrived was then used to weight measured rates prior to the sum-~
ming involved in regression equation slope calculations.,

The response of the regressioh—derived 1ake acatylens to nitrogen
ratios to weighting was similar to that observed when welghting was incor-
porated into mean calculations (Table 12). Ratios again increased by up
t§ one slope unit. Both Chemostat 1 and Chemostat 2 reacted differently,
exhibiting no response %o tha Weiéhting procedure, thus mainbtaining their
position as ratio extremes. Because of the magnitude of chemostat nitro-
gen fixation rates, the second term in the weighting factor was mos4 sig-
-nificant to chgmostat rate correction. The corréction then was propor-
tional to the rate, therefors the slope calcuiated on regression analysis
of corrected rates was not significantly affected.

Rate differences as a function of biomass increasss alons, appearad
to provide an inadequate explanation of acetylene to nitrogen ratio dis-
crepancies batween the chemostats and the lakes. Uss of chlorophyil and
particulate carbon concentrations for selectad samples to standardize

rate estimates to a common unit (Table 1h) indicated that rate elavations




Standardization cf Chemostat and Lake Rats Estimates to Rate Per Unit Carbon or Rate Per Unit Chlorophyll

TABIE 1L

Valuss to Facilitate Comparison of Rate Magnitude in These Two Systems.

Dati
5/1/77
27/L4/77

3/5/77

s/1/77
27/7/717
23/8/77

1/9/77
26/7/71

Chemostat Rate

: Concentration 15N2 Rate CoH2 Rate Laks Rate
Take Factor (pg/1) (pg/unitC/hr)2  (ng/unitC/nr)e - (15W) (CoHp)
30l Carbon 790.0 2,76x10~4 1.45%10~3 2.3 2.2
Chem 1 Carbon 17,800.0 5.71x10~4 34262103

Chem 1 Carbon 11,100,0 7.26x1074 3.26x103

‘Average 6.9x10~k © 3.26x10-3 b
304 Chloro-a © 8.k 2,60x10~2 ‘1,37x10—1 6.8 6.9
226 Chloro-a 10,3 3.86x10~2 2.37x10-1 L6 4.0
227 Chloro-a 28.3 2.92x1072 1.96x30"+ 6.1 s.8
Chem 2 Chloro-a 16,1 © 2.89x10- -

Chen 2 - - 6.,18x10-2 9.48x10-%

Average 1.77x10-1 9. 8x10-1+ 4

(e J]

[oPte]

C repressnts carbon for the first three rates and chlorophyll for the last four rates.
Average rates calculated for the two Chemostat 1 samples - %o be used in the calculation of the

chemostat %o lake ratio.
Chemostat 2 Chloro-a concentration measured August 25, 1977.

Average rates calculated for the two Chamostat 2 samples - to be used in the calculation of the

chemostat to lake ratio.

66
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from lake to dhemOStat ware a funchion of more than an increase in algal
gensity. Following rate corrgction with particulate carbon concenbra-~
gions, Chemostat 1 nitrogen fixation activity Waé still avproximately

ywice that of a Lake 304 saﬁple. This chemostat to lake ratio is a‘min«
jmun because the Lake 30L fixation rate was calculated for concentrated
sarplas, while the particulaﬁe parbon value was obtained on analysis of

an unconcentrated lake Sample. The result is an enhanced lake rats which
reduces the chemostat to lake ratio. Though particulate carbon measure-
ments were unavailable for Chemostat 2, relativs chlorophyll concentra-
tions were used to compare cell concentrations. Because of the infrequency
of chloréphyll measurements in Chemostat 2, the dates for rate estimation
and chlorophyll measurements do not coincide. Therefors, Chemostat 2.to
lake ratios calculated here are approximations. Chemostat 2 rates ex-
ceededvthose of Lake 226 NE, lLake 227 and Lake 30k by a factor ranging

from four to seven times, when this correction was applied (Table 1l).
Tharefore, though lower acetylene to nitrogen ratios were estimated for

the dense, rapidly fixing Chemostat 1 population than for less concentrated
lake samples, the difference in ratio was not solely a function of enhan-
ced rates resulting from an increase in cell density.

Though differences in the absolute magnitude of individual ratios
exist, all ratios calculated by the above four procedgres exoeededbthe
stoichiomebric acetylene to nitrogen ratio. Only regression estimates of
the Chemostat 1 aéetylen@ to nitrogén relationship wars lass than twica
the theoretical value indicating that a significant underestimation of
nitrogen fixation by nitrogen-15 uptake, or oversstimation by acatylens
reduction was occurring. Explanations proposed for acatylene to nitrogen

ratios observed are discussed latar.




Overall Ratio Determinations

The similarity of acetylene to nitrogen ratios obtained for Lake

006 NB, Lake 227 and Lake 30h in 1976 and 1977 promoted determination of
an overall ratio characterizing this type of lake system. Estimates de-
rived by all four calculation procedures aré included in Table 12, the
unweighted regression being illustrated in Figure 23. Moreover, acetylene
reduction énd nitrogen-15 uptake data collected independently but anal~
yzad similarly, for Lake 226 NE and Lake 227 (Flett, 1977) yielded ratios
of the same magnitude as those obtained in this study (Table 15). Both
sets of values are larger than average ratios predicted for Lake Mendota
samples, 1.8 (Peterson and Burris, 1976) and Bay of Quinté enclosures,
5.7 (lean st al., 1976). Only two values determined by Flett were ob-
served to lie outside the ninety-five per cent confidehca interval cal- |
culated for the lake ratio (Figure 24). It would appear that both tha
type of lake oxamined, as well as the rate estimation procedures aemployed
influence the magnitude of ratios determinsd.

Estimation of an overall acstylene to nitrogen ratio swmarizing
Chemostat 1 and Chemostat 2 data did not have the justification of simi-
lar individual ratios, which supported definition of an overall lake ratio.
However, the similarity‘in algal species and original environmental con-
ditions promted its calculation. Values obtained by the different cal-
éulation pzbéedures did not exhibit the same uniformity characteristic of
bovewall lake ratios, ratios ranging from h.h‘to 12,1l (Table 12)., The in- -
flﬁence of the low ratio calculated for Chemostat 1 was noticeabls when
unweighted (Figure 25) and weighted regression estimatés ware compared.
The weighting factor correchion affected the high rate Chemostat 1 values
to a largar extent, atbtenuating their dominant influence in the overall

ratio determination. This weighted estimate was much closer to the ratios




102

Figure 23,

A plot of the linear regression analysis of acetylena
raduction rate and nitrogen-15 uptake rate data accum-
ulated for all the lakes studied in 1976 and 1977.

The regrassion equation, correlation coefficient (R)
and sample sizs (N) are provided. Dotted lines in-
dicate the 95¢ confidence interval calculated for the
given line.
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TABIE 15

Acetylens Reduction and Nitrogen-15 Uptake Rate Data Collected For
Lake 226 NE and Leke 227 in 197h and 1975 (Flett, 1977).
Associated CoHp:No Ratios Are Calculated.

Date

L/9/7h

L/9/75
12/9/175

18/9/75
2L/9/75
21/1/15

25/9/15

18/9/75

Teka

226NR

226NE

226NE

226NE

227
227
227

0.7h
0.35
2.97
0.72

0,29

CoHp Rate 15N, Rate
(peCoH)/L/hr)  (pglp/L/hr)
6,06 o

0.78 0.12
1.72 0.19
1.73 0.17
1.30 0.1k
0.97 0.0l

0,11
0.05
1.h0
0.09

0.05

CoH2

11.9
6.1t
8.9
10.5
9.1
6.9
6.9
(8
2.1
8.2
6.2




Figurs 2.

Superimposition of Lake 227 and Iake 226 NE acety-
lene reduction rate and nitrogen-15 uptake rate data
collected by Flett (1977), on the all lake data plot
(Tigure 23). TFlett's data is designated by a square
plobting symbol.,
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|

Figure 25,

A plot of the linear regression analysis of acetylene
reduction rate and nitrogen-15 uptake rate data accum-
ulated for both Chemostat 1 and Chemostat 2 in 1977.
The regression equation, correlation cosfficient (R)
and sample size (N) are provided. Dotted lines in-
dicate the 95% confidence interval calculated for the
given line,
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pradicted'When a mean was calculated. Ratios determined previously for

chemostat algal populations were much lower, including values of 2.8

(Anzbasna cylindrica), 3.2 (Anabaena flos-aquas) and 3.6 (Hostoc muscorum)
(Stewaft et al., 1968).

Following determination of the acetylene reduction to nitrogen-15
uptake relationships in the chemostat and lake systems, an overall ratio
was dafined for the complete data set. Calculation of this ratio was an
attempt to ascertain the consistency of the acetylens to nitrogen relation-
ship over a rate range of two orders of magnitude. Because this rate range
was unavailable in any ons of the systems studied, combination of lake and
chemostat rates was ths necessary alternative. Unfortunately this pre-
ventad clsar differentiétion of effects due to rats le§el from those in-
troduced as a consequence of envivonmental differences.

Ratios caleulated by weighted and unweighted mean and regression
proceduras (Table 12), exhibited a similar pattern. to overall chemostat
ratios. The low acetyiene to nitrogen ratio estimated by unweighted 1ineér
regression analysis (Figure 26) agzin emphasized the unequal influence of
the Chamostat 1 ratios, which was counteracted by introduction of the cal-

culated weighting factor. All other estimates exhibited a much larger
discrepancy between the theoretical and empirical ratios.

Though an overall ratio may be calculated, its applicability as a
conversién factor to be used, independent of the environment sampled, is
questionable. The diversity of ratios estimated for individual chemostath
and laske systems indicate that use of a single ratio for acetylene recduc-
tilon rats conversion would lead té significant inaccuracy in nitrogen fixa-
tlon approximations. Lake nitrogen fixation will be oﬁerestimated if the

31l date" acetylens to nitrogen ratio, estimated by non~weighted regression
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Figura 26.

A plot of the linear regression analysis of all acaty-
lene reduction rats and nitrogen-15 uptake rate data
collected for chemostat and laks systems in 1976 and
1977. The regression sguation, correlation coefficient
(R) and sample size (N) are providad, Dotted lines in-
dicate the 95% confidence interval calculated for the
given lLine,
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analysis (Table 12), is used for rate conversion. Use of the same ratio
will also greatly cverestimats Chesrostat 2 nitrogen fixation, but it will

-provide a reasonabla estimate for Chemostat 1 nitrogen fixation.

