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ABSTRACT

The r e la t io n sh ip  between nitrogen u t i l i z a t i o n  and primary 

p r od uc t i v i t y  was stud ied  in a suba rc t ic  lake, u s in r  the s tab le  

isotope to measure the uptake rates  o f  anv.iu;',i j , -; i ;y>v  ;,,v< 

molecular  n i trogen. Primary p rod uc t i v i t y  determinations employed 

the ^ C  method. A combination of  these methods with the quant i ta t ive  

determination of  n it rogen nu tr ients  during two seasons provioeu 

information on the ro le  o f  these n it rogen sources in  the p roduc t i v i t y  

regime of t h i s  p a r t i c u l a r  lake.

The study lake was Smith Lake, located on the U n ive r s i t y  of 

A la ska  campus. I t s  shal low depth, and lack of i n l e t  and ou t le t  

during much of  the product ive season made i t  i n t e re s t i n g  from the 

po int  of view of  an in terna l  cycle  study. The lake i s  character ized 

by two major growth periods f o r  photosynthet ic  organisms. The 

f i r s t  takes place under the ice ,  under low l i g h t  cond it ions ,  and i s  

predominantly composed of  green algae and f l a g e l l a t e s .  The major 

n it rogen source at t h i s  time i s  ammonia. The major bloom takes 

place in  June, and the dominant alga  i s  Anabaena f l o s - aq u ae .

Ammonia, n i t ra te  and molecular  n it rogen a l l  play  a part  in  the 

n it rogen supply  f o r  t h i s  bloom. Following t h i s  bloom, which 

dec l ines  abrupt ly ,  a low and more steady product ion continues 

through the summer, with ammonia prov id ing  most o f  the nitrogen.

Periods of  very high photosynthet ic  rates  are always accompanied 

by high rates of  ammonia a s s im i la t io n .  From the amount of  ammonia
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in the water, and the rate of  removal, a very high rate of  turnover  

fo r  ammonia i s  e s tab l i shed.  D irect  measurement o f  the rate of 

ammonia supply using an isotope d i l u t i o n  technique supported th i s  

conclus ion.



ACKNOWLEDGMENTS

This  work was made po s s ib le  by the support and encouragement 

of  Dr. K. M. Rae, to whom the author expresses apprec ia t ion.  The 

p u r su i t  of  the work leading to th i s  paper required great patience 

on the part  of  my husband, Dr. R. C. Dugdale, who not only 

to le ra ted  the re su l tan t  e r r a t i c  l i f e ,  but a l so  provided a s s i s tance  

and support  in every po s s ib le  way.

Many people provided technical a s s i s tance  in var ious  phases 

of  the work. In 1963, f i e l d  a s s i s tance  was provided by Mr. Robert 

C la sby,  and M iss  Linda McVicar  a s s i s te d  with chemical determinat ions.  

In 1964, a s s i s tance  in both laboratory  and f i e l d  was provided by 

Mr. Wil l iam Z o l l e r  and M is s  Judith  Thompson. Specia l thanks are 

due to Donald H. Rosenberg f o r  h is  help with  data process ing.  To 

Dr. R. J. Barsdate, the author expresses apprec iat ion f o r  a s s i s tance  

with the preparation of  the 14C ampoules. C red it  f o r  an exce l len t  

job o f  typing the manuscript  goes to M iss  D ix ie  Dor ius.

F inanc ia l  support was provided in part  by the National I n s t i t u t e s  

of  Health, under grants  WP-00422-01 and WP-00422-02.

v



TABLE OF CONTENTS

page

ABSTRACT..................................................................... i i i

ACKNOWLEDGMENTS...............................................................................  v

INTRODUCTION ..................................................................................  1

Statement of  the problem.................................................   . 1

A b i l i t y  of  phytoplankton to a s s im i la te
va r ious  compounds of  ino rgan ic  nitrogen ..........................  3

Nitrogen f i x a t i o n ........................................................  3

Ammonia......................................................................... 5

N i t r a t e ............................................................................ 6

Previous  work on n it rogen in the
ecology of  la cu s t r in e  environments.......................................  7

Nitrogen f i x a t i o n ...........................................................  7

Ammonia and n i t ra te  u t i l i z a t i o n ..........................   9

Add it iona l  components o f  the n it rogen cycle
to be considered in t h i s  s tudy ............................................... H

Experimental approach ........................................................  12

The la k e ................    13

METHODS.........................................................................................  15

Nitrogen-15 t racer  methods.................................................. 15

Incubat ion p r o c e d u r e s .............................    I 7

C a l c u l a t i o n s ...........................................................................  I 7

Primary p r od uc t i v i t y  measurements ....................................... 19



Pa r t icu la te  n itrogen determinat ions.................................  . 20

Chlorophyl l  a_........................................................................... 20

Methods f o r  the quan t i t a t i ve  ana ly s i s
of nu t r ien t s  in the water................................. 22

Nitrogen compounds...........................................................22

Phosphorus determinations ...........................................  23

Techniques used f o r  other analyses ....................................  24

PHYTOPLANKTON ...............................................................................  25

RESULTS - PHYSICAL AND CHEMICAL BACKGROUND.............................   . 28

Thermal regime ...................................................................... 28

D is so lved  oxygen ..................................................................  29

S p e c i f i c  c on d uc t i v i t y .............................................................. 30

p H ............................................................................................30

L i g h t ........................................................................................ 31

P a r t i cu la te  n it rogen ............................................................ 31

Chlorophyl l  a_........................................................................... 32

Nutr ient  chemistry ...............................................................  33

Ammonia........................................................................... 33

N i t r a t e ........................................................................... 34

N i t r i t e ........................................................................... 35

P h o s p h o r u s ...............................................................................35

EXPERIMENTAL RESULTS.............................   37

Primary p r od uc t i v i t y  ............................................................ 37

v i  i

page



1 A
Depth d i s t r i b u t i o n  of  C
uptake in Smith L a k e .............................................................. 39

Winter p r o d u c t i v i t y ..........................................   39

The e f f i c i e n c y  of  photosynthes is  ........................................ 40

Experimental r e su l t s  - n it rogen uptake ..............................  41

The excret ion of newly -f ixed
nit rogen by phytoplankton....................................................... 44

Determination of  the rate of  ammonia
supply in Smith Lake w a t e r .................................................... 46

DISCUSSION........................................................................................ 48

The production under the i c e ................................................ 48

The Anabaena s p . b l o o m .......................................................... 50

The post-bloom product ion...................................................... 56

N i t ra te  as a n it rogen-source  in Smith L a k e ............................57

I n t e r r e la t i o n sh ip s  with microorganisms ..............................  59

A comparison of  Smith Lake and
Sanctuary Lake, Pennsylvania ..............................................  60

CONCLUSIONS..................................................................................... 62

LITERATURE CITED.............................................................................. 65

APPENDIX A ........................................................................................ 72

APPENDIX B ........................................................................................ 73

vi i i

page



LIST OF ILLUSTRATIONS

Fi g u r e s

1. Outl ine  map of Smith Lake, A la ska ................................. ->4

2. The seasonal d i s t r i b u t i o n  of ch lo rophy l l  
a_ and p a r t i cu la te  nitrogen concentrat ions
in Smith Lake - 1563 .................................................. 32

3. The seasonal d i s t r i b u t i o n  o f  ch lo rophy l l  
a_ ar.d pa r t icu la te  n it rogen concentrat ions
in Smith Lake - 1 9 6 4 .................................................... 32

4. Disappearance of  n i t ra te  in Smith Lake
in the sp r ing  of  1964.................................................. 34

5. Primary p rod uc t i v i t y  r e su l t s  f o r  Smith
Lake, 1963 ..................................................................  37

6. Surface photosynthes is  measurements in
Smith Lake, 1963 ........................................................  37

7. Resu lts of  in s i t u  experiments in
Smith Lake, 1964 ........................................................  38

8. Resu lts  of  14C experiments incubated 
under constant l i g h t  at 20°C - Smith
Lake surface  water, 1964 ...........................................  38

9. The depth d i s t r i b u t i o n  o f  photosynthes is  
in Smith Lake - reoresentat ive  curves
f o r  1963 ...................................................................... 39

10. Nitrogen f i x a t i o n  rates and the p a r t i c u la te  
ni t rogen concentration in Smith Lake sur face
water, 1963..................................................................... 41

11. The uptake of  ino rgan ic  n it rogen sources in
Smith Lake in 1964 - the re su l t s  o f  s tab le  
i sotope t racer  experiments on sur face  water, 
incubated at 20°C and constant l i g h t .......................... 4i

12. The tota l  uptake of  ino rgan ic  n itrogen in
Smith Lake, 1 S 6 4 ........................................................... 44

ix



X

fo l low ing  page

ABLES

I ■ i l ,^/ , , U t f  U I S S U i V C ^ Cj ^ I t ) I J  u vj , • ■ ■ •

2. m g/ l i te r  d i s so lved  oxygen, Smith Lake, 1954..............  29

3. S p e c i f i c  conduct iv i ty  - Micromhos..........................   . 30

4. L igh t  penetrat ion - percent reaching
each d e p t h .....................................................................31

5. NH3 -N y g -a to m s/ l i t e r , Smith Lake, 1963-1964.............  33

6. NO3-N yg-atcms/1iter,  Smith Lake, 1963-1964.............  34

7. The r e la t i o n sh ip  between chlorophy l l  _a and 
photosynthesi s ............................................................ 40

8. The uptake o f  n i t rogen  compounds. Resu l t s  of  
t race r  experiments, Smith Lake, 1963, surface
water...............................................................................41

9. The uptake o f  n itrogen compounds. Resu lts  of
tracer experiments, Smith Lake, 1964 .......................  41

10. Tne excret ion  of  d i s so lved  n it rogen during
nit rogen f i x a t i o n ...........................................................45



Algae must be s k i l l e d  in operat ional  c a l c u lu s - i n  a b i l i t y  to 
in tegra te  simultaneous d i f f e r e n t i a l  equations,  one fo r  each 
va r iab le ,  then so l v in g  f o r  optimal growth.

Hutner and P ro va so l i ,  1964

xi



INTRODUCTION

Statement o f  the problem

The biogeochemical cycles  o f  cer ta in  elements are in t im ate ly  

invo lved in c o n t r o l l i n g  the potent ia l  b i o l o g i c a l  p ro d u c t iv i t y  of  

an environment. These elements e i ther  are required d i r e c t l y  as 

major nut r ien ts  or as q u a n t i t a t i v e l y  minor components o f  vi tamins  

or enzymes. Nitrogen p r im a r i l y  belongs to the former category,  

and i t s  complex cycle  p lays  a ro le  o f  g reat  eco lo g ica l  importance.

A lake i s  a d i s c re te  e co lo g i ca l  system in that  i t  e xh ib i t s  i t s  

own in terna l  cyc le s ,  which are, however, a f fec ted  by the i n f lu e n t s  

and to some extent  by the e f f lu e n t s .  This concept o f  a lake as an 

eco lo g ica l  e n t i t y  was f i r s t  introduced by Forbes (1925). In the 

pas t ,  a la rge  number o f  measurements have been made o f  the abundance 

of  var ious  compounds o f  n itrogen in lake water, s in ce  i t  was assumed 

that  such in format ion  gave a good idea o f  the amount o f  n u t r ien t  

a v a i l a b le ,  and therefore of  the f e r t i l i t y  o f  the water. The current  

i n t e r e s t  in  n u t r ien t  cyc les  developed p a r t l y  in  response to the 

r e a l i z a t i o n  that  th i s  assumption i s  not v a l i d ,  and that  the standing  

concentrat ion o f  a n u t r ie n t  i s  in many cases le s s  important than i t s  

rate o f  replenishment by advection and regeneration.  Furthermore, 

the concentrat ion o f  a n u t r ien t  in the water may have an inverse  

r e l a t i o n s h ip  with product ion,  s ince  a high concentrat ion  i s  un l i k e ly  

to p e r s i s t  when the substance i s  being removed r a p id l y ,  but may 

accumulate when i t  i s  not. There i s  evidence, which l a r g e ly  comes

1
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from work on the oceans, that  the rate o f  regeneration in  s i t u  in 

the water column i s  much more important than had p rev iou s ly  been 

considered (Ketchum, Ryther, Yentsch, and Corwin, 1958). Since  

there i s  no reason to be l ieve  that  marine and l a c u s t r i n e  processes  

are fundamentally d i f f e r e n t ,  t h i s  may be equa l ly  true o f  fresh  water.

Although standing concentrat ions  alone cannot g ive  an under­

s tand ing  o f  the a v a i l a b i l i t y  o f  a nu t r ien t  which undergoes a cycle  

in  t r an spo r t ,  measurements o f  the actual rates o f  u t i l i z a t i o n  can 

do so,  because a rate o f  u t i l i z a t i o n  impl ies  a minimum rate  o f  supply.

This d i s s e r t a t i o n  i s  the r e s u l t  o f  an attempt to in v e s t i g a t e  the 

r e la t io n s h ip s  between the u t i l i z a t i o n  o f  ino rgan ic  ni trogen sources  

and primary p ro d u c t iv i t y ,  and at the same time to obta in  i n s i g h t  

i n to  the ro le  o f  the in terna l  n i trogen cycle  o f  a lake.

The popula t ions  in a water body are not s t a t i c  throughout a 

year ,  but tend to demonstrate seasonal changes which may be repeated 

from year  to year. This  annual re p e t i t io n  i s  only found where the 

lake as a whole i s  not changing s i g n i f i c a n t l y  from one year  to the 

next. These changes are be lieved to be in response to phys ica l  and 

chemical f a c to r s  in  the water and to a l t e r a t io n s  in these fa c to r s  by 

the organisms present. There are a v a i l a b le  in the l i t e r a t u r e  exce l len t  

and de ta i led  d e sc r ip t io n s  o f  s tud ie s  o f  such changes in terms o f  the 

composit ion o f  the popula t ions  and the abundance o f  the cons t i tuen t  

organisms (Utermohl, 1925; Si  Ivey and Roach, 1964; Prowse and T a i l i n g ,  

1957; Hartman and G r a f f i u s ,  1960). These changes in popula t ion  

composit ion are accompanied by f lu c tu a t io n s  in  the primary p rod u c t iv i t y  

rates  in  the lake (Verduin,  1960); in turn,  probably ,  they are accompanied
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by v a r i a t i o n s  in  the patterns  o f  u t i l i z a t i o n  and regeneration of  

nitrogen compounds in  the water.

The in te ra c t io n s  r e s u l t i n g  in net production are h ig h ly  complex, 

but u l t im a te ly  algae and ba c te r ia  i n te r a c t  in producing f lu c tu a t io n s  

in p ro d u c t iv i t y ,  which may r e s u l t  in e f f i c i e n t  u t i l i z a t i o n  of  the 

in o r gan ic  resources a v a i la b le .  In order to obta in  a reasonable  

p ic tu re  o f  the nu t r ien t  regime o f  a lake,  the study must be car r ied  

out throughout a cons iderab le  span o f  time. This  has been attempted.

A b i l i t y  o f  phytoplankton to a s s im i l a t e  

var ious  compounds o f  inorgan ic  n itrogen

The work d i scussed  here w i l l  deal with the re l a t i o n s h ip  between 

the u t i l i z a t i o n  o f  n i t rogen  and primary p rod u c t iv i t y .  The experimental  

techniques employed in  t h i s  study derive from the cons iderab le  informa­

t ion  a v a i l a b le  from laboratory  s tud ie s  on the a b i l i t y  o f  a lgae  to use 

var ious  sources o f  n i trogen.  Algae are,  o f  course,  the most important  

agents o f  primary p ro d u c t iv i t y ,  both in  terms o f  biomass and in t h e i r  

contr ibu t ion  o f  p h o to syn th e t ica l ly  reduced carbon in  p e la g i c  water.

Nitrogen f i x a t i o n . Mo lecu lar  n i trogen represents  a v i r t u a l l y  

i nexhaust ib le  r e se r v o i r  f o r  those organisms capable o f  ca r ry ing  out 

i t s  reduction to ammonia and thus o f  us ing i t  as a n itrogen source.  

Nitrogen i s  one o f  the major gases  in  the atmosphere, occupying  

78t  0.004 percent o f  i t s  volume (Byer, 1959). The b i o l o g i c a l  process  

o f  us ing molecular n i trogen i s  termed n itrogen f i x a t i o n ,  and c o n s i s t s  

o f  an energy-consuming s e r ie s  o f  react ions.  In a few organisms the 

processes o f  n itrogen  f i x a t i o n  and photosynthes is  are c l o s e l y  coupled



so  that  the energy trapped by the photosynthet ic  apparatus i s  a l so  

used d i r e c t l y  or i n d i r e c t l y  f o r  the reduction of molecu lar  n itrogen. 

The two groups demonstrating th i s  r e la t io n sh ip  are the photosynthetic  

bacter ia  and the blue-green algae. Both groups are found in lake 

waters, but the blue-green algae are more l i k e l y  to make a s i g n i f i c a n t  

con tr ibut ion  to the nitrogen economy of  the water. Photosynthet ic  

bacte r ia  appear to occur most abundantly in  environments where f ixed 

ni t rogen compounds are present,  and under these condit ions  bacter ia l  

n it rogen f i x a t i o n  i s  be lieved to be suppressed. Fogg (1956) there­

fore  be l ieves  that  although these bacter ia  may have had great  import­

ance ea r ly  in  the h i s t o r y  o f  the earth, t h e i r  n i t rogen f i x i n g  a b i l i t y  

remains as a f a c u l t a t i v e  but not often important r e l i c t .  A con s ide r ­

able amount of  information i s  now ava i lab le  on the phys io logy  and 

mineral n u t r i t i o n  o f  n it rogen f i x i n g  blue-green algae or Myxophyceae. 

Molybdenum i s  s p e c i f i c a l l y  required in h igher  amounts fo r  n it rogen 

f i x a t i o n  than f o r  the reduction of n i t ra te ,  although i t  i s  required 

a l so  f o r  the l a t t e r  react ion  (Wolfe, 1954); present informat ion 

ind ica te s  that ammonia a s s im i l a t i o n  i s  independent o f  molybdenum 

concentration.  I ron and boron are a l so  required s p e c i f i c a l l y  fo r  

n i t rogen f i x a t i o n .  Various  other m in e r a l s , in c lud ing  calcium, 

sodium and cobalt,  are required by n i t r o g e n - f i x in g  Myxophyceae fo r  

general growth. Among the requirements fo r  n it rogen f i x i n g  a c t i v i t y ,  

Webster (1959) inc ludes the need f o r  a vigorous metabol ic  rate. In 

photosynthet ic  n it rogen f i x a t i o n  th i s  implies a high rate o f  photo­

s y n th e s i s ,  s ince  the energy f o r  the f i x a t i o n  process i s  derived from 

the photosynthet ic  process (Fogg and Than-Thun, 1960). A high rate



o f  photosynthesis  a l so  imp l ies  a high rate of removal o f  e s se n t ia l  

nutr ients  from the water. A steady supply o f  phosphorus and trace  

metals should be required fo r  susta ined  high n itrogen f i x a t i o n  rates.

The phys io logy  and ecology o f  photosynthes ic  n i trogen f i x a t i o n  

by blue-green algae has been d iscussed  by A l len  (1956), and a l so  in 

d e ta i l  by Fogg (1956). A more recent review by Yocum (1960) 

emphasizes biochemical aspects o f  n i trogen  f i x a t i o n .

Ammonia. Ammonia i s  r e a d i l y  used by a lgae ,  and provides  the 

optimal source from an energet ic  po in t  o f  view, s ince  a l l  ni trogen  

compounds are brought to the reduct ion level o f  ammonia before assimi  

l a t i o n  in to  the metabolic  pathways o f  the organism. In cu l ture  media 

however, the unfavorable pH changes which accompany growth and the 

concomitant removal o f  ammonia from the medium frequent ly  preclude  

i t s  use. There i s  no evidence that  any algae are unable to use 

ammonia in a natural  s i t u a t io n .  In the n itrogen cyc le ,  ammonia is  

considered an intermediate,  s in ce ,  although i t  i s  re leased upon the 

breakdown o f  ni trogenous o rgan ic  mater ia l  and excreted in add i t ion  

by an imals,  i t  i s  in turn oxid ized through n i t r i t e  to n i t ra te .

N i t ra te  i s  therefore  the more s t a b le  end-product o f  the regeneration  

process.  This ox ida t ion  process i s  c a l le d  n i t r i f i c a t i o n ,  and i s  

car r ied  out in  s o i l  and fresh  water by ba c te r ia  be longing to 

the genus Nitrosomonas and the second step to n i t r a t e  by N i t robacter  

spp. N i t r i t e ,  an intermediate  step in  th i s  process ,  very seldom 

accumulates to  any s i g n i f i c a n t  leve l s  in water, and although algae  

are able to use i t  as a n i t rogen  source,  i t  i s  seldom s u f f i c i e n t l y  

abundant to be important. Under po l lu ted  co n d i t i on s ,  where large
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amounts o f  n i t r i t e  may occur, two fac to r s  are o f  importance. One 

i s  that  n i t r i t e  i s  t o x ic  under condit ions  o f  h igh concentrat ion,  so 

that  i t  w i l l  not be used. Secondly, the ox idat ion  o f  n i t r i t e  to 

n i t r a te  i s  prevented by a high i n i t i a l  concentrat ion o f  n i t r i t e ,  so 

that  the high concentrat ion w i l l  tend to remain s t a t i c  or increase  

(Aleem and Alexender, 1960). In con t ra s t ,  n i t r a t e  i s  often present  

in s u f f i c i e n t l y  la rge  amounts to be s i g n i f i c a n t .

N i t r a t e . Most a lgae are be l ieved to  be capable of us ing n i t r a te  

as a n i trogen  source. The reduction o f  n i t r a t e  to n i t r i t e  i s  

cata lyzed  by an enzyme termed n i t r a t e  reductase, which i s  a meta l lo -  

f l a v op ro te in  with molybdenum as the metal const i tuent.  N i t r i t e  

reductase then cata lyzes  the subsequent reduction o f  n i t r i t e  to 

ammonia; here the metal components are i ron  and copper. Recently  

Nicho las  et a l . ,  (1962) have impl icated  coba l t  in n i t r a t e  reduction,  

although th i s  work was not done with a lgae,  but rather  with Rhizobiurn. 

L ight  i s  b e n e f i c i a l  to n i t r a t e  reduct ion in green p l a n t s ,  although some 

algae are capable o f  car ry ing  out the process in  the dark. N i t r i t e  

reduction i s  frequent ly  coupled to  re sp i ra t ion .  K es s le r  (1964) has 

d iscussed  the a s s im i l a t i o n  o f  n i t r a t e  by p l a n t s ,  main ly  from the 

biochemical po int  o f  view.

In add i t ion  to  the three sources o f  n itrogen a lready mentioned 

above, several o rgan ic  compounds may serve as n i trogen sources fo r  

algae.  Urea, u r ic  ac id  and xanthine are often useful sources  

accord ing to Hutner and P rova so l i  (1964). However, t h i s  a b i l i t y  to 

use o rgan ic  sources i s  very v a r ia b le  between d i f f e r e n t  genera and 

even between d i f f e r e n t  spec ies  o f  a lgae ,  and with only the p resent ly



7

a v a i l a b le  informat ion i t  i s  d i f f i c u l t  to eva luate i t s  p o s s ib le  

s i g n i f i c a n c e .  In th i s  research,  therefore,  only  the three minor 

sources  d i scussed  above were used.