-

Phe variability in the acetylene to nitrogen relationship from
syshem to system would appear to imply the necessity for acétylene reduc-
{ion precalibration, prior to its use as an estimator of nitrogen fixation
activity in independant systems. Bven differences in the '"health" and
contaﬁination of the same chemostat-maintained algal speciesled to a var-

iable response to acetylens reduction and nitrogen-15 uptake, preventing

determination of a consistent ratic for Chemostat 1 and Chemostat 2 pop-
wlations. Use of the "all lake" ratio for conversion of acetylene re-
duotiqn rates measurad in Lake 226 NE, Lake 227 and Lake 30l introduces
less error bgcause of the similarity of 1nd1v1dual ratios. However, ex-
trapvolation of this ratio to other lake systems is unadvisable withoub

confirmation of its appropriatensss for the lake environment to bae studied

and algae precent in that lake. Petberson and Burris (1976) also concluded

that conversion factors debermined cdepend upon the organism and environ-

nant investigated, and, therefore, should be applied with caution.

Linear Regression Equation Intercepts

¥hen lincar ragression analysis was used for aceﬁylene to nitrogen
ratio definition, the relationship obtained was characterized both by a
slope and intercept. Tf the slope is to be utilized independently as an
astimate of the acebtylene to nitrogen ratio, the significance of the in-
tercept must be defined. The similarity of the intercepts, caleulated for

nonwweight@d and weighted regressions, and their associated errors

(Table 10), suggests that the in%ercepts are not cagnlflcantly diffarent




TABIE 16
Ordinate Intercepts and Their Associated Error Obtained on Linsar
Regression Analysis of lLake and Chemostat C2Hp2 Raduction and
Nitrogen-15 Uptake Rate Data,

Regressioﬁ 'Wéighted Regrassion
Intercept * Error Intercept #* Error
System (pe/L/nr) (pg/L/hr)

L.226-227(1976) .02 % Lov 03 % .01

L. 304 206 Ol W06'F 02
L. 226 201k ,02 | 1X,02
Ta 227 - S0 = L0h

Chem 1 2,13
Cham 2 _ »15

ALl Lakes 201

AlL Chem o9 ®

A1l Data 8 x L1

% Intercept significantly larger than associated error.

>
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than 2Z8ro. Oﬁly in two non-weighted regressions and one weighted regres-
Sjoﬁ did the intercepts differ significantly from théir calculated error.
The occurrence of 1arge negative intercepﬁs was associated with the lower
ratios calculated for Chemostat 1 (non-weighted and weighted regressions);
all chemostat data (non-weighted regression) and all data (non-weighted
regfession). In these cases, rate conversion utilizing regression-derived
ratlos alone, rather than the complete regression equation will overesti-
mate nitrogen fixation by an amount dependent upon the intercept magnitude.
The intercept correction is more significant at 1ow'acetylane reduction

rates.

Characterization of the Acetylene to Nitrogen Relationship

To better define the acetylens reduction %o nitrogen fixation re-
lationship within lake systems, acetylene reduction and nitrogen-15 uptake
rate comparisbns ware aexamined with regafd to incredsing epilimnetic depth
and sampling season variations.

To establish a rate versué'depth reSponée both concentrated and un-
concentrated lake samples, collscted in TLake 226 NE, Iake 30l and Leke 227,
were incubated at ona ﬁeﬁer intervals from zero fo three meters. If sig-
nificant ratio variability was observed it would suggest inconsistency in
the depth respénse of one or both of the %techniques.

Representative rate versus depth plots (Figures 27 to 30) illustrate
that both methods demonstrated a rate decline ﬁith depth, in the zero %o
three meter regi@n. O0ften the difference in rate between zero and ons
mebar samples was not a substantial one, one meter rates occasionally ex-
ceeding those estimated for surfape samples. This inversion has been at--

tributed previously to photoinhibition (Mague, 1977; Golterman, 1975). The




Figure 27. The distribution of acetylene reduction rate ( + )
and nitrogen-15 uptake rate ( % ) with epilimnetic
depth in Lake 227 (September 11, 1976). An acety-
lene:nitrogen ratio of 3 is used to convert acaty-
lens reduction rates to nitrogen fixation ratss.
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Figure 28,

Tha distribution of acetylens reduction rate ( + )
ad nitrogen-15 uptake rate ( % ) with epilimnetic
dapth in Lake 226 WE (July 15, 1977). An acetyleno:
nitrogen ratio of 3 is used to convert acaetylenae
reduction rates to nitrogen fixation rates..
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Figure 29.

The distribution of acetylene reduction rate ( + )
and nitrogen-15 uptake rate ( # ) with epilimnetic
depth in Lake 227 (August 29, 1977). An acetylenae
nitrogen ratio of 3 is used to convert acetylane
reduction rates to nitrogen fixation rates.
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te ( + )

( # ) with epil

The distribution of acetylene reduction ra

and nitrogen-15 uptake rate

Figure 30,

1c

t

An acetylene:

imne

Lake 304 (June 27, 1977).
nitrogen ratio of 3 is used to convert acetylene

reduction rates to nitrogen fixation rates,

depth in
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plots presented include acetylene reduction-derived nitrogen fixation rates

rather than écetylene reduction rates, therefore plotted differences ol 1%

tween nitrogen-15 uptake and acetylene reduction rates are one-~third of the

actual values.,

Though in situ incubations of concentrated samples occurred at dis-

crete epilimnetic depth intervals, the samples were not collscted from

individual depths. Subsampling from the one liter samples prepared by net

haul concentration eliminated differences among individual samples incubated

at specific depths. Therefors, changes observed in acetylene reduction and

nitrogen-15 uptake versus depth plots which utilize concentrated samplses

are better attributed to physical effects such as light attenuation and

temperature changs, rather than biological factors presumably homogenized

through composite sample preparation,

Unconcentratéd Lake 227 samples also demonstrated concurrent ni-

trogen-15 uptake and acetylene reduction rate decline with increasing epi-

limnetic depth. Because of the similafity in rate versus depth response

of both techniques, ratios calculated from these rate pairs exhibited no

consistent relationship with epilimnetic depth.

Sampling Season Variation in Acetylens to Nitrogen Ratios

Seasonal variation in the acetylene to nitrogen ratio was difficult

to define due to the nature of the bloom/non-bloom characteristics of the

individual systems. Nons of the three lakes examined supported a blue-

gresn algal population capable of measurable nitrogen fixation throughout

the summer. A similar observation was mads in 197 and 1975; peaks in ni-

trogen fixation were only reported in mid-July and the latter half of Aug-

ust and September (Flett, 1977). Thersfore, it was impossible to estab-

lish an acetylens to nitrogen ratio applicable in each lske over the .entire

sampling season.
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Excéﬁtionally high‘acetylene to nitrogen ratios (values exbeeding
9), many of which were reported in the late July-early August period, ap-
pear to be a function of low nitrogen-15 uptake rates rather than high
acetylene reduction rates. During this interval, nitrogen-15 substrate
was withdrawn from an almost depletéd nitrogen-1§ gas reservoir. Con--
sequently, nitrogen-15 substrata injections assumsd to represent a given
nitrogen-15 enrichment may have been deficient in the heavier isotope.
If isotope depletion was significant, sample specific activity would be
affected. Division by an erroneously high specific activity would causé
a low nitrogen-15 uptake estimate of nltrogen fixation and an enhanced
.rate‘discrepancy. However, evean when these anomolous values were exclu-
ded, empirical acetylene to nitrogen ratios still exceedsd the theoretical

valus,.

Intrasystem Variability in Acetylens to Nitrogen Ratios

Some of the vafiébility among sample ratios observed within the
given systems may be attributéble éo sample-~to-sample nitrogen weight
fluctuation., Replicability of sample nitrogen weight was influencea nqt
only by analytical difficulties, but also by problems associated with pre-
parative filtration. Nitrogen analysis of replicate sample filters util-
izing only vacuum guage pressura meésurements, were completed in order to
gstimate the variability of tﬁis particular procedure. Eight filters were
énalyzed, five of which were heater-dried, andvthree air-dried. Table 17
lists the individual weights, the average weight, 8,5 ng N and the standard
dev1atlon, * 1.7 pg N, comprlolny twenty per cent of the average weight,

Because the average weight for the heat-dried filters (7.8 ug N) was less

than the average for air-dried filters (9.7 pg W) nitrogen-15 uptake sam-




TABIE 17

Determination of the Replicability of Witrogen Meight Estimates.
Samples Were Collected from Lake 227, May 28, 1977.

Drying Masthod | Nitrogenvﬁéight (ng)
| Heat Gun 10.5
' 8.0
7.0
: | s
6.0

Air Dry : | 8.5
- 10,5

10.0
Average 8.5

Standard Deviation + 1.7




ples collected in 1977 were air-dried in a closed dessicator.

Lack of a consistent vacuum guage zero and‘a‘reproducibie nitrogen
pressure:weight standard curve contributed to this uncertainty in particu-
late nitrogen estimates. To establish the accuracy of guage nitrogen aes-
timates, repiicate filtered samples were anélyzed for nitrogen weight both
by vacuum guage piessure and carbon—nitfogen analyzer. On average, guage
weights were 22,3% loﬁer than carbon-nitrogen analyzer estimates (Tables-
183 aﬁd 18b). Only two samples éxhibited guage weights which exceedsd
carbon-nitrogen analyzer estimates., If the carbon-nitrogen analyzgr values
accurately described the nitrogen weight characteristics of the given
samples, an increase in nitrogen-15 uptake rates, proportional to the
weight corfection, would be éxpected, as illustrated in Table 18c¢. These
inereased nitrogen—lg uptake rates would cause a corresponding decrease
in acetylene to nitrogen ratios. However, this correction is insufficient
to explain empiriéal varsus theoretical ratio discrepanciés.

The effect of the filtration procedure on the determination of ni-
trogen weight was examined with regpect to the volume of sample filtered.
A series of chemostat samples of increasinz volume wers filtered and anal-
yzed for nitrogen weight, April 27, 1977 (Table 18a). A second series,
with the same éample voiumes‘diluted to a comnmon total volume (fifteen
milliliters) was snalyzed May 3, 1977 (Table 18b). The latter sample set
wos prepared to eliminate diffsrences in sarple contact with the filtra-
tion apparatus, encountersd when undiluted samples were filtered. Though -
an increase in nitrogen weight with volume filtered was apparent in both
experiments, the incremental increases wers not uniform. Sample particﬁ«
late cafbon content analyzed simultanseously exhibited a similar relation-

ship to increased volume filtered (Table 18a,b)}. Though the absolute amount




PABIE  18(a)

Comparison of Nitrogen Weight Estimation by Carbon/Nitrogen (C/N) Anal-

yzer and Vacuum Guage Methods. No Dilution of Two to Ten ml Samples Was

Employsed. C/N Analyzer Estimates of Carbon Ve aight Are Included. The
Effect of Increasing the Sample Volume Filtered Is Also Wemonstrated.

poril L, 1977

C/N Nitrogen Guage Nitrogen C/N Carbon
Volume Estimate Estimate Estimate Nitrogen %

(mls) (ng) _ (ng/ml) (ng)  (pg/ml) (pe) “Carbon _
2 17,0 8.5 13.5 6.8 18,0 35

I 21.0 5.3 18.3 Lo6 80.0 26

6 21,0 .0 29.0 L.8 104.0 23

8 29.0 3.6 33.0 L.l 8.0 20

10 5.0 he5 37.0 3.7 178.0 25

TABIE 18(b)

Comparison of Nitrogen Weight Estimation by Carbon-Nitrogen (C/N) Anal-

yzdr and Vacuum Guage lethods. Two to Ten ml Samples Weras A1) Diluted

to a Constant Total Volume of Fifteen mls. C/N Analyzer Estimates of

Carbon Veight Are Included, The Effect of Increasing the Sample Volume
Filterad Is Alsoc Demonstrated.

May 3, 1977 A

- C/N Nitrogen Guage Nitrogen C/N Carbon

Volume Estimate Estimate Estimate Nitrogen g
- (mls) (ug)  (pg/ml) (pg)  (ng/ml) (ng) Carbon

2 1.l T2 12.0 6.0 7.0 31
I 17.2 k3 12,0 3.0 66,0 26

6 178 3.0 WS 24 71.0 25
8 25,9 3,2 17.0 2.1 98,0 26
10 2645 2.7 19.5 2,0 11,0 23




TABIE 18(c)

The Effect of C/N Analyzer-Based Nitrogen Weight Correctlons on Nitrogen-15 Uptake Rate and C2H2°N2 Ratio
Estimates for lake 227 and Chemostat 1.

VLaka 227 - August 22, 1977 - . _ .

O%;%;nil g'ggigt’e\!g 1 i‘ligg;:ii ‘ gg§re§z§§ Original Corracted Differencs
(ng) (ng) (peg/L/nr) (EgiLghr) Ratio R Ratio Rg (Ro-Rg
408,k 1995 " 0.785 0.960 7.7 6.3 1ok
ho8.k  L99.5 0,866 1,059 5.8 b8 1.0

- 385.3 L71.2 0,608 0. 7Lk 8.5 7.0 1.5
385°3 h71.2 0.549 - 0.672 : 8.8 7.2 1.6
3663 ~Lhk8.0 0,260 0.318 10.8 8.9 1.9
366.3 18,0 0.276 0.337 9.2 7.5 1.7

Chemostat 1 - March 23, 1977 |

161h.5 197L.6 26.92 32,93 3.2 2.6 0e6

1614.5 197)1.6 20,15 - 2h.6L b9 L0 0.9

_151ha5 s 197h.6 17.39 22,03 5.0 4.0 1.0

2615.5 1974.6 18.30 2319 5. ka2 1.2

a Correction based on G/N analyzer Nitrogen Weights, which then influence Rate and Ratio Estimates.

8eT
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of carbon and nitrogen varied with volume filtered, the percentage of ni-

trogen to carbon remained reasonably constant; the average nitrogen to

carbon psrcentage was twenty-four per cenﬁ. The consistent nitrogen to
carbon percentage implies a connection between the losses of both cellu-
lar components.

Graphs of nitrogen weight per unit volums versus the volume of sam-
ple filtered (Figure 31) exhibited similar trends to data collected in fil-
tration experiments involving carbon-1l uptake estimatioﬁ of primary pro-
ductivity (Arthur and Rigler, 1967). The carbon-1l experiments implied

that rates calculated for filtered samples must be corrected for losses of

1ébelled molecules due to cell rupture and release of cellular contents
during the course of sample preparations. The extent of the loss de-
pended upon the harsﬁness of the filtratién procass, for example, the
vacuum applied, and the susceptibility of given species to filtraﬁion
pressures (Arthur and Rigler, 1967). Carbon-ll; estimates were corracted
for this loss by extrapolating to mero volume a curve felating tha quan-
tity per unit voiume to the volumé of sample filtered.

This type of analysis was adopted for nitrogen-weight—sample vol-
ume data provided in Table 18a and Table 18b. However, to obtain a linear
equation from which the zero volume intercept wa#more readily determined
than by subjective extrapolation of the exponential curves, linear regres-
sion analysas of the logarithms of the nitrogeh waight data versus the
volume filtered were completed. The antilog of the regression equation v o
y-intercept yielded an estimate of the nitrogen weight per milliliter
anticipated in a semple of zero thickness (Arthur and Rigler, 1967), pre—
Sumably eliminating filtration effects. This analysis resulted in cor-

racted weight per milliliter nitrogen estimates which included 8.1 ng/ml
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Figure 31. Filtration error curves for nitrogen weight as meas-
ured by C/N analyzsr and vacuum guage. X -~ undiluted
samples (April 27, 1977) analyzed by C/N analyzer.
O - undiluted samples (#pril 27, 1977) analyzed by
vacuum guaga. + - samples diluted to 15 mls (May 3,
1977) analyzed by C/N analyzer. # - samples dilubted
to 15 mls (May 3, 1977) analyzed by vacuum guage.




N REIEHT/ZUNIT vOL. CUGE/HL)

(8.8 -

L4

I O

¥+0X

NALYZER
NALYZER

2.0 0 E.

VOLUME <MLS)

-
b

a - /.8 (2.8




(non-diluted carbon-nitrogen anmalyzer samples), 6.9 pg/ml (non-diluted
guage sampies), 7.5 ng/ml (diluted carbon-nitrogen analyzer samples)
and 6.1 pg/ml (diluted guage samples). Comparing these values to meas-
ured nitrogen weight/ml values associated with ten milliliter sample-

volumes, allowed calculation of correction factors including 1.8, 1.9,

2.7 and 3.1, which appeared to be necessary for nitrogen weight cali-
bration. This correction was not applied to the data cbllected in this
study because as shown by the following discussion, amalyses of sam?le
filtrates and experiments by McMahon (1973) do not support the hypothesis
of filtration-indiuced cell content loss.

Investigatibn of the relationship of nitrogen-15 uptake rate to
sampleAvolume filtered demonstrated the responses of both nitrogen-15
enrichment and nitrogen weight to filtration. Filtration error curves
(Figuré 32) were constructed for nitrogen fixation rate per ﬁnit volumé
and nitrogen weight per unit volume for a series of six Chemostat 2
samples of increasing volume (Table 19). As the volume filtered increa-
sad from five %o thirty milliliters, both nitrogen fixation rate per ml
and nitrogen weight per ml exhibited a gradual non-iinear decrease. Rate
data was treated similarly %o nitrogen weight data sbovs, curve extra-
polation to zero Volume‘presumably yislding values independsnt of fil-
tration effects. The equations obtained following 1ogarithmic trans-~
formation of rate per ml and weight per ml data were y = -0.035x + 0.103
and y = ~0.022¢+ 0.477 for thé rate per milliliter and weight per mil-
liliter parameters respectively. The zero volume intercepts wsre cal-
culated from the mtilogs of the y-intercepts, 0,103 and 0.477. Values
determined were 1,27 pg/L/hr per ml and 3,00 ug pér ml. Comparing thesa

values to the rate per ml and weight per ml values estimated for the
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TABILE 19

The Effect of Filtration of Increasing Sample Volumes on Nitrogen Weight
and Nitrogen Fixation Rate Estimates.

Nitrogen
Volume Nitrogen Veight/ Fixation Rate/Volume
(mls) Teight (ng) Volume (ug/m) Rate (ng/L/nry  (ng/L/hr)/ml
5 13,4 2.7 5.1 1,00
10 1903 - | 1.9 6.0 0.60

20 22,1 L1 5.0 0.25
25 20, 0.8 3.5 0.1
0 237 0.8 I3 0.1k
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+thirty milliliter samle, a factbr was calculated which, when applied to
sambles of equal volums, should cofrect rate and weight values for ob-
sarved filtration effects, The factor estimated for rate correction,
9.1, exceeded the factor estimated for weight correction, 3,8, the dif-
ference being attributed to filtration-induced loss of nitrogen-15 lab-
elled material, as well as unlabelled material. Howsver, comparison of
Chemostat 2 acetylene reduction rates and nitrogen-15 uptake ratas, fol-
ldwing'iﬁtroduction of the rate correction, did not yield.the theorati-
cal acetylene to nitrogen ratio. Correction for the filtration effect
resulted in ddecrease in the mean Chemostat 2 acetylene to nitrogen ratio
from 11.9 to 1.3. The extensivé filtration~-induced cell breakage and
label loss indicated by such a drastic‘difference in the ratio should be
verifiable by a largs accumulation of nitrogen-15-labaelled material in
sample filtrates. No nitrogen-15 enrichments significantly different
than the measured natural abundance atom per cent 0.393 & 0,03} (2¢)
wera determined in sample filtrates (Table 20). This suggasted that label
loss on filtration was not occurring to a méasurable extent, at ieast not
in.a form detectable with the methods employed. Further discussion of
filtfate analysis and its implications accompanises diécussion of the ex-~
cration hypothesis for rate discrepancies. »

The hypoﬁhesis of cell breakage and label loss on vacuum filtra-
tion was also criticized by McMahon (1973), whose filtration axpsriments
indicated that physical adsorption of carbon-1ll; label on membrane filters
vas responsible for filtration error curve characteristics, 'Washing of
filters with a large volume of non-laballed water led to elimination of
the filtration affect. Tn addition, the activity per ml decrease for

samples exceeding twenty-five milliliters appeared to begin levelling,




" TABIE 20

Analyses of Selected Filtrate Samples for 15N Atom Per Cent Enrichment
Above Background and Nitrogen Weight. Filtrates Receiving Preliminary
Roto-Evaporator Concentration Are Noted (conc.).

A N Weight
System Date Atom% Difference (mg /L) Sampls Type
Chem 2 13/6/71 : 0,006 52,k 1 ml uncone,

Chem 2 13/6/71 - 92.9 -1 ml unconc,

Chem 2 19/6/77 - 27,7 1 ml unconc.
Chem 2 19/6/171 - 122.9 0.3 ml conc.
130k 22/6/71 . 68,0, 1 ml unconc.
L.30k  22/6/77 - 0.002 16.6 1 ml unconc,
L.30k 22/6/77 - 9.8 Lok ml conc.
L.226NE 6/1/17 0.006 28,7 1 ml unconc.