Previous work on n itrogen in the 

ecology o f  l a c u s t r i n e  environments

Nitrogen f i x a t i o n . B lue-green algae are w idely  d i s t r i b u te d  

and inc lude spec ies  capable o f  s u rv i v in g  under rather  extreme 

environmental cond i t ions .  According to Hutner and P rova so l i  (1964),  

workers have found that  many blue-green algae were able to grow a f t e r  

s to rage  f o r  e i gh t  to nine weeks a t  -15°C. They are a l so  h ig h ly  

r e s i s t a n t  to de s i c c a t ion ,  and t h e i r  occurrence in hot sp r in g s  at  

temperatures approaching the upper l i m i t  f o r  l i v i n g  systems completes 

a p ic ture  o f  extreme v e r s a t i l i t y  f o r  th i s  group. The presence of  

blooms o f  Anabaena in lakes has suggested that  these algae may 

contr ibute  s u b s t a n t i a l l y  to the n itrogen budget o f  lakes by f i x i n g  

molecular n i trogen.  Hutchinson (1957) made t h i s  sugges t ion  in  

connection with the Anabaena bloom in L in s le y  Pond. Guseva (1941) 

f in d s  that  n i t r o g e n - f i x i n g  Anabaena are important in  the b io log y  o f  

the Ucha Reservoir.  In Cra ter  Lake, Oregon, a bloom of  Anabaena 

has been suggested re spons ib le  f o r  the n itrogen supply  o f  the lake  

(Utterback,  P h i fe r ,  and Robinson, 1947); the phosphate to n itrogen  

r a t i o  appears to be very high in  th i s  lake. Prowse and T a i l i n g  

(1957) a t t r i b u t e  to n i trogen  f i x a t i o n  by Anabaena a major ro le  in 

determining the seasonal success ion  o f  algae in a r e s e r v o i r  on the 

White N i le .  Here, a bloom o f  Anabaena during a per iod o f  low n itrogen



content was fol lowed by algae which were apparent ly  using n i t ra te .

I f  t h i s  were so,  i t  would in d ica te  that  the n itrogen  f ixed  by the 

algae became a v a i l a b le  r a p id ly  a f t e r  i t s  re lease  fo l low ing  the death 

o f  the c e l l s .  In none o f  these cases was there any d i r e c t  evidence  

to support  the n i trogen  f i x a t i o n  theory. I n d i r e c t l y ,  however, the 

evidence s t r o n g l y  supported the conc lus ion ,  s ince  in each case a 

l a rge  number o f  organisms with a high n itrogen content grew without  

any apparent supply o f  n itrogen.

D i re c t  experiments to t ry  to measure n itrogen f i x a t i o n  were 

car r ied  out by Sawyer et a l . (1941); he incubated lake water fo r  

long periods o f  time and measured the increase  in  n i t rogen  by the 

Kjeldahl  method. Dugdale, Dugdale, Neess and Goering (1959) made 

pre l im inary  attempts to measure n itrogen f i x a t i o n  in  lakes by 

measuring the incorporat ion  o f  l ab e l le d  n itrogen  gas in to  the 

p a r t i c u l a t e  f r a c t i o n  in samples o f  lake water. Subsequently s tud ie s  

were ca r r ied  out us ing the same technique, which showed that  n i trogen  

f i x a t i o n  can be a major source o f  n itrogen to the phytoplankton in  an 

eutrophic  lake when blue-green a lgae o f  the genus Anabaena are dominant 

(Dugdale and Dugdale, 1962). A study of  the rates  o f  n i trogen  f i x a t i o n  

in severa l  lakes in the v i c i n i t y  o f  Madison, Wisconsin showed cons iderab ly  

vary ing  ro le s  fo r  the process  among lakes in  a r e s t r i c t e d  geographica l  

area (Goering 1962, 1964). In a l l  these s tud ie s  the behavior o f  the 

process in  r e la t io n  to l i g h t  s t r o n g ly  ind ica ted  th a t  photosynthet ic  

processes were respons ib le  f o r  the n itrogen f i x a t i o n  e i th e r  d i r e c t l y  

or i n d i r e c t l y .  In each case when high rates o f  n i t rogen  f i x a t i o n  were 

measured, blue-green a lgae  were present in la rge  numbers. Fogg (1956),
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in  h i s  review dea l ing  with n itrogen f i x a t i o n  by photosynthet ic  

organisms,  mentions the p o s s i b i l i t y  o f  a major ro le  in the n itrogen  

economy o f  eutrophic  lakes fo r  n i trogen f i x a t i o n  by blue-green a lgae,  

but q u a l i f i e s  th i s  by adding that  many o f  the bloom-forming species  

do not f i x  n it rogen.  Some spec ies  o f  Anabaena have been tested in  

pure cu l ture  and found to f i x  n i t rogen,  although not many o f  the 

components o f  the blooms d i scussed  above have as ye t  been i s o la t e d  

in b a c t e r i o l o g i c a l l y  pure cu l tures.

As e a r ly  as 1938, F r i t sch  and De recognized the ro le  o f  Nos toe 

in  the f e r t i l i t y  o f  r i ce  f i e l d s  as a n itrogen f i x i n g  agent (F r i t s ch  

and De, 1938). De a l s o  recognized a s i m i l a r  ro le  fo r  Anabaena 

(De, 1939). Nos toe i s  a l s o  respons ib le  fo r  f i x i n g  n itrogen in 

tundra ponds in  Northern A la ska  (Dugdale and Toetz, 1961), whereas 

in the Kodiak, A la ska  reg ion,  a lake e x h ib i t in g  high rates  o f  

nitrogen f i x a t i o n  had a la rge  populat ion  o f  Anabaena f lo s -aquae  

(R. C. Dugdale, personal communication). I t  i s  apparent, therefore,  

that  s i g n i f i c a n t  n itrogen f i x a t i o n  occurs in  waters ranging  from 

t r o p ic a l  to the a r c t i c .  The hard iness  o f  the b lue-green algae  

does r e s u l t  in a wide geographical  d i s t r i b u t i o n .

Ammonia and n i t r a t e  u t i l i z a t i o n . A la rge  par t  o f  the informa­

t ion  on n itrogen u t i l i z a t i o n  stems from an i n t e r e s t  in i t s  ro le  as 

a l im i t i n g  fac to r .  N i t rogen,  in  combined form, i s  often present in  

s u f f i c i e n t l y  low amounts so that  the rate o f  photosynthes is  i s  

d i r e c t l y  con t ro l led  by i t s  a v a i l a b i l i t y .  G e r l o f f  and Skoog (1957) 

have stud ied  the ro le  o f  n i t rogen  from th i s  po int  o f  view, using
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a combination of  laboratory  and f i e l d  methods. They e s tab l i shed  

from laboratory  work that the ce l l  n it rogen content of  algae could 

be used as an index of  the adequancy o f  the combined n it rogen supply 

in the medium, and then used th i s  information in i d e n t i f y in g  instances  

o f  n it rogen l im i t a t i o n  in the f i e ld .  Hutchinson (1941),  found, 

however,that even where a s i n g l e  nu t r ien t  appeared to be l im i t in g  

in  L in s le y  Pond, the s i t u a t i o n  was not that  simple. The addit ion  

o f  n it rogen and phosphorus together in  an enrichment experiment 

increased the growth rate  cons iderab ly  more than the add it ion  of  

e i th e r  o f  these nutr ients  alone, even though each had a s t im u la t ing  

e f fe c t  a l so  by i t s e l f .  Goldman (1960) a t t r ibu te s  the c l i n e  in 

p rod uc t i v i t y  across  Brooks Lake, Alaska to h igher  n i t ra te  leve ls  

at one end than at the other. Unfortunate ly  he did not measure 

n i t ra te  leve ls  in the water in connection with th i s  work; such 

measurements would have helped to confirm the hypothes is .  Goldman's 

work on Cast le  Lake (1960) s i m i l a r l y  ind ica te s  at l e a s t  a p a r t i a l l y  

l im i t i n g  ro le  f o r  n i trogen. There would seem to be d i f f i c u l t i e s  

inherent in  assuming that  one fa c to r  i s  a c tu a l l y  s o l e l y  re spons ib le  

f o r  c o n t r o l l i n g  the rate of  photosynthes is .  A la rge  number of  

f a c to r s ,  perhaps v a r i a b l y  weighted in importance, would seem to be 

respons ib le .  In the case o f  n i t rogen,  there should  never be any 

l im i ta t io n  when s u i t ab le  cond it ions  f o r  n it rogen f i x a t i o n  ex i s t .

At present the condit ions  favour ing  n itrogen f i x a t i o n  in  natural 

waters are not known. Trace metals are probably important in add it ion  

to che lators  which would make these metals as well as phorphorus 

r e ad i l y  ava i lab le .



Add i t iona l  components o f  the n itrogen cycle  

to be considered in th i s  study

The process o f  the regeneration o f  inorgan ic  forms o f  n i t rogen ,  

u l t im a te ly  n i t r a t e ,  from organ ic  mater ia l  was d i scussed  b r i e f l y  above 

in connection with the supply o f  var ious  forms of  n itrogen a v a i l a b le  

to algae. The fa te  o f  the n i t r a te  produced v a r ie s ,  and i t  may under 

some circumstances be completely l o s t  to the b i o l o g i c a l  system by 

the process o f  d e n i t r i f i c a t i o n .  This bac te r ia l  process i s  a form 

o f  r e s p i r a t i o n ,  in which n i t r a t e  serves as the u l t imate  hydrogen 

acceptor, and i s  reduced to n itrogen gas o r  to  N2O. This takes place  

only under anoxic con d i t ion s ,  where the oxygen content i s  below 

0.1 m l / l i t e r  (Koyama, personal communication, R. C. Dugdale).  Under 

some condit ions  the n i t r a t e  i s  reduced only to n i t r i t e ,  but i t  i s  

not c le a r  whether th i s  type o f  process ever r e s u l t s  in reduct ion to 

ammonia. This type o f  reduction is  sometimes termed ' d i s s i m i l a t o r y '  

in con t ra s t  to a s s im i l a t o r y  processes in which the n i t r a t e  i s  reduced 

and then used f o r  b io s yn th e t ic  purposes. D e n i t r i f i c a t i o n  re su l t s  in 

l o s s  o f  n i trogen to the b iosphere,  and thus acts in an opposing manner 

to n itrogen f i x a t i o n .

A source o f  n i trogen which has been ignored in the above d i s cu s s ion  

i s  the n itrogen content o f  the in f lu e n t s .  The magnitude o f  th i s  supply  

can be e a s i l y  estimated from the volume o f  i n f lu e n t  water and i t s  

n itrogen  concentrat ion.  R a in f a l l  w i l l  a l s o  br ing  in  a small  amount 

o f  combined n itrogen.  Both o f  these sources w i l l  be l a r g e l y  ignored
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here, s ince no attempt i s  being made to draw up any complete ni trogen

budget f o r  the lake,  but rather  to study one aspect o f  th i s  budget in

the b i o l o g i c a l  u t i l i z a t i o n  of n itrogen compounds. The nature o f  the 

experiments al lows the est imat ion  of uptake rates while  ignor ing  the 

e f fe c t s  o f  advect ion,  s ince  the samples are enclosed in bo t t le s  and 

thus i s o l a t e d  fo r  the duration of  the experiment. Overal l  n i trogen  

budget s tud ie s  have been made, as in the study o f  the n itrogen budget 

o f  Lake Mendota (Rohlich  and Lea, 1949). The in terna l  cyc le  has not  

been stud ied.  Ryther and G u i l l a r d  (1959) have pointed out that  we 

know very l i t t l e  about the rates  o f  regenerat ion in s i t u  in the 

sur face  waters o f  the sea. The same statement can be app lied  with

equal v a l i d i t y  to our knowledge of  lakes.

Experimental approach 

15
The s t a b le  isotope o f  n i t rogen ,  N was used to measure n itrogen

uptake f o r  th i s  work. P rev iou s ly  "*^N was used f o r  measuring rates of

nitrogen  f i x a t i o n  by Neess et a l .,  (1962), and subsequent ly  the

technique was extended to inc lude measurements o f  the uptake rates

o f  n i t r a t e  and ammonia by Dugdale and Dugdale (1965). The use o f

i sotope  techniques in  th i s  study was necessary in order to a t ta in

s u f f i c i e n t l y  high s e n s i t i v i t y  us ing sho r t  incubat ion  times. In th i s

way an approach to measuring an instantaneous rate can be made. A

rad io ac t iv e  i sotope  o f  n itrogen having a s u f f i c i e n t l y  long h a l f - l i f e

13
f o r  f i e l d  use i s  not av a i l a b le .  N has been used in p h y s io lo g ic a l  

work on ba c te r ia l  n i trogen  f i x a t i o n ,  but i t s  use i s  only p ra c t i c a l  

in  a labora tory  with the f a c i l i t i e s  fo r  producing the isotope (N icho las



et a l . , 1961).