L. 304 9/1/71 0.003 11.3 1 ml unconc.
L.226NE 15/1/711 | 0.007 15.1 1 ml unconc.
Chem 2 18/7/17 . 0.003 v 23.9 - 1 ml unconc.
L.227 27/1/71 0.022 13.3 1 ml unconc.
L.227 21/1/11 0.016 ' 0.2 1 ml unconc.
Le227 : 2&/8/77. | - 7f6 1 ml unconce.

a Differentiation betwseen flltrates which were concentrated and
those which were not.




‘gpproaching the values measuréd for washed samples. If the latter ob-
servation was also characteristic of nitrogen-15 uptake samples, then thé-
significance of filtration effects would be minimized in routine rate
comparison sampling; Nitrogen fixation rate comparison samples were
thirty or fifty milliliters depending upén cell densities. Rate per unit
volume values characteristic of these sample sizes would appear to lie
in the region of curve levelling (Figure 32), where filtration effects
rgsulting from adsorption of label to filters would be expected to be
reduced.

‘To confirm that filter adsorption of nitrogen label does occur in
a similar manner to carbon-ll; retention, further filtration error experi-
ments are required. Estimétion of nitrogen-15 retention on filtration of
raw and prefiltered samples and following adequate washing is necessaryb
to characterize filtration effects. The filtration error relationship
should also be examined for lake nitrogen-15 samples to determine whether

a similar response to that of Chemostat 2 is noted.

Acetylena to Nitrogen Ratio Explanation

Of greater importance than>ratio variability among lakse Samples or
chemostat samplss is the discrapancy between the empiricalfacetylene to
_nitrogen ratios and the ratio predicted on the basis of chemical reaction
stoichiometry. Empirical ratios listed in Table 12 exceed the theoretical
vélue by 1.4 to L.l times. More than ons hypothesis has been f&rwarded
to account for similar acetylens %o nitrogen relationships described pre-~
vibusly, Pfoposed explanations include suggestions of differences in
(1) teéhnique sensitivities, (2) oxygen sensitivity (Bsrgersen, 1970),

(3) response to zooplankton ammonia excretion (Lean et al., 1976),
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i) partial release of accumulated product (Fogg, 1966; Yalsby, 197L;
(L 3

wa Lsb:

r and Fogg, 1975) and (%) the effects of associated hydrogen re-

duction (Schubsrt and Evans, 1976; Bothe st al., 19773 Evans et al., to

e published). A brief discussion of these possibilities with respech

to th

eir applicability to the present study follows.

[ 535

The first explanation suggests that ratio differences may be at-

tributable to differing capacitiss of the acatylens reduction and nitro-

gen-15 uptake techniques to e stimatbe nitrogan fixetion in a systen char-

acter

ized by low blue-green algal biomass or activity, Becauss of the

nature of the analytical procedure, the acetylene reduction technique ex-

et al

vities

Y

b5 a lower limit for detaection of nitrogen fixation actbivity (ﬂazdy

., 1968; Klucas, 1969). Witrogen-L5 uptake rates measured abt zoti-

closs o that detection Limit may tend to underestimate nitrogsn

fixation rates, elevating the caleulatad acatyvlene to nitrogen ratios,
3 o £

Hows v

whers

8xpla

.

ar, in thae present study ratio ennhancement Derylotaﬁ & rate levals
sensitivity limitations no longar applied (Table 10). Therafore,

nabion of rate discrepancies, simply on the basis of differing sen-

Lbivity limits for the two methods, is inadequata.
3, q

Manipulation of sample oxygen partial pressures and substrate con-

centrationS‘wag also found to causes ratio variability (Bergersen, 1970).

Oxyge

n responsg curvas werae observed to differ depending upon the sub-

strate level presant., At a high acetylens concentration (0,1 atm) no

0XYE,
Oé
gan.

wo s

the

an inhibition of acetylene reduction was apparent., At a similar ni-

n concantration nitrogen-15 uptake was inhibited, above 0,5 atm oxy-

Y

Inhibition of acetjlenﬂ reducti

on ab oxygen prossures above 0.5 atm

apparent at low acebtylena concentrations (0,005 atm) as well, though

shepa of the oxygen response curve differed frowm thal obsarved for
! ¥
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nitrogen-15 u@take oxygen response. Therefore, depending upon the acety-

1ené concentration and the oxygen partial pressure,braﬁe comparisons
could yield a non~consﬁ;;t ratio. In the presence of 0.2 atm oxygen an
acatylens to nitrogénvratio of 6.2:1 was calculated for samples experien-
cing low acetylens lévels, and a ratio of 3:1 was estimated for similar
samples exposed to 0,7 atm oxygen (Bergersen, 1970). |

in the rate comparisons completed in this study, iﬁ.ﬁiﬁﬂ gas com-

position was not manipulated, with the excaption of the addition of the
gaseous substrate. Sbme gas stripping out of solution into the injected
gas bubble was a possibility, but the bubble itself comprised only 0,8%
‘and 5% of the sample volume in acetylens and nitrogen studies so that
large gas éoncentration changes would not be anticipated. Oxygen présent
at in situ concentrations would not inhibit algal acetylene or nitrogen-15
uptake, assuming the normal oXygen scavenging processes maintained anoxic
conditions at the nitrogenase site (Burris and Peterson, 1976). Bacause
_acetylene was provided in quantities sufficient to saturate the nitrogen-~
ase, the variabls response of acetylens reduction to oxygen partial pres-
sure atvlow acétylene concentrations obser?ed By Bargarsen (1970) cannot
be adopted here to explain the observed ratio anhancenant,

The third explanation for the ratio difference is depandent upon
the method of sample praeparation, specifically whether extensive concen-
tration of algal samples was employed. Lean et al., (1976) criticized
8xcessive concentration, beéause simﬁltaneous concantration of zooplankton
enhanéed grazer-related ammonia relaase, attenuating the necessity for
nitrogen fixation, while not necessarily affecting a corresponding de-
¢rease in acetylens reduction. This selective effect, if significant,

would lead to increased acetylens to nitrogen ratios. Concentration pPro--
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cedures vere adépted'in some lake rate detérminations, but sampls concen-
tratibn did not sxceed a factor of ten (Table 1). In addition, the phyto-
plankton'net haul method of concentration used for this study should have
prevented excessive zooplankton concentration, since many zooplankfon
should have been able to excape by passively riding the pressure wave
developing in front of the fine mesh net. Therefore, the grazer-relatad
‘explanation would not appear applicable in this situation.

The two most promising explanations for the observed differences
betwaen émpirical and theoretical ratios include excretion of assimilated
label and inwolvement of hydrogen as a competitor with nitrogen for nec-
essary reductant and ensrgy resources,

Excration of nitrogenous material was examined by a number of in-

vastigators, often in association with studies on phytoplankton-fixad
carbon release. Fogg, (1966), Walsby (197L), MWalsby and Fogg (1975),
Jones and Stewart (1969) and others contributed evidence supporting the
releasa of nitrogenous material from actively growing, as well as sen-
escent blus-green algal cultures. Ammonia and aﬁide release were reported

for short term experiments with Westiellovnsis prolifica. a nitrogen-
B T I s _

fixing alga from rice field soil (Pattnaik, 196b),.bub the most frequently
observed extracellular products were aming-acids and small peptides pre-
dominantly comprised of serine, threonine and basic aming acids (Fogg,
19663 Jones and Stewart, 1969). ialsby (l97h) also noted the release of
brownish pigments and substénces fluorescing white and blﬁe in ultraviolet
light.

In this study, whare particulate fraction nitrogen-15 atom per c&ht
enrichment was usad to reflsct the_quantity of nitrogen fixation per unit

time loss of nitrogen-15-labelled product from the particulate fraction
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may have resulted in the enhanced acétylene to nitrogen ratios estimated.

Nitrogen-15 enrichment would then indicate net nitrogen fixation rather

than the total nitrogen fixed during the incubation interval. Acetylens

reduction, due to the nature of the assay would presumably represent to-

tal nitrogen fixed. The significance of the excretion of organic nitrogen

to the isotope method depends upon the turnover time of the nitrogen in

the cell, assuming the cell structure is not disrupted. If labelled ni-

trogen assimilated during a given two to three hours interval is excrated

as anmonia or organic nitrogen within this incubation period, then ths gf-
LS 3

fect of excretion on ratio caleculations will be significant.

Two considerations, one empirical and one basad upon a turnover

time estimate, prevented acceptance of this hypothesis as an adaquate

explanation of the difference betwsen experimental and *heoretical ratios.

The»empirical approach adopted to investigate this hypothesis involved

analysis of sample filtrate enrichments. “hen labelled particulate mat-~

erial yielded nitrogen fixation rates lower than acetylene reduction-

derived estimates, it was hypothésiied that filtrates,icollected simul-

taneously, should account for at least part of the missing isotopa. On the

basis of filtrates analyzed (Table 20) this assumption was unsubstantiated. -

Though sufficisnt nitrogen was present, concentrations ranging from 7.6

mg/L (a Lake 227 non-net haul filtrate) to 92.9 mg/L (Chamostat 2 filtrats),

the natural abundance value, rather than nitrogen-15 enrichment, charac-

terized the isotopic composition. That extracellular nitrogen releasa

was occurring was suggested by the high dissolved nitrogen concentra-

tions, especially those of Chemostat 1 filtrates, whose initial medium was

nitrogen-fras. However, the lack of enrichment in incubated sample fil-

trates appeared to indicate that the organic nitrogen released was the
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product of prior nitrogen assimilation, rather than assimilation occurring
during the incubation interval. Ioss of labsl in the form of volatile
nitrogen-15 labelled ammonia appears lass likely as organic nitrogen is
indicated to be the primary form of excreted nitrogen obsérved for most
‘blue~green algal species (Fogg, 1952).

Calculation of an approximats turnover time of the incorporated
nitrogen, patternsd on a similar calculation described.by Walsby and Fogg;
»(1975), supported thé above conclusions. To estimate this turnover time,
the values required ware the nitrogen mass per cell and the rate of ni-
trogen fixation per cell. Though per cell valuss were unavailable, per

liter estimates were, allowing the following calculations:

Turnover time mass nitrogen/cell

nitrogen fixation rate/cell

i

(mass nitrogen/liter) / (cell/liter)
(nitrogen fixation rate/liter)/(cellis/liter)

it

Thus an estimate of cells per liter’was not required.

Calculation of the turnover time for a fepreseﬁtative unconcentra-
ted Lake 227 sample yielded an estimate of approximately se&enteen days,
which greatly excseded the maximum incubation interval employed. Tals-
by's aestimate of the turnover time for nitrogen assimilated by Anabasena
cylindrica TLemm. cells was on the ovrder of nine days (Walsby and Fogg,
1975). TFogg (1952) reportedrthat the extracellular nitrogenous products
of A. cylindrica did not appear to include any appreciable proportion of
substance specifically associated with the fixation process because the
relative amount and composition of the fraction remained much the same
whan the alga was cultivated on nitrate or ammonia, as when only elemen-

tary nitrogen was supplied. ZEach of thess obsarvations reinforce the
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conclusion that the 1aﬁel excration hypothesis for ratio discrepancy is
not4tenable.

A number of laboratory excretion experiments reporting enriched
filtrates did involve prolonged incubation periods often sxcesding ons or-
two days (Jones and Stewart, 1969; Stewart, 196L; Walsby and Fogg, 1975).
Filtrate labelling was also observad in an’experiment.involving phyto-
plankton 15.nitrate uptake (Chan, 1977), 15y-labelled dissolved organic
nitrogen being collected by passing sample filtrates through cation-
exchange resin. Chan indicated that significant phytoplankton excretion
of labelled amino acids was occurring, but it was insufficient t§jcom~
pletely explain differences inichemical and isotopic estimates of nitrate
uptake. | |

If label loss was a consequence of cell breakage on filtration,
rather than active excretion of assimilated nitrogen, turnover time esti-
mates would be irrelevant. Information collected concerning this aspsch
is confradictory. A filtration error curve (Arthur and Rigler, 1967),
Figure 32) apparently supported the proposal tﬁat filtration-induced
nitrogen-15 uptake rate underestimation contributed significantly to the
enhanced ratio, However, as determined earlier ﬁhen the filtration error
curve was discussed, the correction introduced by the filtration error
curve approach'was excassivé, leading to Chemostat 2 acetylens to nitro-
gen ratios less than the stoichiometric value of three. Fxamination of
filtration srror determinations such as that of Mclzhon (1973) suggaested
study of filter retention of Lo label by selective filtration and wash-
ing experiments, rather than estiﬁation‘of label loss on vacuum filtration.
Also, cell damage on filtration vas demonstrated to be minimal, evidence

of structural cell fragments being absent on elecitron microscopic sexamina-
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tion of precipitated materials from filtered lake samples (Chan, 1977).

Hydrogen Production Hypothesis

Though the final hypothesis concerning nitrogen-hydrogen compsti-
tion was not investigated here, support for its contribution to the acety-
lens reduction-nitrogen-15 uptake comparison has increased in the litera-
ture. A large proportion of the research on this aspect was completed in
nodulated symbionts (Schubert and Evans, 1976; Bethlenfalvay and Phillips,
19773 Schﬁbert et al., 1977; Evans et al., to be published) and bacterial
systems (Bulen et al., 1965; Brotonegoro, 197L; and Smith et al., 1976).
Bmpirical e&idence fér hydrogen production in blue-green algae and des-
criptions of the process and its responses to various enviroﬁmental mani-
pulations haé also accumulated mors reéently (Jones ard Bishop, 1976;

Bothe et al., 1977; Burris and Peterson, 1977).

Concurrént nitrogen fixation and hydrogen formation by blus-green
algal nitrogenase necessitates the sharing of both energy (adenosine
triphosphate) and reductant TESETVeS. Competition for these resources
implies that naither process will function at maximal rates, when both
substrates are available (Jones and Bishop, 1976). One third of the energy
(AT®) and reductant used by nitrogenase ig'zizg'may be lost in hydrogen
production (Anderson and Shanmugam, 1977). Measurement of hydrogen evolu-
tion by legume nodules in the presence and absence of nitrogen (Schubert

and Evans, 1976) demonstrated that although hydrogen evolution was appar-

ent under an atmosphere of air, evolution was approximately 3.3 times

greater when a nitrogen-~free enviromment was employed. The relevance of
hydrogen production to rate comparisons would be negligible if substrate

competition with hydrogen occurred during acetylens reduction, as well.
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-
Howevar, it was determined that acetylens, supplied in concentrations
sufficient for nitrogen fixation assays, inhibited nitrogenase-mediated
hydrogen formation, allowing reservation of ATP and reductant for reduc-
tion of acetylene (Schubert and Evans, 1976; Bothe et al., 1977). There-
fore, acetylens reduction rates would not reflect a balance betwgen hydro-
gen formation and ethylene production, conéequently a maximal reduction
rate would be anticipated. Assuming ghat hydrogen production is charac-
teristic of the species for which the rate comparison was undertaken in
this study, responsibility for enhanced ratios might reasonably ba at-
tributed to this process. Nitrogen-l5 uptake rates would be reduced
relzative to acetylens reduction estimates by an amount dependent updn the
extent of hydrogen formation.

If this explanation is accepted, it is then necessary to ascertéin
the reason for ratio variability between the lake a2nd chemostat systems.
Schubert and Evans (1976) demonstrated that the relative efficiency of
hydrogen evolution in 1eguminous»and non-leguminous plants, capable of
nitrogen fixation, differed depenéing on the symbiont examined. The af-
ficidgncy of hydrogen evolution is influenced by the presence within a
given algal specis of a hydrogengse/capable of thake and oxidation of
hydrogen produged by nitrogenase (Evans et al., to be publiéhed; Ander;
son and Shanmugam, 1977). Blue-green algal hydrogenases were observed
to vary both in type and activity not only from organism to organism,
buﬁ also from strain to strain (Bothe et al., 1977). Lake and chemo~-
stat populations differed in their predomihant blue~greén algal spacies.

If the nitrogenaséfmediafed hydrogen formation and the hydrogenase-
mediated hydrogen uptake by the algal species in the lake (predominantly

Anabagna solitaria v. planctonica and Aphanizomenon flos-aguas) and chemo-
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stat (Anabaené variabilis) différ, the ratio characteristic of sach system
wouid be affected. An efficient hydrogenaée would be expectad to effect-
ively recycls hydfogen as wall as ATP,vpfeventing restriction of the re-
duction of nitrogen to ammonia., In such a system nitrogen-15 uptake ratss
would approach acetylene reduction rates, conssquently yielding acetylena
to nitrogen ratios closer to theoretical. Assuming that the Chemostat 1
population either exhibited a lower level of hydrogen formation or pos-
sessed a more efficient hydrogen retrieval system than the laké populations,
ratio differences observed between it and the lake populations might be |
plausibly explained.

Interpretation of the ratio discrepancy between Chemostats 1 and
2 is more difficult, since the inoculum for each chemostat was an Anabaena
variabilis strain. Differences in the responsé of the nitrogen-hydrogen
relationship to envirommental conditions in each chemostat may yield a
possible explanation. Such a response to an external factor was reported
by Jones and Bishop (1976). They indicated that photosynthesizing popu-
lations subject to carbon dioxide limitation would possess a large excess
of low potential electréns, which would be shuntgd through the hydrogen
production circuit to eliminate the elsctrons from the cell. If this
elactron removal depleted energy resources at the expense of nitrogen-15
fixation, a high acetylens to nitrogen ratio would result. Carbon dioxide
limitation should not have been a factor in either chemostat, both systems
receiving a similar nutrient input, including atmospheric carbon dioxide
and sodium bicarbonatae.

Extracellular relgase of ofganic carbon favored under conditions of
photoinhibition (Fogg, 1966), suspected to occur during early stages of

Chemostat 2 operation, could have created restrictions on the availability
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of carbon compounds required for nitrogen assimilation. In order that
arino acids necessary for synthesis of cellular protein may accumulate,
armonia, the product of nitrogen fixation, must be incorporated into these
carbon compounds synthesized via photosynthetic reduction of carbon dioxids.
Organic carbon limitation, significant only to nitrogen-15 uptake estima-
tion, would enhance acatylens to nitrogen ratios in Chemostat 2. Tha ef—'
fect of light inhibition on the photosynthetically-derived electron sup-
ply concerns both nitrogen and proton reduction processes, presumably pre-
venting rate discrepancies caused by unequal electron distribution. Ob-
servation of the nitrogenthydrogen relationship uﬁder.varying environmen-
tal stresses is necessary to characterize the extent of its influence on

the acetylens to nitrogen ratio.

Ancillary Experiments

Though rate comparison does provide a numerical 6hafacterization
of the acetylsne to nitrogen relationship, the.latter may also be described
by ancillary experiments. Acetyléne reduction and nitrogen-15 uptake ars
compared with respect to their response to a period of dark incubation, an
extended series of ligh%t incubations and.a range of their specific sub-
strate concentrations. Differences apparent in the response of either
technique may contribute to the possible explanations for acetylene reduc—‘
tion and nitrogen-15 uptake rate discrepancies evident in calculated acaty-

lens to nitrogen ratios,

Dark Nitrogen Fixation

Following incubation, lake samples collected in the field required

Y

transport back to the laboratory prior to filtration and analysis. Samples .
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were shielded from the light to eliminate further light-supported acety-
1ena‘reduction or nitrogen-15 uptake, but were not killed to prevent sub-
saquent dark fixation. To determine the amount of dark nitrogen fixation
which may have occurred during the transport period, dark rate estimation
experiments, ubtilizing both methods, were carried out. Nitrogen-15 uptake
and acatylene-derived nitrogen fixation rates ware measured and compared
to correspdnding light rates estimated simultaneously over equivalent
intervals (Table 21). From these data, dark rate to light rate percentages
waere calculated for both acetylene and nitrogen-15. An additional dark-
light comparison was completed for one 1ight acetylene reduction sample
and one dark acetylene redgction sample, the latter having previously
undefgono a four hour dark preincubation (Table 21), |

Dark acetylene reduction in both chemostat and lake samples, was
observed to repressnt an average of forty per cent of simulbtansously meas-
ured light acetylene reduction. Based on the single estimate calculated
April 25, 1977, dark nitrogen—ls‘uptake‘represented twenty-nine per cent
of the corresponding light uptake. The dark ni{rogenulS uptake rats esti;
mated April 19, 1977 was not included in the percentage calculation because
of the uncertainty in its magnitudae, the result éf an atom per cent en-
richment not significanﬁly different from natural abundance (based on a
significance level of two standard deviations -~ 0.393 + 0,03 atom per
cent). These dark rate/light rate percentages are comparable to those found
by Horne and Fogg (1970), surface sample dark fixation measured by acety-
~lena reductibn amounting to fifty per cent of that in the light. Dark
preincubation markedly reduced the dark acetylené reduction, dark rates
in preincubated samples representing only two per cent of the measured

light rate. The result of this preincubation experiment supports the con-




"TABIE 21

gomparison of Dark Rate and Light Rate Estimates of Lake and Chemostat Nitrogen Fixation For Given Sampl-
ing Dates. CoH2 Reduction Rate Data is Converted to Nitrogen Fixation Rates Using a CpH2:N2 Ratio of 3.