Measurements of  the rates of u t i l i z a t i o n  of  molecular  n i t rogen,  

ammonia and n i t ra te  were made p e r i o d i c a l l y  in the lake during two 

years.  S imultaneous ly,  primary p roduc t i v i t y  was measured, using the 

14C method o f  Steemann N ie lsen (1952). Chlorophyll  â was used 

as an index of  p lant  biomass. Pa r t icu la te  n it rogen was used in 

a s im i l a r  way and a l so  was a necessary parameter f o r  ca lcu la t ion s  

of  the absolute  rates of n itrogen uptake. Determinations were made 

of  the n i t r a t e ,  n i t r i t e  and ammonia content of  the water f o r  each 

experiment. Analyses f o r  phosphorus content were a lso  included.

The informat ion obtained by the procedures descr ibed should 

s u f f i c e  f o r  the purposes o f  t h i s  study. However, rout ine  l imno log ica l  

ob servat ions  were made in add it ion ,  so that a more complete in te rp re ­

ta t ion  of  the environmental inf luences on the n i t rogen regime could 

be made. These w i l l  be descr ibed below.

The lake

The lake se lected f o r  t h i s  work i s  small with a sur face  area 

of  about 30 acres, and i s  located on land belonging to the U n ive r s i t y  

of Alaska. The surrounding land i s  l a rge ly  a w i l d l i f e  study area, 

and therefore i s  not used ex ten s ive ly  f o r  recreat iona l  purposes by 

the pub l ic .  Some areas o f  the watershed are under c u l t i v a t i o n ,  and 

i t  i s  p o s s ib le  that f e r t i l i z a t i o n  o f  these lands may a f fe c t  the nu t r ien t  

content o f  the lake during the time of yea r  when there i s  cons iderable  

runoff.  Smith Lake has a maximum depth of  three meters and an estimated 

mean depth o f  two meters. However, the depth undergoes f lu c tua t ion s
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sea son a l l y ,  with a cons iderable  lo s s  o f  water due to evaporation 

during the summer. The lake occupies a depression in a region of 

spruce, white b i rch ,  aspen and a lder f o re s t  which i s  dry during the 

summer, but i s  e s s e n t i a l l y  a marsh during the sp r in g  thaw period.

There i s  no permanent i n l e t ,  but during the sp r ing  thaw much of 

the incoming drainage water enters through two d i s t i n c t  streams.

There i s  a s i n g le  ou t le t ,  a l so  funct iona l  only  during the Spring.

During the summer, r a i n f a l l  prov ides the only  s i g n i f i c a n t  source of 

incoming water.

During the ea r ly  part  of  the season there i s  very l i t t l e  rooted 

vegetation.  In  l a te  summer, the rooted and submerged shore vegetation 

assumes an inc reas ing  r e la t i v e  importance.

The lake water shows a st rong brown co lo r  which i s  often character­

i s t i c  o f  a r c t i c  and sub a rc t i c  lakes.  This mater ial  appears to be 

s im i l a r  to that descr ibed by Shapiro  (1964). I t  i s  very s t ab le ,  not 

read i l y  p rec ip i ta ted  and i t  absorbs s t r on g ly  in  the sho r te r  wave lengths ,  

showing no peak, but only  end-absorpt ion.  The i n t e n s i t y  of  co lo r  i s  

d i r e c t l y  re la ted  to pH. T h in - f i lm  chromatography o f  t h i s  material 

re su l ted  in  a separat ion whereby a ye l low  component separated and 

moved ahead o f  the other components on the chromatogam.

Figure 1 i s  a simple o u t l i n e  map of  Smith Lake which shows the 

po s i t i o n  o f  the buoy which was used fo r  incubat ing  samples and a l so  

as the major sampling s i t e .

14
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METHODS

Nit rogen-15 t racer  methods

The method fo r  measuring the rates  of n it rogen f i x a t i o n  in

water samples i s  a simple app l ica t ion  of  the t racer  method used

fo r  protein metabolism stud ie s  by Ri ttenberg et a l . (1939) and

appl ied to s tud ie s  of  b io lo g i c a l  n it rogen f i x a t i o n  by B u r r i s  and

M i l l e r  (1941). The mod i f icat ion  f o r  lake water work has been

descr ibed in deta i l  by Neess et a l ., (1962). A r e p r in t  of th i s

paper, which inc ludes d e ta i l s  o f  the techniques and of  the spec ia l

glassware required, i s  attached f o r  reference (Appendix A). Deta i l s

are not repeated here. In b r i e f ,  the process invo lves  removing the

nit rogen gas present from an enclosed water sample by f l u sh in g  at

reduced pressure with a helium-oxygen mixture (80 :20) ,  and then

rep lac ing  the removed gas with n it rogen conta in ing  a known enrichment

of  ^ N .  A f te r  incubat ion f o r  a prescr ibed period o f  time, the

pa r t i c u la te  f ra c t ion  i s  recovered and analyzed by mass spectrometry

15
fo r  enrichment in N.

The procedure f o r  measuring the uptake rates  o f  ammonia and

n i t ra te  i s  based on a s im i l a r  p r in c ip le .  I t  i s  necessary to add

labeled KN03 or  NH^Cl to the water sample, incubate, and then i s o la t e

the pa r t i cu la te  f r a c t ion  and analyze i t  f o r  15N content. Ordinary

one l i t e r  Pyrex reagent bo tt le s  are used fo r  these experiments. The

isotope s o lu t i o n s  are prepared in bulk and dispensed in to  ampoules,

1 R
with each ampoule normally conta in ing  two yg-atoms l3N in one ml

15



so lu t ion .  These ampoules are autoclaved immediately a f te r  

preparation.  The amount of labeled substance added to a lake 

water sample in an experiment i s  u sua l l y  c lose  to ten percent of 

the amount of the same form of n itrogen present in the volume of  

lake water used. At very low concentration in the water, i t  i s  

impract ica l  to fo l low th i s  rule.

The post- incubat ion  procedure con s i s t s  of  f i l t e r i n g  the 

water through a Hur lburt  g la s s  f i l t e r  (984-H u l t r a  f i l t e r ;  Reeve, 

Angel and Co.), and then dry ing the f i l t e r .  In t h i s  way samples 

can be stored f o r  a reasonable period of  time in a d e s s i c a to r  

without  de te r io ra t ion .  The mass spectrometry was ca r r ied  out 

us ing a Bendix T im e -o f -F l igh t  mass spectrometer (Model 17-210).

The high s e n s i t i v i t y  o f  th i s  machine i s  of g reat  value in handl ing 

samples of  va r iab le  n it rogen content. The i n l e t  system of  the 

machine was connected v ia  a l i q u id  n it rogen trap to a modified 

Coleman nitrogen analyzer, so that by us ing the Dumas combustion 

in the analyzer,  the evolved n itrogen was introduced d i r e c t l y  in to  

the mass spectrometer. Deta i l s  of  th i s  mod i f icat ion  can be found 

in Dugdale and Barsdate ( in  p re ss ) .  The samples are ground up with 

a small amount of cupric  oxide, with no e f f o r t  made to separate 

out the g l a s s  f i l t e r ,  s ince  these f i l t e r s  have been found to 

contain only a small and con s i s ten t  amount of  n i trogen. The 

sample i s  then introduced in to  the combustion tube of the n it rogen 

analyzer.
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Incubat ion procedures

During the f i r s t  year  of the study, incubat ion was genera l ly  

ca r r ied  out in s i t u , with the bott les  suspended in the lake from 

a buoy. During the second year,  a va r ie ty  of methods were employed. 

Incubation in a constant temperature room at 20°C under standard 

l i g h t  condit ions  became the usual method, with add it iona l  bott les  

incubated in a tank on the roof  of the b u i ld in g ,  under natural 

l i g h t  cond it ions ,  but with rather  va r iab le  ambient temperatures. 

Nitrogen f i x a t i o n  f l a s k s  were in add it ion  incubated in the lake 

whenever po s s ib le ,  s ince  n i t rogen f i x a t i o n  was found to be more 

s e n s i t i v e  to d i f ferences  in l i g h t  and temperature than were n i t ra te  

or  ammonia uptake.

Ca lcu la t ions

The isotope r a t io s  ca lcu la ted  from the mass 29 and mass 28 

peaks are converted into atom percent values according to the 

formula:

Af  = 100R 
T 2 + R

where A-  i s  the atom percent of  the p a r t i cu la te  mater ia l at the
i

end o f  the experiment. From th i s  the atom percent o f  normal 

unenriched nit rogen i s  subtracted. This value i s  determined from
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isotope r a t i o  blanks run on unenriched f i l t e r e d  lake water samples.

The atom percent of the n it rogen supp l ied  at the beginning of 

the experiment must be known ir. order to ca lcu la te  the amount of 

n it rogen taken up. In the case of  n it rogen f i x a t i o n  experiments, 

where a l l  the unlabeled n it rogen i s  removed, i t  i s  s imply the 

enrichment in the suppl ied  gas. For n i t ra te  and ammonia experiments, 

the amount of unlabeled n i t r a t e  or ammonia in the water must be 

included in the ca lcu la t ion .  The atom percent o f  the ava i lab le  

n it rogen at the beginning o f  the experiment w i l l  be designated A.,-.

The amount of n it rogen taken up during the experiment i s  then:

N- AfNf  = i '
At

where Nj- i s  the tota l  p a r t i c u la te  n it rogen in the sample. This 

method of  ca lcu la t ion  i s  v a l i d  as long as the change in Nt during 

the experiment i s  very small.  In p ract ice  the change in N- during 

an experiment very seldom exceeds 1%. In order to ca lcu la te  the 

rate,  the tota l  uptake i s  d iv ided  by the incubation time.

Proport ional uptake i s  sometimes used:

Af
Fract ional  uptake =

Ai

The formula f o r  c a lcu la t in g  percent uptake i s :

Af
Percent uptake = 100

i

A l l  these methods of  ca lcu la t ion  w i l l  be used below.



Primary p rod uc t i v i t y  measurements

1 f
Primary p roduc t iv i ty  was measured by the 1 method of 

Steemar.n N ie lsen  (1952), us ing s im i l a r  incubat ion procedures 

to those descr ibed f o r  the n it rogen uptake experiments above.

However, in s i t u  depth se r ie s  were included p e r io d i c a l l y .  Dark

and l i g h t  125-ml bott le s  were used, and the "^C was added from

amperes ,  with reasonable precautions to sh ie ld  the bo tt le s  from 

d i r e c t  l i g h t  when th i s  was done in the f i e ld .  Each ampoule con­

tained 5 c in one ml of  s o l u t i o n ,  and the abso lute  counts per 

minute per ampoule was obtained on the Tracerlab s c a le r  (Model 

Sc-33A with SC-10A sample ho lder  and TGC-2 end-window Geiger tube) 

used f o r  sample counting by the BaC03  p re c ip i t a t i o n  methods descr ibed 

by S t r i c k la n d  and Parsons ( I960).  Following incubat ion,  the samples 

were f i l t e r e d  through an HA Mi 11ipore f i l t e r  dr ied  and counted. A 

d i lu te  HC1 r in se  was used a f te r  f i l t r a t i o n  to remove any ino rgan ic  

carbon precipated as carbonate. The fo l lowing  formula was used to 

ca lcu la te  the amount o f  carbon f ixed:

v  ̂ _ Final  counts per minute ( l i g h t - d a r k )Mg C a s s im i la ted  = ----------------------1:-----------------i— 2------------  x 1>06 x
Counts per minute suppl ied

Where 1.06 i s  the correct ion f o r  the isotope e f fe c t  which favors 

the uptake o f  ^2C, and Ca i s  the tota l  a va i la b le  carbon in mg per 

un i t  volume in the water, ca lcu lated from the a l k a l i n i t y  and pH 

informat ion.  Th is  r e s u l t  i s  then d iv ided by the incubat ion time 

in hours to obtain an hour ly  rate.
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Pa r t i cu la te  n it rogen determinations

P & r t i c u i a i,e ni orogen was measureo using a ooieman nitrogen 

analyzer. A known volume of the sample was f i l t e r e d  through a 

g la s s  f i l t e r  ( s im i l a r  to that used in the isotope experiments), 

the f i l t e r  was dr ied and then introduced into  the nitrogen analyzer 

in i t s  en t i re ty  a f te r  g r ind ing  with cuprox (Coleman grade cupric  

ox ide). Blanks were determined on several  f i l t e r s  f o r  each batch 

of  analyses and th e i r  mean value was subtracted from the ind iv idua l  

sample values to compensate fo r  the n it rogen content of the f i l t e r s .