Averaga Dark Average Light . Average Dark Average Light

CoHp Rate  CoHp Rate 158> Rate 15> Rate  Dark/Light %
Date - (pg No/i/tr)  (ug Wo/L/nr)  (pg Wp/L/br)  (ng No/L/nr) Cofi2 w2
19/1/77(Chem) 823 136 o.mP 6.0 38 11
25/1i/77(Chem) S 9.0h 19.36 3.11 . 10.59 b7 | 29
20/6/77(227) 0.02 0.06 - - L3 -
2/6/77(301) 0.L8 2.0 - - 23 -

27/6/77(304)% 0,02 1,30 - - 2 -

a TLake 230l samplé was preincubéﬁed in the dark for four hours prior to CoHo injection.

b Atom per cent enrichment does not exceed natural sbundance plus two standard deviations.

051
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ﬁention that the extent of dark fixation depends upon the conditions pre-
veiling during the period precedihg-dark incubation (Fay, 1976).

The dark rate-light rate percentageé calculatsd for each msthod
apparently indicate a difference in the response of each technique fol-
1owing termination of light ex?osure. However, because of the émall magni;
tude‘of theAcorrection for dark nitrogen—lS upbake and acgtylene reduction
relative to the rates of light fixation, the significance of this dif-
ferenée in percentage betwesen the two techniques is reduced. A maximum
dark rate correction for each of the techniques was calculated for the .
two dark incubation intervals of ten end forty-five minutes, which occur-
red during routine rate comparisons in the chemostat and lake, respectively.
This calculation assumed that the dark acetylena reductioh and nitrogen-15
uptake rates equalled their respective light rétes throughout the teﬁ and:
forty~five minute intervals. Comparison of the quantity of acatylens or
nitrogen-15 fixed in the dark during these intervals (assuming light fixa-
tion rates), to the quantity of these substrates fixed in the iight, as
illustrated below, indicated that the dark fixation contributions were
8.3% for the ten minute interval and 37.5% for the forty-five minute in-
terval.

(Dark Rate = Light Rate)(Incubation Time) X 100 = Per Cent Contribution
(Light Rate)(Incubabtion Tima) by Dark Fixation ‘

Fxample: (19,36 ng/L/hr)(10/60 hours) x. 100 = 3.3%
(1936 ng/L/br)( 2 hours)

However, it has been demonstrated ithat dark acebylene reduction exhibits
an exponantial dacrease in rate with time, falling to fifty per cent of

the original value within thirty minutes of termination of light exposure




(Fay, 1976). if 1% may be assumed that dark nitrogen-15 uptake responds
similarly, then the maximum percentage contribution of dark acatylens

reduction and dark nitrogen-15 uptake should decrease with time in Pro~
portion %o the decreasing rates, thus reducing the above dark rate-light

rate percentages.

If the relative differences in the average dark rate-light rate
percentagés for nitrogen-15 and acetylene calculated for the two hour in-
cubations is mainﬁainedﬁ independent of the length of dark incubation, then
‘a more specific estimate of the dark fixation contribution may be approxi-
matéd. Introduction of the dark to light acetylene reduction rate per-
cantage of 0% and the dark %o light nitrogen-15 uptake rate percent;ge
of 29% to the calculétions for the ten and fority-five minute intervals |
alloved estimation of dark fixation contributions for acetyiene’of 3;3%
(ton minutes) and 15%4(forty~five minutes) and for nitrogen-15 of 2.4%

(ten minuﬁes)and 10.9% ( forty-five minutes). Again, inclusion of the ef-
fect of an exponential rate decline (Fay, 1976; Lennergren, 1974) would
reduce the dark fixation cqntribuﬁion. Even without this correcﬁion,
though, the maximum difference in the acetylens reduction and nitrogen-15
uptake dark fixation contributions was less than‘five per cent. Therafore,
the rate discrgpancies‘indicated by acetylena %o nitrogen ratioé are ap-
parently 1ittle affected by the differences in dark fixation response ob-
served betwesn acetylene reduction and nitrogen-15 uptakse from the term-

ination of lighbt exoosure to the commencement of sample processing.
o p ey

Time Course Experiments

Acetylene reduction and nitrogen-15 uptake rates were examined

during incubations of increasing length, %o determine whathar both assays
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respondad similarly during incubation intsrvals normally employed for rate
comparison studies. Azotobacter nitrogenase exhibited linear acetylsne
reduction and nitrogen-l5 uvtake behavior for up to forty-five minutes

(Hardy et al., 1968). Following an initial lag, nitrogen-15 uptake in

Alnus rugosa nodules was also observed to be linear for one hour (Stewart

et al., 1967) and acetylene reduction in Myrica cerifera root nodules was

shown t0 be linear for at least four hours (Sloger and Silver, 1967).

- Sample incubations from fifteen minutes to six hours demonstrated the rate-
varsus time response characteristic of chemostat and lake blue-green al-
gal populations examined in this study.

* Acatylens reduction was observed to increase linsarly on ektended
incubation of samples collected in Chemostat 1, ILake 304 (concentrated
samples) and Lake 227 (Figuras 33 and 35 to 38). Acetylene reduction rates
ware converted to nitrogen fixation rates, utilizing the theorstical acety-
lene to nitrogen fatio; prior to inclusion in time coursé plots. A simi-
lar assay completed for Chemostat 2 samples displayed non-linear behavior
(Figure 3Lt). Acatylené reduction beéan to plateau at incubations excaad-
ing 2.5 hours.

Three assays defining the time dapendent response of nitrogen-15
uptake were complated in Chemostat 1, Chemostat 2 and Lake 227 (Figures
39, Lo and h1). Significant uptake of nitrogen-15 was not observed im-
mediately‘in Cherostat 1 and Chemostat 2 samples, a lag of from thirty to
sixbty minutes being evident. Following this initial lag, linear upbake
comﬁenced in both chamostats, but only persisted in Chemostat 1. Nitro-
gen~15 uptake rates levelled after Chemostat 2 samples had bsen ingubéted
three to four hours. Nitrogen—ls uptake was linear for Lake 227 samples

throughout the incubation interval, no lag or plateau being apparent.
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Figure 33. Acaetylene reductionvtime course data for samples col-

lected on April 29, 1977 from Chemostat 1. Acetylenes
reduction-derived estimates of the quantity of nitrogen
fixed (CgHg:NZ = 3) are included,
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Figure 3l.

Acetylene reduction time course data for samples col-
lected on June 15, 1977 from Chemostat 2. Acetylens

reduction~derived estimates of the quantity of nitrogen
fixed (CpHo:N2 = 3) are included.
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Figure 36. Acetylene reduction tims course data for samples col~
lected on August 10, 1977 from Lake 227 (in situ in-
cubation). Acetylene reduction-derived estimates of

the quantity of nitrogen fixed (CQHQ:NQ - 3) are
included.
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Figure 37.

Acetylene reduction time course data for samples col-

lected on August 17, 1977 from Lake 227 (in situ in-
cubation). Acetylene reduction-derived eStimatas of

the quantity of nitrogen fixed (CoHp:No = 3) are
included.,
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Figure 38. Acetylene reduction time course data for samples col-
lected on September 12, 1977 from Lake 227 (laboratory
incubation). Acatylens reduction-derived estimates

of the quantity of nitrogen fixed (CoHp:Ny = 3) are
included,
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Figure 39. Nitrogen-l5 uptake time course data for samples col~
lected on May L, 1977 from Chemostat 1.
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Figure LO. Nitrogen-15 uptzke time course data for samples
lected on Juhe 16, 1977 from Chemostat 2.
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Fighre hl. Mitrogen-15 uptake time course data for samples col-
lected on August 26, 1977 from Lake 227 (Laboratory
incubation).
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Non-linsar bshavior charactaristic of the latter stages of incu~
béfion for acetylene reductior and nitrogen-15 uptake in Chemostat 2 sam-
ples suggests the development of some physical or chemical limitation.
The influence of cell density independent of the algal enviromnment is an
inadequate explanation-as Chemostat 1, the most concentratad’system, g%
hibited-a linear acetylene reduction response over the entire incubation
interval. Possible restrictions limiting acetylene reduction and nitro-
gen-15 uptake include depletion of an essential nutrient, perhaps invol-
ved in reductant or energy generation, or accumulation of toxic wastes
after extended incubation, such as an excess of photosynthetically-
produced o#ygen (Mague, 1977). Neither of these potential problems wore
examined here. ' |

.Changing light characteristics during the Lake 30L in situ acety-
1enevreduction incubations may .havs been critical; a dark cioud covar
developed during the intermediate stages of the time course assay. Thare-
fore, samples left for longer incubations.received reduced solar.input.
Howsver, the existence of cellular reservas of ATP and reductant should
attenuate the effect of this light reduction (Ses, for exampls, the Dark
Fixation Studies). Constancy of illumination was not a problem during
Chemostat 2 acetylens r eduction and nitrogen-15 uptake time cburses; in-
cubations beiﬁg carried out in the laboratory incubestor, Onse series of
Lake 227 samples collectaed Sapfember 12, 1977, were prepared and incubated
in the lzboratory to determine whether the incubator lighting would af«'
fect the time response. In situ (Figures 36 and 37) and incubator (Fig-
ure 38) Lake 227 time courses demonstrated a qualitatively similar lin-
aar response independent of the_location»of incubation. Due to the dif-

ficulty of sample processing following incubation, incubator rather than
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in situ dncubations were employsd for both chemostat and lake nitrogen-l5
uptake time course samples. Therefore, plateau versus linear anomoliss
in nitrogen-15 upbsake time course results for Chemostat 2 samples versus
Chemostat 1 and Lake 227 samples wore not a function of incubation light-
ing characteristics.

The exisbence of a lag in chemostat nitrogen~l5 uptake is signi-
ficant to calcula sion of niftrogen-l15 uptake rates and consequently acety-
lene to nitrogen ratioc estimation. Lo# initial uptake would reduce the
final nitrogen-15 uptaka rate gstimate, thug increasing the acetylene to .
nitrogen rvtlo debsrmined, Thare is apparently no biological explana-
tion for this delayed assimilation of nitrogenmlS; isotopic fractionation
effects involving algal preferencs for the lighter moleculae, nitrogen-ll,
in nitrogen fixation are nsgligible with respscﬁ to the nitrogen~15 en-
richments involved (Focht, 1973); Yowever, delayed upbake may be an
artifact: ofrbhe sampla preparation procedurs, Due to the low water solu-
bility of nitrogen, nitrogen—ls injections required time for abbainment

h“gm ])qg isotopic esquilibrium, possibly dalaying the exposure of the
“algae to labelled substrata. dovever, preliminary agitation followiag
substrate injection should mininizs this delay. Because no lag in ni-
trogen—-15 upﬁake wWa.s obéerved in samples'collected.fTom Lake 227, vhich
warg orepared in the same momner as cherostat samplas exhibiting the in-

tial Jag, its existence is suspect.

If the variable rvesponse in acetylene reduction and nitrogen-15
uptake was limited only to extended incubation anomolies, use of short

tarm incubations, during which both methods exhibit a linsar responss,

.

would be a sufficiaent precaubion for accurate sstimation of nitrogen

) 3

fixation rates (Steyn and Deliwiche, 1970). Incubations carried out in




rats comparison experimaents were chossn to fall within the linsar vesponse
ragion. However, if, as in Chemostat 1 and Chemostal 2, a difference oc-

curs in the response of acetylone reduction and nitrogen-15 uobtaks during

- initial incubations, the calculated acatylens to nitrogen raﬁio will ba
affected. A hizh acetylena to nwtrogen ratio would be anticipated as a
result of the lag in nitrogen-15 uptake. Tha only system for which sim-
ultansous ¢ btlm”tlon of acaetylene reduction and nitrogen-15 uptake with
tine was completed was Lake 227, which demonstrated no lag. Acebylens
to nitrogen ratios calculated for samples incubated from one to four hours
wers 6,8, 7.7, 7.l and 9.3, the latter ratio being the result of a low
n_trovenuls uptake rata. Because these ratios differ from theoretical
in a system exhibiting no preliminary lag in nitrogen-15 uptake, the
rabio discrpancy is '“paravtly {function of e aramoters other than differ-
ing initial tinme response.

An approximation of the effect of lag and plateau characteristics
on acetylens to nitrogs o1 ratio determination way be demonstrated if Chemo-
stat 2 samplaes collected June 15, 1977 for acatylana redﬁotion and Junas 16,
1977 for nitrogen-~15 upbake are assumed %o repraesent a saries of rate
pairs. Acebylene to nitrogen ratios were calculated for rates with
matched incubation lengths (Table 22). The general trend was a dacline
in the ratio with %ime, the ratios being influencaed by low initial niﬁro~
gen-15 uptake rates (1.L, 0.6, and 1.0 pz/L/hr) and ths more rapid level-
ling of acaetylena raduction compared to n1trooenu]5 upbake for incubations
up to L.75 hours. If the June 15, 1977 and June 16, 1977 data are rep-
resentative of the time dependent responses anticinatsd for Chemostat 2
sample, 1t suggests that a variable ratio would be obtained da pnndwnh on

3 o

the incubatilon interval adopted. Therefore, definition and compavison of




TABIE 22

Estimation of CpHp:Np Ratios From Chemostat 2.
CoH2 Reduction and Nitrogen-15 Uptake Time Course Data.

Acetylens Nitrogen~15
Incubation Reduction Rate? Uptake Rate
Time (Hr) -~ (peCenl/L/hr) (pgNp/L/br) CoHa/Np

0.25 2li.2 1.h | 17.3
0,75 1649 0.6 28.2
1.25 16,7 1.0 17.0

1.75 - 1he9 1.7 8.8
2.25 ok - 2.2 6.5
2,75 126 2.1 6o
3,25 12.0 1.8 6.5

3.75 9.5 2.1 3.9
.25 9.1 ' 2.3 | 1.0
Le75 8.5 1.9 h.5
5,25 L 2.1 -

- 5.75 | - , 1.7 -

a Chemostat 2 - June 15, 1977 - Acetylené Reduction Time Course

b Chemostat 2 - June 16, 1977 - Nitrogen-15 Uptake Time Course
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the time responses for acetylens reduction and nitrogen-15 uptake and,
in cases whera anomolies exist,; standardization of the length of incuba-
tion appear to be advisable precautions when rate estimst es are to be

compared.

Kp and Vy,y Determinations

Ratio analysis, dark fixation and time course experiments were all
completed assumiﬁg that the algel nitrogenase enzyme responded similafly
%o both the natural substrate nitrogen and its analogue, acetylene. Lake
227 samples were exposed to a seriss of increasing nitrogén and acetylens
concentrations in an attempt to define whether both acstylene and nitro-
gen-15 uptake did function similarly as nitrogen fixation estimators.
Blue-green algal nitrogenase is capable of reduction of either substrate,
but the affinity of the enzyme for the individual molecules differs
(Hardy gﬁ al., 1968; 1973; Bergersen, 1970). Experiments patternad on
the Michaelis-Menten enzyme-substrate interaction were designed. Direct
comparisoﬁ to the defined e nzyme system was unintended, whole cell uptake
studies being influenced by processes which do not affect the isolated
enzyme preparation (MacIsaac and Dugdale, 1969). Howsver, the informztion
derivaed from fhis type of experiment doas provide desired indications of
the raesponss of the algae to the natural substrate and its analogus.

Pravious studies of this nature utilized partial pressure estimates
of nitrogen or acetylens, rather than aqﬁeous concentration e stimates,
when determining the substrate-rate relationships (Hardy et al., 1968,
1973); Rather than define the vapor phase-aqueous phase characteristics
of the systems examined, aqueous acetylens and nitrogen contents wers

calculated utilizing gas partitioning laws and differential solubilities




( see Methods) and reported as micromolar concentrations.

The acaetylens concentration range was chosen on the basis of the

results of two preliminary experiments, one employing very low concentra-
tions (Table 23), dafining only the linear portion of the curve, and tha
sgcond employing very>high concaentrations (Table 23), defining the plat-
eau region. Raté gstimation for samples in an intermediate concenpration
range, 62.9 to 7hh7_PM, allowed better definition of the overall sub-

strate-rate relationshipvs. Michaelis-Menten |v = Vuax [S] | (Figure L2)
Kp -+ [S]

and Wolfe |[S] = [8] + _Kp | (Figure L3) plots wers constructed from
v VMax Vitax ’

acetylens reduction rate (v) and acetylens concentration [S] data, 0
facilitate estimation of the half saturation constant (in uptake studies
usually denoted a transport constant, MacIsaac and Dugdale, 1969) Kp,
and the maximum velocity, Viay, chargcteristic of tha substrate-rate re-
lationship. Acetylene reduction derived nitrogen fixation rates are in-
cluded in both plots, the theorastical acetylene to nitrogen ratid being.
employed for acetylene reduction raée conversion. A computer wrogram
utilizing the Chi Squared Goodness of Fit statistical procedure (M. A.
Tufner, personal cormunication) was used to discover the !fichaslis-
Menten curve Which best fit the collected data. Esbimates of Ky and Vyay
were generated in the program (Table 24). Kr and.VNax estimates were
also obtained on linasar regreséion anzlysis of the data adapted for use
in the Wolfe Plot; this Kp value exceeded the Michaelis~ﬁenten curve
astimate (Table 24). The average KT and Vyax values were 150k juf and
1.5 pg/L/nr, respectively.

A concentration distribution spanning 47 to 513 pif. established the

substrate-rate relationship for nitrogen. Michaelis-Henten and Volfe
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TABIE 23

Substrate and Rate Data Collected in Preliminary Definition of Mich-
selis-Menten Relationship for Acetylens Reduction in Lake 227 Samples.

Septarber 6/77 August 17/77
CpoHo Concentration  CoHp Reduction  CoHp Voiumea CoHo Reduction
(e) Rate (ng/L/hr) (mls) Rate (mg/L/hr)
2l 5.90 x 10~3 1 6.87 x 10~1
62 2.80 x 10™2 3 1.05
122 ~ 8.70 x 1072 5 9.31 x 10+
243 . 1.7k x 1071 7 9.79 x 101
601 3.72 x 10-1 10 9,16 x 1071
1202 6.87 x 101 15 9.28 x 10~1

649 1.37 20 9,30 x 10-1

a CgHg.concentrétion was not calculated because the volumes
of final aqueous and gas phases were not recorded.
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Figure }2.

A Michaelis-Menten plot of the velocity versus sub-
strate concentration relationship for acetylens.
Samples were collected from Lake 227, September 10,
1977. Acetylens reduction rates are converted to
nitrogen fixation rates using the CoHp:Ny ratio of 3.
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Figure L3.

A Wolfa plot of substrats/velocity versus substrate
concentration for acetylsne. Samples were collacted
from Lake 227, September 10, 1977. Acetylena reduc-
tion rates are converted to nitrogen fixation rates
using the CoHp:Np ratio of 3.
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TABLE 2L

Half-Saturation Constant (KY) and Maximum Velocity (Viax) Values Deter-
mined for Lake 227 Acstylene Reduction and Nitrogen Fixation By
~ Michaelis-Yenten and Wolfe Plots,

Date Substrate Plot Used Kp (M) Viax{ng/L/hr)
10/9/77. CoH2 Michaelis-Menten 1373 1.5
10/9/77 CoHo Wolfe 163l 1.6
10/9/77 CoHo Michaelis-Menten? 2507 2.1
12/9/77 No | Michaelis;Menten 145 0.7
12/9/77 N Wolfa 150. 0.7

a Plot of Septémber 10, 1977 data minus the highest concentrations.
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plots (Figures Ll and LS) were again useful in the definition of char-

acteristic Kp and Vy,y parametsrs for nitrogen uptake (Table 2L). Def-

inition of the Michaelis-lenten curve would be improved by introduction
of higher substrate concentrations yielding additional platsau nitrogen
fixation rates. The average Kp and Vitax values were calculated to be
150 pM and 0.7 pg/L/hr, respectively. |

Blue-green algal average KT values for acetylens, 1,5 X 10“_3 M,

and nitrogen, 1.5 x 10“Ll M, calculated above compare favorably with pre-~ -

vious K7 estimates. Bacterial and nodule Kt values summarized by Zumft
Mortenson (1975) range from 3.6 x lO“h to 1,2 x 10"2 ¥ for acetylene,
and 2.1 x 10“5 to 1.2 x 10"h M for nitrogen,

Comparisons of the %transport constants for acetylene reduction and
nitrogen fixation indicate that the K for acetylene reduction is almost
an order of magnitude greater than the X7 for nitrogen fikatipn. This
implies a stronger affinity for nitrogen than acetylene, which appears
reasonable as nitrogen is the natural substrate. However, conclusions .
based on Xp data, concerning nitrogénase's affinity for specific sub-
strates, must be made with caution because, as mentioned above, algal
population substrate uptake was determined, rather than uptake by the
isolated enzyme (Magus, 1977). Kinetié studies of reductions catalyzed

by nitrogenase must also take into account that the proton, a poten-

tially reducible substrate, is always present and capable of receiving

"electrons (Zumft and Mortenson, 1975). However, at high acetylens con-

centrations, acetylens inhibition eliminates hydrogen's interference.
Michaelis-Menten estimates of Kp and Vyay values for September 10,
1977 data, excluding the final concentration are also included in Table

oli, an increase in both Ky and Vi being observed. Use of direct




‘Figure Lhi. A Michaslis-Menten plot of the velocity versus sub-
strate concentration relationship for nitrogen.