Chlorophyll  a_

The method used f o r  determining ch lo rophy l l  a_ le ve l s  in 

the water was a conventional ch lorophy l l  ext ract ion  using acetone 

as the so lvent.  The sample was f i l t e r e d  through a Whatman g la s s  

micropore f i I t e r ,  the f i l t e r  placed in a cent r i fuge  tube and 5 ml 

of  a 90% acetone:water mixture was added. The volume of water 

f i l t e r e d  was genera l ly  one l i t e r ;  however when there was a large 

amount o f  pa r t icu la te  mater ial  present a sma l le r  volume was f i l t e r e d  

to in su re  rapid f i l t r a t i o n .  A few drops of a MgC03 suspension was 

added during f i l t r a t i o n .  The centr i fuge tube was then t i g h t l y  sealed, 

and the ex t rac t ion  was ca r r ied  out in a r e f r i g e r a t o r  in  the dark fo r  

at l e a s t  twenty- four hours.

The percentage t ransm iss ion  of  the extracts  obtained in th i s  

way were read in a Beckman DB recording spectrophotometer. One-
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centimeter c e l l s  were used, with a 90% acetone:water mixture in 

the reference ce l l .  Wavelengths between 750 and 450 my were scanned 

and recorded. In th i s  way percentage t ransm iss ion  curves were 

obtained, u sua l ly  f o r  three depths, with each experiment.

Tnere has been d i s c u s s ion  recent ly  about the re la t i v e  mer its  

of var ious  ways of  c a lcu la t in g  the re su l t s  of ch lo rophy l l  analyses,  

ano a l o t  o f  c r i t i c i sm  of the conventional procedures in  the 

l i t e ra tu re .  In p a r t i c u l a r ,  the v a l i d i t y  o f  the va lues  obtained 

by the Richards with Thompson (1952) equations have been questioned 

(see, fo r  instance,  R i ley ,  1963). S t r i c k land  and Parsons (1963) 

have rev ised these equations to correct  f o r  low s p e c i f i c  absorpt ion 

coe f f i c ie n t s  used in the o r i g i n a l  work and to correct  fo r  an 

overest imation of  ch lo rophy l l  _c. The re su l t s  ca lcu lated by these 

rev ised  equations do not agree with those obtained by using the 

formula of Arnon (1949), whose equation fo r  tota l  ch lo rophy l l  has 

in turn been rev ised  by Bruinsma (1961).

In th i s  work, the method of  ca lcu la t ion  uses the s p e c i f i c  

absorpt ion c o e f f i c i e n t  f o r  ch lo rophy l l  a_ given by Bruinsma ( i b i d . )  

The formula obtained i s :

P .P . 658  x 14.8 x volume o f  so lv en t  s r a g / m e r  c h l . ,

volume f i l t e r e d

The opt ica l  dens ity  at 750 my i s  f i r s t  subtracted from the 

op t ica l  de s i t y  at 658 my, and then the ca lcu la t ion  i s  carr ied  

out as above. The re su l t s  obtained in th i s  way are a l i t t l e  lower 

than those obtained by Bru in sma 's  ca lcu la t ion  method f o r  total
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ch lorophy l l  using the same water sample. Although th i s  almost 

ce r ta in ly  dees not g ive an exact r e s u l t  in terms of ch lo rophy l l  

i  concentrat ion,  the re su l t s  obtairod in th is  way appear to be 

con s i s tan t  and to r e f le c t  the changes in ch lorophy l l  a_ in the 

water, and inceed are probably f a i r l y  close  to the true concen­

t ra t ion .  Further refinements in c a lcu la t ion  do not seem j u s t i f i e o  

fo r  the purposes of t n i s  work, e spe c ia l l y  in view of the confusion 

and controversy in the current  l i t e ra tu re .

Methods f o r  the quant i ta t ive  ana ly s i s  

of  nu tr ien ts  in tne water

Nitrogen compounds. N i t ra te  was measured by a mod if icat ion  of 

the Mull in and R i ley  procedure (1955) s im i l a r  to that  descr ibed by 

S t r i c k la n d  and Parsons (1960). In th i s  method, n i t ra te  i s  reduced 

to n i t r i t e  by hydrazine s u l f a t e  in tne presence of copper as a 

c a ta l y s t ,  and the r e su l t i n g  n i t r i t e  i s  measured spectrophotmetr ica l ly  

a f te r  coupling with su l fan i lam ide  to form an azo dye. An add it iona l  

precaution proved e s sen t ia l  f o r  t h i s  p a r t i c u l a r  study, s ince  the 

lake water had a high but va r iab le  complement of  an organ ic  material 

which made copper le s s  a va i lab le  as a c a ta l y s t  f o r  the reduction.

I t  was necessary to compensate fo r  th i s  by adding an exper imentally  

determined addit iona l  amount of the metal.

Mi t r i t e  was determined us ing the same method, in  th i s  case 

omitting the reduction step. For both n i t ra te  and n i t r i t e  deter­

minat ions,  compensation was made fo r  the va r iab le  water co lo r  by 

u s i n': in ternal  standards rather  than comparing the values with a



23

d i s r i l e c  water standard curve. Such standards were run f o r  each 

ind iv idua l  samp 1e , so that v a r i a b i l i t y  from sample to sample would 

not af fact  the re su l t s .  A Beckman .1J spectrophotometer was used 

tor  tnese o e t e r m i n a t i c n s c e  < is witn a ; ignt  patn ot \ , s or 

iO cm Wc‘ 'fc usee as re^u i r sc  fo r  accuracy. The samples fo r  tnese 

c.nc,yses were in. crcpore-T i i terec immeG>a^e iy a f te r  co> iSCoiOn and 

sto rec  in polyethylene bott le s  in a f reezer  p r i o r  to ana ly s i s .

The samples fo r  ammonia determinations were frozen un f i l te red  

in po lyethy lene bo t t le s .  No s i g n i f i c a n t  changes in ammonia concentra­

tion were found when samples were stored frozen fo r  periods of  time 

up to s i x  months. Vacuum d i s t i l l a t i o n  or d i f f u s i o n  methods were 

used to concentrate the ammonia in the samples, with apparently  good 

recovery. The ana ly s i s  f o r  ammonia, which was co l lec ted  in .01 N HC1, 

was done by the sodium phenate method of R i ley  (1953). A new method

developed oy Richards and Kietsch (1964) was used f o r  samples co l lected  

la te r  in 1964. This method i s  based on the ox idat ion  of  ammonia to 

n i t r i t e  using sodium hypoch lor i te  in s t rong ly  bas ic  s o lu t i o n ,  and the 

subsequent determination of the n i t r i t e .

Phosphorus determ inat ions . Phosphorus as d i s so lved  phosphate 

was measured by the method descr ibed by Stephens (1963),  in which 

the molybdenum blue complex i s  extracted in to  isobutanol.  I t  was 

necessary to use th i s  method because the brown organ ic  mater ial  in 

the water masked the blue co lo r  at tne wavelengths used fo r  reading, 

but fo r tunate ly  was not extracted to any great  extent in to  the 

isobutanol,  ih i s  methoc a iso has the advantage, at ;ow pnospnate 

concent ra t ion s , of  concentrating the co lo r  p r i o r  to reading,  r e su l t in g



in a high s e n s i t i v i t y .

Total phosphorus was measured by concentrating the sample and 

d ige s t ing  vn th pe rch lo r ic  ac id,  followed by the use of the standard 

phosphate procedure. D is so lved  phosphorus ( t o ta l )  was done in the 

same way, but using micropore f i l t e r e d  samples.

Techniques used fo r  other analyses

Temperature was measured at ha lf -meter depth in t e rv a l s  using 

a Whitney thermis tor  thermometer. L igh t  penetration determinations 

a l so  employed a Whitney underwater instrument. pH was measured in 

the laboratory  using a Beckman expanded sca le  pH meter. Sp e c i f i c  

conduct iv i ty  was read at approximately 20°C using a Se r fa s s  conduct­

i v i t y  bridge (Model RCM 15).

A l k a l i n i t y  t i t r a t i o n s  were car r ied  out using .01 N HC1, and 

a Beckman expanded sca le  pH meter to determine the end-point. From 

th i s  informat ion and the pH, the tota l  ava i lab le  carbon fo r  the 

uptake ca lcu la t ion s  could be calcu lated. Oxygen determinations used 

the A ls te rberg  mod if icat ion  of  the Winkler method, with samples f ixed  

in the f i e l d  and t i t r a t e d  in  the laboratory.

Phytoplankton samples were preserved by adding Lugo V s  so lu t ion  

descr ibed by Verduin (1960) to lake water in a polyethy lene bott le.



PHYTOPLANKTON

Q u a l i t a t i ve  information about the dominant algae during 1964 

in Smith Lake ind icates  that there i s  indeed a v a r ia t io n  in popula­

tion composition accompanying the va r ia t io n s  in the n it rogen uptake 

regime. Counts were not made, and thus quan t i t a t i ve  data are not 

ava i lab le .  In add it ion,  any r e l a t i v e l y  rare components of  the algae 

f l o r a  would have been missed by the method used, which invo lved 

f i l t e r i n g  a small  a l iq uo t  of  lake water, preserved or  f r e s h l y  

co l lec ted,  through e i the r  a m i l l i p o re  f i l t e r  (HA) or a Gelman GM-6 

f i l t e r ,  pore s i z e  .45 y. The f i l t e r  was examined m ic ro scop ica l l y  

a f te r  dry ing and c lea r ing  with cedar o i l .

During the w inter  months, only  zooplankton were present in 

detectable numbers. These disappeared with the absence o f  oxygen 

in the water in spr ing .  In Ap r i l  the algae which were subsequently  

present throughout the f i r s t  product ive  time appeared, and were most 

numerous in the warmer water near the bottom. These were dominated 

numerica l ly  by Euglena s p . , C h lo re l la  s p . , and small f l a g e l l a t e s .

A few Gymnodinium and Gloeocapsa sp. were found in addit ion.  This 

population pe r s i s te d  during the en t i re  ice-covered period, and a lso  

subsequently  during the f i r s t  few days o f  June, with Selenastrum 

sp. and a co lon ia l  form te n ta t i v e ly  i d e n t i f i e d  as Pyrobotrys  sp. 

appearing at th i s  time. The f i r s t  appearance o f  la rge numbers of 

algae in Ap r i l  corresponded in time with the presence of  traces of  

oxygen in the water, and the reappearance of la rge  numbers of 

immature zooplankton.

25
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On June 6, Anabaena spp were found f o r  the f i r s t  time, and 

w ith in  a few days Anabaena fi laments were abundant. During th i s  

bu i ld ing -up  phase, the fi laments were long,  with no d i f fe ren t ia ted  

c e l l s ,  and a l l  the c e l l s  had the appearance of d i v id in g  a c t ive ly .

These algae were re s t r i c t e d  to the surface meter. At the bottom 

the ea r ly  sp r ing  population pe r s i s ted  in small numbers, again 

dominated by C h lo re l1 a and co lon ia l  forms. The thermal and chemical 

s t r a t i f i c a t i o n  of  the water was thus a l so  re f lected  in a b io lo g i c a l  

s t r a t i f i c a t i o n  at t h i s  time. On June 10, the Anabaena in the surface 

were very numerous and the population was un ia lga l .  There were very 

l i t t l e  zooplankton present. Within a few days, the Anabaena had formed 

heterocysts  and ak inetes,  and the bloom began to form scum on the 

water surface.  In the deeper water the spr ing  populations pe r s i s ted ,  

with some algae now attached to decomposing Anabaena fi laments.

Following t h i s ,  the Anabaena appeared to deter io rate  in cond it ion,  

and free akinetes were abundant in the water as well as Anabaena 

fi laments which were surrounded by large numbers of  bacter ia ,  c le a r l y  

v i s i b l e  when fresh  mater ia l was examined with phase-contrast  microscopy. 

Very few algae were found in the deeper water now. The akinetes  were 

la rge,  often equ iva lent  in length to s i x  normal c e l l s  in the fi lament.

As the bloom decl ined,  Euglena sp. , Ch lo re l la  sp. , and Selenastrum sp. 

reappeared, although a few Anabaena fi laments  were s t i l l  present.

During Ju ly ,  Selenastrum s p . , Gloeocapsa s p . , and Euglena sp. 

were the main const i tuents  o f  a very small a lga l population. Aphan- 

izomenon sp. had now appeared at one meter depth, and G.ymnodinium sp. 

was a l so  present at two meters. Large zooplankton, most ly  copepods,
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appeared as soon as the Anabaena bloom decl ined.  These p e r s i s ted  

during the en t i re  remainder o f  the summer.

August represented a per iod in which the phytoplankton was 

dominated by a dense populat ion  o f  Aphanizomenon sp. although a few 

Selenastrum sp. and Chlorophyceae were found, in add i t ion  to 

occas iona l  Anabaena sp. In September Selenastrum was almost un ia lga l  

in the water, whereas in October only Gymnodinium sp. was found in 

abundance.

A continuous v a r ia t io n  in dominant genera was evident;  however, 

a l l  components o f  the populat ion  f requent ly  seemed to be present in 

small  numbers even when they were not dominant.



RESULTS - PHYSICAL AND CHEMICAL BACKGROUND

Since  the b i o l o g i c a l  events in a lake cannot be divorced from 

t h e i r  phys ica l  and chemical environment, the d e sc r ip t io n  o f  env iron­

mental v a r i a t i o n s  l o g i c a l l y  preceeds the d i s c u s s ion  o f  experimental  

re s u l t s .

Thermal regime

The tabulated temperature informat ion i s  given in  Tables 1 and 

2 in Appendix B.

In s p i t e  o f  the cold w inter  cl imate in i n t e r i o r  A la ska ,  Smith 

Lake does not freeze to the bottom. The water becomes g r a d u a l l y  

concentrated as the ice increases  in th ickness ,  eventua l ly  reaching  

a th ickness  o f  about one and a h a l f  meters. At th i s  time only  about 

two meters o f  water remain a t  the region of  maximum depth. The min­

imum temperature reached at the mud sur face  i s  3.0°C. A ra ther  steep  

temperature g rad ien t  i s  found at  th i s  time, and the water column i s  

probably character ized  by high s t a b i l i t y  r e s u l t i n g  in very l i t t l e  

water movement. During the e a r ly  s p r in g ,  cond it ions  at the time of  

melt ing  are important in determining the temperature p r o f i l e  e a r ly  

in summer. In 1963 the ice melted from the edges producing an i s l a n d  

o f  i ce  in the center o f  the lake with wide leads  surrounding i t .

This open water was warmed before a l l  the ice was gone, so tha t  a 

s l i g h t  wind was a l l  that  was needed to completely melt the ice and 

mix the e n t i re  lake. In 1964 the melt ing  took p lace  in a d i f f e r e n t

28
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way, and a th ick  laye r  o f  very th in  v e r t i c a l  s p icu le s  o f  ice  covered 

the e n t i re  lake with very l i t t l e  melting  around the shore reg ions.

These v e r t i c a l  columns o f  ice  had channels between them, and apparently  

p a r t i c l e s  trapped in these channels were respons ib le  fo r  heat absorption  

and the increase  in diameter of  the channels. Eventua l ly  the whole 

system co l lap sed  and melted, but a l l  the melted ice  i n i t i a l l y  remained 

in the surface  region. There was apparent ly  not complete mixing even 

as the water warmed through an isothermal s t a t e ,  probably because of  

the dens i ty  d i f fe rence  between the two layers  r e s u l t i n g  from the high 

concentrat ion o f  d i s so lv e d  substances in the lower layer.  A s t a b le ,  

warm laye r  of water was thus formed, with a sharp thermocline between 

0.5 and 1 meters. This  boundary g r a d u a l l y  mixed down, but complete 

mixing o f  the sur face  2 meters was not achieved u n t i l  the l a s t  day 

o f  June. Even then there was very l i t t l e  mixing to  a depth o f  2.5 

meters.

The warming o f  the su r face  layers  i s  very rap id  in  S p r in g ,  with  

maximum summer temperature leve l s  reached w i th in  two weeks o f  i ce -  

free condit ions.

D i s so lved  oxygen

The oxygen concentrat ions during the 1963-1964 per iod are shown 

in Tables 1 and 2. In a sha l low lake o f  th i s  type la rge  departures  

from equ i l ib r ium  with the atmosphere are not to be expected during  

the i c e - f r e e  season. However, there i s  some reduction in oxygen 

content in the deep water during the summer, although th i s  cond it ion  

does not p e r s i s t  f o r  long. The temperature p r o f i l e s  showed that



Table No. 1.- m g/ l ite r  d is so lve d  oxygen, Smith Lake, 1963.

Depth
meters 5/21/63 5/30/63 6/05/63 6/11/63

0.0 6.82 7.57 7.95 10.50
0.5
1.0 7.62 7.40 7.90 8.30
1.5 7.44 7.88 6.94
2.0 1.94 5.80 7.90 7.54

6/19/63 6/26/63 7/01/63 7/15/63

0.0 8.70 6.00 8.51 6.2
0.5 8.30
1.0 7.53 5.92 8.00 5.6
1.5 5.38 6.20 8.80 4.53
2.0 6.24 6.30 2.23
2.5

7/23/63 7/30/63 8/07/63 8/12/63

0.0 7.00 7.00 6.90 7.10
0.5 7.0 6.75 6.90 7.45
1.0 4.8 6.80 7.05 7.45
1.5 4.0 6.80 7.10 6.80
2.0 6.75 6.85 6.60
2.5

8/20/63 8/27/63 9/25/63 12/09/63

0.0 7.58 7.75 7.20 Ice
0.5 7.40 6.33
1.0 6.80 7.68 7.80 6.0
1.5 6.90 7.70
2.0 6.52 7.00 8.35 2.2



Table No. 2 .- m g/ lite r  d is so lv e d  oxygen, Smith Lake, 1964.

Depth
meters 1/03/64 2/03/64

0.0 Ice Ice
0.5 Ice Ice
1.0 4.0 .93
1.5 .55
2.0
2.5 1.65 .15

3/24/64 4/08/64

0.0 Ice Ice
0.5 Ice Ice
1.0
1.5
2.0

0.0 0.5

2,5 0.0 0.0

5/05/64 5/12/64

0.0
0.5 - -
1.0 2.32 6.27
1.5 - -
2.0 - -
2.5
3.0

0.00 0.50

6/02/64 6/08/64

0.0 8.95 9.65
0.5 - -
1.0 8.29 8.68
1.5 - -
2.0 4.2 4.02
2.5 1.9

2/19/64 2/26/64 3/18/64

Ice Ice Ice
Ice

.12
Ice Ice

0.008

.12 0.58 0,0

4/14/64 4/20/64 5/01/64

Ice Ice Ice
Ice Ice Ice
0.0 0.0 1.06

0.0 0.0 Trace

5/18/64 5/23/64 5/27/64

- - -
- - -

8.57 5.25 9.6
- - 9.8
- 0.6 9.3

1.74 - 5.1
- 0.7

6/10/64 6/12/64 6/16/64

9.75 11.6 11.48
- 12.6 10.64

9.59 9.4 10.16
- 7.7 4.28

3.30 1.9
.3

1.69
.19



Table No. 2 . - (continued)

Depth
meters 6/18/64 6/23/64

0.0 8.66 6.68
0.5 8.84 6.50
1.0 6.44 6.41
1.5 5.84 6.48
2.0 1.2 6.24
2.5 0.0 .17

0.0

7/16/64

7.64

7/21/64

7.08
0.5 - -

1.0 7.18 6.34
1.5 - -

2.0 1.94 1.28

0.0

8/27/64

8.25

9/10/64

9.57
0.5 - -

1.0 8.01 9.18
1.5 - -

2.0 8.01 9.28

6/25/64 6/30/64 7/07/64

6.90 7.90 8.07
6.90 7.88 -

6.70 7.86 7.89
6.60 7.31 -

6.60 4.17 1.37
4.00 0.82 -

7/28/64 8/04/64 8/11/64

8.05 7.7 7.95

7.84 7.7 7.78

2.89 3.9 4.13

9/22/64

6.87

9.04

8.80
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complete mixing to the bottom i s  not the ru le  during the summer in 

t h i s  lake. During the w inter  the oxygen concentrat ion g r a du a l ly  

becomes lower in the water under the i ce ,  and f i n a l l y  completely  

anoxic  cond it ions  obtain. During th i s  oxygen-free per iod,  which 

l a s te d  through March and Ap r i l  in  1964, hydrogen s u l f i d e  i s  produced 

in the water, r e s u l t i n g  in a c h a r a c t e r i s t i c  odor. Oxygen reappears 

under the ice e a r ly  in May, c o in c id e n t a l l y  with the f i r s t  appearance 

o f  la rge  numbers o f  algae. The e f f e c t  o f  t h i s  anoxic per iod on the 

n itrogen  regime w i l l  be d iscussed  below.

S p e c i f i c  conduc t iv i ty

Representat ive examples o f  the depth d i s t r i b u t i o n  o f  conduc t iv i ty  

from the summer o f  1964 are shown in  Table 3. The h igher  conduc t iv i ty  

at the two meter leve l  in  June i s  the r e s u l t  o f  the concentrated water  

under the i ce ,  whereas the d i l u t e  layer  above i s  l a r g e ly  melted ice  and 

i n f lu e n t  water. On June 30th mixing resu l ted  in a more even d i s t r i b u ­

t ion  with depth.

pH

Smith Lake has a pH which f lu c tu a te s  around 7.0 with very small  

d e v ia t io n s ,  .6 pH un i ts  being an extreme. The water a t  the bottom 

tends to have a s l i g h t l y  lower pH than that  at the su r face ,  probably  

as a r e s u l t  o f  CO2 re leased  by decomposit ion or o rgan ic  m ater ia l .

During the summer the pH i s  a l i t t l e  h igher  than during the w inter  -  

the reduct ion in w inter  again  being p o s s i b l y  due to  CO2 re leased  

under the ice.  In ad d i t i on ,  during the summer photosynthet ic  removal



Table No. 3. -  S p e c i f i c  conduc t iv i ty  -  Micromhos.

Depth 6/16/64 6/18/64 6/22/64 6/30/64 7/07/64

0.0 75.8 83.9 76.4 88.6 92.4
1.0 77.2 85.1 80.3 89.2 93.2
2.0 103.0 113.4 110.5 97.2 105.2

7/18/64 7/21/64 7/28/64

0.0 95.0 89.2 92.1
1.0 91.9 96.6 87.7
2.0 108.5 95.0 91.0



o f  CO2 in the surface  waters tends to r a i s e  the pH.

The only exception to the r e l a t i v e l y  constant pH takes place  

during June at the peak o f  the phytoplankton bloom. At th i s  time 

the pH rose r a p id ly  to 9.5 in 1963 and 9.8 in 1964. This increase  

i s  very temporary, and w ith in  a few days normal values are found 

again.

The tabulated data fo r  depth d i s t r i b u t i o n  o f  pH fo r  the 1963- 

1964 per iod are found in Table 3 and 4 in Appendix B.

L igh t

The penetration of  l i g h t  in to  Smith Lake water i s  reduced by 

the s trong  brown co lor.  However during periods o f  low p r o d u c t i v i t y , 

the depth o f  penetration o f  1 % o f  sur face  l i g h t  reaches almost  to the 

bottom. During the June f low er ing ,  the depth o f  1% penetrat ion  l i e s  

somewhere between 0 and .5 meters. The e f f e c t  o f  such a sha l low  

euphot ic  zone could be cons iderab le  in c o n t r o l l i n g  the maximum 

p ro d u c t iv i t y  during the bloom.

P a r t i c u l a t e  n itrogen

P a r t i c u l a t e  n itrogen i s  used here as an in d i c a t o r  o f  biomass,  

s ince  the major i n t e r e s t  l i e s  in the uptake o f  n i t ro gen ,  and thus 

i t s  incorporat ion  in to  the p a r t i c u l a t e  o rgan ic  n itrogen f r a c t i o n  in 

the water. The increase in p a r t i c u l a t e  n i trogen  should r e f l e c t  the 

net a s s im i l a t i o n  o f  n itrogen  by the phytoplankton.