Samples were collected from Lake 227, September 12,
1977.
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Figure 5. A Volfe plob of substrate/velocity vaersus substrate
concentration for nitrogen. Samples ware collected
from Lake 227, September 12, 1977,
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acetylena gas injection to achieve the highest acetylene concentration,
rather than injection of an air-acetylene dilution combination, appar-
ently caused a variation in the response of the system. Perhaps the
volume and composition of the gas phase resulting from ajr--acetylene
injections affected the algal nitrogen fixation capacity. The sample
receiving the injection of undiluted acetylena demonstrated an acetylene
reduction rate below that anticipated on extrapolation of rates measured
for lower concentrations. Elimination of this value increased X7 and
TMax values to 2507 uM and 2.1 pg/L/hr. The influence Qf the ajir-
acetylene mixture on sample nitrogen fixation should perhaps be weighed
prior to acceptance of XKp and Viax valges derived in this mannar.,

The difference in nitrogen and acetylene K7 values demonstrated
here is not a unique observation. A largef KT for nitrogen was also ob-
served in the early stages of develoﬁment ard promotion of acetylens
reduétion as a useful in Eiiﬂ nitrogen fixation estimator (Hardy et al.,
1968, 1973). However, because the acetylens reduction assay utilizes
an acetylene concentration sufficient to sasturate the nitrogenase, it
is probsble that substrate affinity differences between acetylena and
nitrogen would not be critical during routine field assays. That recent
kinetic studies (such as this one) and inhibitor studies (Zumft and Yor-
“tenson, 1975)-suggest independent sites for acetylene and nitrogen re-
duction is impdrtant, though, since one of the original assumptions of

' the acetylene reduction assay was the existence of a compatition batvween
acetylens and nitrogen for the sams nitrogenase binding site. Further
investigation of the binding sites of the nitrogenass complex may in-

validate the use of acetylene reduction as a nitrogen fixation estimator.




CONCLUSIONS
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Use of an analogus-based technique for nitrogen fixation aestimation
isia’convenienh and economical method of analysis for a wide range of
organisms, demonstrating the capacity to assimilate atmospheric nitro-
gan. Acetylene reduction has bheen increasingly applied to estimate ni-

trogen fixation by soil organisms, aguatic bacteria and algae and legum-

inous and non-leguminous symbiotic associations. Howsver, it has been
determined in this study and others (Feterson and Burris, 1976; Berger-
sen, 1970; Lean et al., 1976) that assumption of a fixed acetylene to
nitrogen conversion factor, which has bheen common practice, is unjusti-
fiable. Depending on the method of calculation, an acetylena to nitro-
gen rafio of 6.3 to 9.7 characterizes the relationship of écetylene ra-
duction and nitrogen~l5 fixation for blue-graen algal populations resi-
dent in the freshwater environments examined. Introduction of this ratio
rather than the stoichiometric value, will reduce estimates of the con-
tribution of nitrogen fixation to lake nitrogen budgets by a factor of
two to three times. Nitrogen fixation contributions gstimatad in 1975
(Flett, 1977) will decrease from 19% o 84 for lake 226 NE and from 114
to 6% for Lake 227, a significant correction.

Though the similarity among lake acetylene‘to nitrogen ratioé da-
terminad here may suggest the possibility of ratio exﬁrapolation among.
lake systeﬁs, it should be remembered that the lake s examined exhibited
many common characteristics, ehhancing the probability of a dommon rgs-
ponse to both nitrogen fixation estimators. As discussed e arlier, in-

dependent nitrogen-l5 uptake calibration of the acetylens reduction method

for a given system is desirable due to the varisble nature of the ratio,
and the individuality of investigator interpretation of the two techniques.

Acetylens to nitrogen ratios calculated for two chemostat Anabaena -
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variabilis populations demonstrated that ratio variability may even ba
eQident in enviromments presumed similar. Comparing Chesostat 1 and
Chemostat 2 ratios suggests that ratio extrapolation is also subject to
restrictions based upon the observed "health" of the élgal populations,

.healthy Chemostat 1 having the lowest ratio (regression estimate) and
unhealthy Chemostat 2 the highest. Previously determined ratios for
healthy blue-green algal cultures approached the theoretical value

* (Stewart et al., 1968).

Calibration of the acetylens reduction method has also been stressed |
by investigators stud&ing simultangous réduction of hydrogen and nitro-_
gen by cellular nitrogsnasa. Sharing of available ensrgy and reductant

~ between these two substrates, which is eliminated in the presence of
acetylens (Schubert and Evans, 1976), has been demonstrated in symbionts,
algae and bacteria. Depending on the presence and aétivity of a cellu-
lar hydrogenase, in situ hydrogen production could decrease nitrogen
fixation significantly. Becauss the acetylene reductioﬁ assay is un-
affected by hydrogen compétition, oﬁerestimation of nitrogen fixation apQ
pears inevitable. As the efficiency of hydrogen production varies, so
will the megnitude of nitrogen fixation and acetylene to nitrogen ratios.
Though exorétion of assimilated nitrégeh—lS during the course of
sample incubations is also suggested to contribute to acetylene to nitro-
gan ratio discrepancies (Fogg; 1966; Yalsby, 197h; Walsby and Fogg,
1975) evidence collectad here fails %o support this hypothesis. Both
filtrate nitrogen-15 analjsis and nitrogen turnover time estimates (Val-
sby and Fogg, 1975) indicate that loss of labelled material is not ap-
parent. Design of an improved method for filtrate analysis may demén—

strate some label accumulation in the filtrate undetectable by presently
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amployed methods.

| Analysis of nitfogen~15 assimilation by the particulate fraction
nécessitated involvement of filtration procedurses, introducing diffi-
culties associated with filtration-induced label 1oss'(Arthur and Rig-
lar, 1967) and retention of unincorporatad label on the filtears (Mo~
Mahon, 1973; Jordan et al., 1978). Corrections for nitrogen;15 losses
due to the rigors of the filtration process, patterned.on_those sug-
gested by Arthur and Rigler (1967), appear excessive, reducing acetylene .
to niﬁrogen ratios to velues less than thres. >Charaqteristics of fil-
ter retention of nitrogen-15 on filtration of small sample volumes are
not specifically examined hers. Filter retention of label would not
account for the enhanced acetylene to nitrogen ratios observed.

Application of the acetylene reduction method as an adequate

estimator of nitrogen fixation requires ﬁore than simply derivation of
an appropriate acetylene to nitrogen conversion factor. The response
of acetylene féduction and nitrogen-15 uptake to various parameters was
also investigated to determine the suitability of both techniques as
nitrogen fixation estimators. The extent of dark fixation, as measured

by acetylene reduction was observed to e xceed nitrogen-15 uptake esti-

mates, but the significance of this difference to rate comparison studiss
is reduced, when it is considered in the context of the short dark ex-

posuraes normally occurring, and the exponential decline in dark fixation

with time after light termination (Fay, 1976; Lannergren et al., 197h).
Examinaﬁion of the time dspandent responses of acetylans reduc-

tion and nitrogen-15 uptake for lake samples generally indicates a sim-

ilar linear increase in acetylens reduced and nitrogen-15 fixaed with in-

creasing incubation length. Thus elevated acetylens to nitrogen ratios
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charactaeristic of lake samples cannot be attributed to a variable time

response betwean the techniques, The response of the two techniques to
extendaed incubation is not as straightforward when examined in Chemo-
état 1 and Chemostat 2, Egrly incubation lags in Chémostat 1 and Chemo-
stat 2 nitrogen~l5 uptake and levalling in Chemostat 2 acaty}ene ra-
duction and nitrogen-15 uptake on extended incubation may lead to some
variability in calculated acatyléne Yo nitrogen ratios. Though stan-
dardization of a short incubation length alleviates deviations in the
late stagass of incubation, early incubation anomoliss should be investi-
gated as to cause and consistency in additional time course assays.

The above discﬁssions of the responses of acetylens reduction and
nitrogen~15 uptake depend on the applicability of acetylene as a nitro-
gen analogue.. Substrate—velocity experiments complsted in this study
and elsewhere (Zumft and Mortenson, 1975) indicate some difference in
the affinity of the nitrogenase, or more accurately, the al gal popula—~
tion, for nitrogen and acetylene. Transport constants (X;) derived
differ by approximately a factor of'ten and meximum velocities of up-
take byla factor of two. These values would appear 1o support sugges-
tions of different nitrogenase sites for binding of acetylens and ni-
v trogen, implying a non-competitive rather than competitive interaction
betwean the énalogue and substrate (Zumft and Mortenson, 1975). How-
ever, until studies of the nature of the binding sites of nitrogenase
and their response to substrate and analogue definitely demonstrate
otherwisa, 1% may be assumed that Kp differencaes are not critical to
the écetylene reduction assay, where acetylene is supplied in excess of
- saturation requiremants of nitrogenass.

Though it appears that the acetylene reduction technigque as orig-




inally developed with its assumption of direct competition of acetylens
and nitrogen and rigid stoichiometric conversion factor ié inadequate,
elimination of the technique is not suggesfed. Use of the acatylens
reduction method to provide rapid sensitive nitrogen fixation estimates
will still be an advantage, especially in field studiss. Howaver, if
an accurate estimate of nitrogen fixation is required, use of the iso-

tope uptake method is preferabls. If, for expediency, the acetylene

raduction method is adopted as a routine nitrogen fixation assay pro-
caedure, the importance of'precalibration of this method invthe-givén
system with the nitrogen-15 uptake method is stressed. When an empir-
ical acetylenes to nitrogen ratio is introduéed, the method of calcula-
tion should be identified (for example, mean or regression slops) as

ratios were found to differ depending on the estimation procedure adopted.

Without this preliminary method calibration, acetylene reduction rates

should be reported as pg ethylens produced/L/hr, rather than ug nitrogen

fixed/L/hr following introduction of the untested theoretical rétio,
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