Informat ion on the depth d i s t r i b u t i o n  o f  p a r t i c u l a t e  n itrogen  

i s  given in Tables 5 and 6 in  Appendix B. The seasonal  v a r ia t io n s



Table No. 4 . -  L igh t  penetration - percent reaching each depth.

Depth
meters 6/02/6 6/12/6 6/16/6 7/28/6 8/04/6 8/11/6

0.0 100 100 100 100 100 100
0.5 20.6 .5 .6 16.8 72.0 62.5
1.0 .5 .1 .2 4.5 45.6 8.3
1.5
2.0

.4 20.0
1.12

2.9



in p a r t i c u l a t e  n itrogen  in Smith Lake sur face  water are shown fo r  

1963 in  Figure 2 and f o r  1964 in Figure 3. The 1963 d i s t r i b u t i o n  

shows a la rge  maximum in June, and r e l a t i v e l y  low leve l s  during the 

remainder o f  the year. There i s  evidence o f  a s l i g h t  r i s e  in f a l l .

The p a r t i c u l a t e  n itrogen data fo r  1964 are more complete, and show 

a peak in May in add i t ion  to the June peak. The depth at which 

th i s  e a r ly  peak occurs i s  one meter ra ther  than surface s ince  the 

lake sur face  i s  ice  covered a t  th i s  time. The June peak appears 

to be sm a l le r  in 1964 than in 1963, but th i s  i s  not r e a l l y  the 

case. The maximum at  th i s  time was found at one meter rather  than 

at the su r face ,  and therefore does not show up on th i s  p lo t  o f  

surface  concentrat ions.  The p a r t i c u l a t e  n itrogen level  shows a 

decl ine  a f t e r  the June maximum, and then a temporary r i s e  a f t e r  

mixing,  so tha t  the to ta l  base width o f  the peaks fo r  the two years  

i s  s i m i l a r  even though the dec l ine  in 1964 was more rap id.

Chlorophyl l  a_

The data f o r  ch lorophy l l  _a concentrat ions in  Smith Lake are 

given in Tables 7 and 8 in  Appendix B. Surface concentrat ion  p lo t s  

have been made on a seasonal ba s i s  and are shown in Figures  2 and 3. 

The 1963 p lo t  shows the peak o f  100 pg per l i t e r  a t  the s t a r t  o f  the 

summer's work, the abrupt drop in  concentrat ion and then the low level  

maintained in the lake during the remainder o f  the summer. The 1964 

data, again fo l low  c lo s e l y  the behavior o f  the p a r t i c u l a t e  n i t rogen,  

and show the r i s e  in May under the i ce ,  the dec l ine  fo l lowed by the 

June maximum, and then the sharp dec line  fo l low ing  the bloom termina-



Figure 2. -  The seasonal d i s t r i b u t i o n  o f  ch lorophy l l  â  and 

p a r t i c u l a t e  n itrogen concentrat ions in Smith Lake - 1963.
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Figure 3. - The seasonal d i s t r i b u t i o n  o f  ch lorophy l l  a and 

p a r t i c u l a t e  n itrogen concentrat ions  in Smith Lake -  1964.
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t ion.  During th i s  year  there i s  a trend towards an increase at  

the end o f  the summer which was not found in 1963.

N utr ien t  chemistry

Ammonia. Ammonia i s  the more important ino rgan ic  n itrogen  

source from the po in t  o f  view o f  a v a i l a b i l i t y  in  Smith Lake water.

I t  i s  present in detectab le  amounts at almost a l l  times. During 

the June bloom in 1963 i t  was absent in the surface  water, but 

reappeared very q u ick ly  a f t e r  the decline.  In September the con­

centrat ion  was again temporar i ly  reduced.

During the f a l l  and w inter ,  a s low increase  in  ammonia in 

the water i s  ev ident,  representing a balance between ammonia 

re leased from nitrogenous o rgan ic  mater ia l  and n i t r i f i c a t i o n .  A f te r  

the oxygen in the water i s  exhausted, the rate o f  increase  increase s ,  

probably both because n i t r i f i c a t i o n  i s  i n h ib i t e d  in the absence of  

oxygen, a l lowing  the ammonia re leased by decomposit ion to accumulate,  

and a l so  p o s s i b l y  due to ammonia re lased from the mud as a r e s u l t  

o f  the anoxic condit ions  (Mortimer, 1941-1942). A maximum o f  46.4 

yg-atoms per l i t e r  o f  ammonia i s  present  in the water near the 

bottom in m id -Ap r i l .  The leve l  then drops to complete exhaustion  

by May 27th. The gradual  increase fo l low s  lead ing  to a maximum on 

June 25th, fo l lowed again by a dec line  to exhaust ion on August 11, 

fo l lowed again by a s l i g h t  increase.  A cons tan t ly  s i g n i f i c a n t  rate  

o f  ammonia production with a va r iab le  removal rate would exp la in  the 

seasonal  d i s t r i b u t i o n  o f  ammonia in Smith Lake. Table 5 shows the 

a n a ly t i c a l  r e su l t s  f o r  ammonia in Smith Lake.



Table No. 5 . -  NH^-N pg-atoms/ l i te r ,  Smith Lake, 1963-1964.

Depth
meters

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

6/12/63 6/19/63 6/26/63 7/07/63

0.0 2.78 .94 5.71
1.49 2.80 9.14
7.74 3.69 5.71

8/27/63 9/03/63 9/10/63 9/17/63

3.58 .46 6.48 5.54
4.03 2.53
4.69 .51 2.77

10/09/63 10/25/63 10/23/63 11/07/63

4.59 6.61 5.34 3.17
4.76 
6.30

1/03/64

6.80
23.5

2/03/64

5.29
6.34

2/19/64

7.64
10.24

2/26/64

19.9

3/24/64

29.74

4/08/64

12.13
32.67

4/14/64

32.14
46.40

5/05/64

8.39

5/18/64 5/23/64 5/27/64 5/30/64

.36
3.13 0.0
2.74

8/20/63

3.57
1.43
5.71

9/25/63

2.84
1.91
6.00

12/04/63

8.28

11.23

3/18/64

13.37
11.37

5/13/64

7.18

6/08/64

.65



Table No. 5.- ( continued)

Depth
meters

0.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

6/10/64

2.15

7/16/64

2.58

8/18/64

1.49

6/25/64

16.47

7/21/64

5.10

8/27/64

2.71

6/30/64

6.10

7/07/64

6.02
7/13/64

5.77

7/28/64 8/04/64 8/11/64

.58 .15 0.00

9/03/64 9/04/64 9/10/64

2.46 .60 .60

9/22/64 10/06/64

.31 -
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N i t r a t e . The n i t r a te  concentrat ions in  Smith Lake are shown in 

Table 6. The f i r s t  depth s e r i e s  in June 26, 1963 shows a high  

concentrat ion o f  n i t r a t e ,  probably r e s u l t in g  from the n i t r i f i c a t i o n  

of  ammonia re leased from the Anabaena bloom. During the w inter  the 

n i t r a t e  leve l g r a du a l ly  r i s e s  to a maximum e a r ly  in February. At 

th i s  time the oxygen becomes exhausted, and the n i t r a t e  leve l drops 

ra p id ly .  The most l i k e l y  exp lanat ion  f o r  th i s  drop i s  d e n i t r i f i c a t i o n ,  

s ince  n i t r a te ,  in the absence o f  oxygen, can serve as a hydrogen acceptor  

f o r  ce r ta in  bacter ia .  On the ba s i s  o f  the lo s s  o f  n i t r a t e ,  therefore,  

an idea o f  the amount o f  d e n i t r i f i c a t i o n  occuring  can be obtained.

Figure 4 was obtained in the fo l low in g  manner. The n i t r a t e  

concentrat ions a t  the one and two-meter le ve l s  were p lo t ted  fo r  the 

beginning o f  oxygen dep le t ion ,  one week l a t e r ,  one month l a t e r  and one 

a dd i t ion a l  month la te r .  The two depth po in ts  f o r  each date were then 

connected by a s t r a i g h t  l i n e ,  s ince there was no way to get  a more 

r e a l i s t i c  estimate o f  the shape of  the depth d i s t r i b u t i o n  curve. Area 

ODEP represents the n i t r a t e  concentrat ion at the s t a r t  o f  the low 

oxygen per iod,  OCFP represent ing the same one week l a t e r ,  and area CDEF 

i s  the d i f fe rence  between the two and can be taken as an approximation  

o f  the amount o f  n i t r a t e  l o s t  by d e n i t r i f i c a t i o n  dur ing that  time. This  

assumption i s  reasonable,  s in ce  the on ly  other anoxic  d i s s im i l a t o r y  

process which i s  l i k e l y  to remove n i t r a t e  from the water i s  reduction  

to n i t r i t e .  No s i g n i f i c a n t  increase  in n i t r i t e  was found in the 

water during th i s  time, and therefore i t  can be assumed that  the 

reduct ion went to N2 or  N^O. The area CDEF represents  53 yg-atoms 

l o s t  under a sur face  area o f  100 square centimeters.  This  i s  equ iva lent



Table No. 6 . -  NO^-N ug-atoms/1iter, Smith Lake, 1963-1964.

Depth
meters 6/12/63

0.0
1. 0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

0.0
1.0
2.0

11/11/63

3.0

2/19/64

10.0
6.8

4/14/64

0.52

5/18/64

0.24
0.32

6/12/64

0.23
0.05
0.30

6/26/63

7.83
12.71
10.83

12/04/63

6.42

4.42

2/26/64

4.68
1.65

4/20/64

0.26

5/23/64

0.11
0.33

6/16/64

0.16
0.22
0.59

9/25/63

1.2
1.1 
1.2

12/09/63

7.7
5.7

3/18/64

1.28
0.51

4/28/64

0.66

5/27/64

0.00 
0.00
0.51

6/18/64

0.08
0.09
0.40

10/09/63

3.25
3.75
4.00

1/03/64

8.97
5.30

3/24/64

0.32

5/05/64

3.02

6/02/64

0.26
0.33

6/23/64

0.27
0.33
0.45

11/07/63

3.00

2/03/64

13.01
8.99

4/08/64

0.19

5/12/64

0.26

6/10/64

0.13
0.04
0.48

6/25/64

0.34
0.40
0.51



Table No. 6.- ( continued)

Depth
meters 6/30/64 7/07/64 7/13/64 7/21/64 7/28/1

0.0 1.00 0.49 0.33 0.65 0.07
1.0 0.86 0.67 0.53 0.83 0.04
2.0 1.70 1.78 1.65 0.96 0.80
1.7

8/04/64 8/11/64 8/18/64 8/27/64 9/03/1

0.0 0.01 0.08 0.09 0.10 0.16
1.0 0.67 0.01 0.08 0.21
2.0 0.82 0.58 0.22 1.20

0.0
1.0
2.0

9/10/64

0.09
0.20
0.23

9/22/64

0.31

0.00

10/06/64

0.06
0.11
0.08



Figure 4. - Disappearance o f  n i t r a t e  in Smith Lake in the 

sp r in g  o f  1964.
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to 5.3 ug-atoms per l i t e r .

The d i f fe rence  between areas OCFP and OBGP represents the 

amount o f  n i t r a te  l o s t  during the next month. This amounts to

1.9 yg-atoms per l i t e r .  The to ta l  lo s s  o f  n i t r a te  i s  given by 

area ADEH, which can be obtained by obta in ing  the area ABGH and 

adding th i s  to the sum o f  the previous r e s u l t s .  Area ABGH 

represents .39 yg-atoms per l i t e r .

The to ta l  amount o f  n i t r a t e  l o s t  during th i s  period i s  7.6 

yg-atoms per l i t e r ,  the bulk o f  th i s  being l o s t  during the f i r s t  

anoxic week. This estimate i s  probably  conservat ive  s ince  there 

was some lo ss  o f  n i t r a t e  p r i o r  to the date taken as s t a r t i n g  point.  

On an annual b a s i s ,  there are other occas ions during the summer when 

the oxygen tens ion i s  s u f f i c i e n t l y  low to a l low d e n i t r i f i c a t i o n .

As a r e s u l t  o f  th i s  n i t r a t e  l o s s ,  there i s  very l i t t l e  n i t r a te  

present at the time o f  the f i r s t  s i g n i f i c a n t  phytoplankton growth. 

Both the under- ice and the June bloom take p lace  under low n i t r a te  

cond i t ion s ,  and the f i r s t  s i g n i f i c a n t  appearance o f  n i t r a t e  takes 

place a f t e r  the dec line  o f  the Anabaena bloom.

N i t r i t e . N i t r i t e  le ve l s  in the water var ied  from undetectable  

to about .4 yg-atoms per l i t e r .  Since the water co lo r  made accurate  

determination a t  these low concentrat ions  d i f f i c u l t ,  n i t r i t e  w i l l  

not be d iscussed  here. There was no s i g n i f i c a n t  concentrat ion o f  

n i t r i t e  at any time.

Phosphorus

The phosphorus data f o r  Smith Lake can be found in Appendix B,
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Tables 9 and 10. The d i s so lv e d  phosphorus content o f  Smith Lake 

water shows cons iderab le  v a r i a t i o n  with the seasons. The d i s so lv e d  

i no rgan ic  f r a c t i o n  shows the drop which i s  expected during periods  

o f  high p ro d u c t iv i t y ,  dropping from 2.4 yg-atoms per l i t e r  down to 

.25 yg-atoms per l i t e r  between mid-May and Mid-June. The surface  

concentrat ion a l so  shows a drop s im u ltaneous ly ,  but owing to the 

i n i t i a l l y  lower concentrat ion at th i s  depth the reduction i s  le ss  

spectacu lar .  The minimum surface concentrat ion found was .2 yg-atoms 

per l i t e r .  At 1.5 meters no reduction in concentrat ion i s  apparent,  

whereas at 2 meters the co r re la t io n  with p ro d u c t iv i t y  appears to be 

negative.  Very high phosphate concentrat ions o f  6 yg-atoms per 

l i t e r  are found at 2.5 meters under the ice in  ea r ly  S p r ing ,  with  

a slow reduction ev ident  during June.

A va r iab le  but cons iderab le  amount o f  d i s s o lv e d  o rgan ic  phosphorus 

i s  present in Smith Lake water a t  a l l  depths. A reduction in  the 

amount found at one-meter depth i s  ev ident a t  the end o f  May, fol lowed  

by a s l i g h t  peak corresponding to the time o f  the peak o f  the June 

bloom.



EXPERIMENTAL RESULTS

Primary p ro d u c t iv i t y

In Smith Lake the h ighest  rates o f  carbon f i x a t i o n  are found 

in the ea r ly  sp r in g  and summer. The f i r s t  major p ro d u c t iv i t y  peak 

i s  found under the ice in May and i s  probably connected in some 

way with the terminat ion o f  the anoxic s t a t e  o f  the water. During 

the f i r s t  y e a r ' s  work th i s  peak was not observed, because the sampling  

was not s t a r te d  ea r ly  enough. At that  time only  one major peak in  

production was found, due to a bloom o f  Anabaena s p . which took 

place  during both years  soon a f t e r  the ice  had melted.

Figure 5 shows the l 4 C r e s u l t s  f o r  1963, and represents the 

in teg ra ted  r e s u l t s  o f  in s i t u  depth s e r i e s  incubat ion s ,  so that  each 

value p lo t ted  represents the to ta l  amount o f  carbon f ixed  under a 

square meter o f  water sur face  in  an hour. The peak value o f  10 mg 

o f  carbon per square meter per hour was at ta ined  at the end of  the 

f i r s t  week in  June. This was fo l lowed by a steady de c l in e ,  with low 

rates  o f  photosynthes is  occurr ing  during the r e s t  o f  the summer, with 

the exception o f  a minor peak in August. F igure 6 a l s o  represents  

uptake data from 1963, which are in  th i s  case expressed on a 

un i t  volume b a s i s ,  from the r e s u l t s  o f  experiments us ing sur face  

water. The pattern  i s  s i m i l a r  to that  shown by the depth integrated  

curve, with the p o s s ib le  exception o f  an add i t iona l  small  peak a t  the 

end o f  May.

The r e s u l t s  o f  in s i t u  experiments during 1964 are shown in

37



Figure 5. - Primary p rod uc t i v i t y  r e su l t s  f o r  Smith Lake, 1963.

Figure 6. -  Surface photosynthes is  measurements in  Smith Lake, 1963.
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Figure  7. These values were obtained from sur face  water incubated  

j u s t  below the surface. The pattern i s  qu i te  s i m i l a r  to that  fo r  

1963, but in th i s  case a s u f f i c i e n t l y  ea r ly  s t a r t  in sp r in g  produced 

a c le a r  p ic ture  o f  the ea r ly  sp r in g  growth under the ice  cover. The 

Anabaena sp. bloom occurred at the same time as i t  had on the previous  

year ,  the peak being reached on June 12 in both years.  The maximum 

rate o f  photosynthes is  during 1963 had been 175 yg o f  carbon per  

l i t e r  per hour, whereas in 1964 i t  was only 90 yg of carbon per l i t e r  

per hour. The rate o f  increase  in the photosynthet ic  rate f o r  the 

two years  was approximately s i m i l a r ,  but in the l a t t e r  year  the dec l ine  

was much more rapid. The actual  he igh t  of the peak i s  o f  l im i ted  

s i g n i f i c a n c e ,  s ince  l i g h t  cond it ions  on the p a r t i c u l a r  day can be 

o f  g re a te r  importance in determining th i s  than actual  d i f fe rences  

between the two years.  However, the sharper  rate  o f  dec l ine  does 

i nd ica te  that  condit ions  in 1964 were not as favourab le ,  and caused 

the bloom to terminate more p re c ip i t o u s ly .

Figure 8 a l so  shows data f o r  1964, in  t h i s  case the r e s u l t s  of  

experiments which were incubated at constant temperature (20°C),  

and l i g h t .  The pa t te rns ,  as would be expected, are s i m i l a r  to the 

in s i t u  pa t te rn s ,  with the exception o f  s l i g h t l y  lower peak va lues ,  

s l i g h t l y  h igher  midsummer va lues ,  and the appearance o f  an increase  in 

f a l l  which did not show up in  the in  s i t u  incubated samples. This  

l a te  summer increase  seems to ind ica te  that  the f a l l  bloom which 

i s  commonly found in  more southern l a t i t u d e s  would a l s o  occur here,  

were the l i g h t  and temperature condit ions  s u i t a b le .  I t  i s  not p o s s ib le  

to guess which o f  the two parameters i s  c r i t i c a l  in th i s  case.



Figure 7. -  Resu lt s  o f  in s i t u  experiments in  Smith Lake, 1964.





S E P T E M B E  R



Figure 8. - Resu lt s  o f  experiments incubated under constant  

l i g h t  a t  20°C - Smith Lake surface  water, 1964.



A P R I L  M A Y  u U N E  J U L Y  A U G U S T  S E P T E M B E R  O C T O B E R



39

The th i rd  method o f  incubat ion,  in which bo t t le s  were placed  

in a tank on the roof,  did not produce re su l t s  which were g r e a t ly  

d i f f e r e n t  than those obtained by the other methods used. There was 

a tendency f o r  the rates to be somewhat lower than with other incuba­

t ion methods, and l i g h t  i n h i b i t i o n  may have been a problem. These 

r e s u l t s ,  therefore,  are not included. There i s  a c t u a l l y  remarkably 

l i t t l e  d i f fe rence  between the r e s u l t s  obtained by a l l  three incubator  

methods. On cloudy days the 20°C incubation produced h igher  ra te s ,  

but under optimal cond i t ions  on sunny days the in s i t u  r e s u l t s  were 

highest .

Depth d i s t r i b u t i o n  o f  uptake in Smith Lake

Figure 9 shows representa t ive  p lo t s  o f  the depth d i s t r i b u t i o n  

o f  photosynthes is  in the lake. During the period o f  high p ro d u c t iv i t y ,  

the reduction o f  the photosynthet ic  rate with depth i s  g re a t ,  but even 

at other times the high e x t in c t ion  propert ie s  o f  the lake water prevent  

much photosynthes is  below a depth o f  one meter.

Winter p rod u c t iv i t y

I t  was not p ra c t i c a l  to attempt in s i t u  measurements in the 

w inter  in  Smith Lake. However, p e r i o d i c a l l y ,  water samples were 

brought  in to  the laboratory  and incubated with to see whether 

the photosynthet ic  a b i l i t y  to f i x  carbon was there. At no time 

were zero r e s u l t s  obta ined,  the lowest value measured in t h i s  way 

being .1 pg carbon per l i t e r  per hour. In February, water co l le c ted



Figure 9. -  The depth d i s t r i b u t i o n  o f  photosynthes is  in  Smith 'Lake  

representat ive  curves f o r  1963.
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in  the lake and brought in to  the laboratory  and incubated at 4°C 

with a g ro - lux  lamp as the l i g h t  source showed a rate o f  carbon 

a s s im i l a t i o n  o f  1.4 yg carbon per l i t e r  per hour.

The e f f i c ie n c y  o f  photosynthes is

Assuming that  a r e l a t i v e l y  constant r e la t io n  e x i s t s  between 

the amount o f  ch lorophy l l  in the water and the rate o f  photosynthes is ,  

and that  p h o t o s y n t h e s i s - l i g h t  curves can be determined fo r  phytoplankton  

communities, ch lorophy l l  content can be used as a measure o f  the 

photosynthes is  in the water. Ryther and Yentsch (1957) introduced  

th i s  method in oceanography, and from experimental data and from data  

found in the l i t e r a t u r e ,  they adopted a value o f  3.7 g carbom a s s im i la te d  

per hour per g o f  ch lo rophy l l .  Since that  t ime, cons iderab ly  more 

informat ion i s  a v a i l a b le  concerning s i m i l a r  values f o r  both marine 

and freshwater  communities, and recent ly  much o f  th i s  has been co l lec ted  

and tabulated fo r  both environments by Ichimura and Aruga (1964).

For lake s ,  they concluded that  values from 2-6, 1-2 and 0.1-1 g 

o f  carbon per g o f  ch lorophy l l  per hour were the l i g h t - s a t u r a t e d  

photosynthet ic  rates fo r  surface plankton from eutroph ic ,  mesotrophic  

and o l i g o t r o p h i c  lakes re spec t ive ly .  These values are f o r  g ross  

photosynthes i s ,  however. Table 7 has been compiled from s i m i l a r  

in format ion  f o r  Smith Lake, but represents in s i t u  r e s u l t s  f o r  net 

photosynthes is .  Cons iderable  v a r ia t io n  i s  found here, but a s u r ­

p r i s i n g l y  high rate o f  carbon a s s im i l a t i o n  per un i t  ch lorophy l l  i s  

found under the ice in May. L i gh t  condit ions  cannot be very favour­

able a t  t h i s  time, but n u t r ien t  concentrat ions are very high.



Table No. 7 .-  The r e la t io n sh ip  between ch lorophy l l  and photosynthes is .

Date

A
Chlorophyll  a 

y g / l i t e r

g

™ C  uptake,  
yg /1 i te r /hour B/ a

5/01/64 10 13.75* 1.38
5/01/64 12 33.5 * 2.79
5/18/64 16.4 6.92* .42
5/23/64 7.1 2.24* .31
5/27/64 4.5 2.26* .51
6/01/64 6.8 .84 .12
6/08/64 22.6 34.10 1.50
6/10/64 17.1 29.65 1.73
6/12/64 132.3 89.74 .68
6/15/64 62.9 35.68 .57
6/18/64 29.3 14.91 .51
6/23/64 5.9 5.29 .90
6/30/64 7.7 3.34 .43
7/07/64 3.2 5.76 1.80
7/13/64 5.7 5.49 .96
7/21/64 2.3 4.54 1.96
8/04/64 4.5 9.06 2.00
8/18/64 4.0 5.38 1.34
9/10/64 14.0 4.34 .31
9/22/64 10.0 2.39 .24

10/06/64 11.7 7.32 .63

*  Incubated at  1 meter under ice.



41

Experimental r e s u l t s  - n i trogen uptake

The nitrogen uptake experiments carr ied  out during 1963 serve  

mainly  to e s t a b l i s h  the seasonal  patterns  o f  n i trogen u t i l i z a t i o n  

and e s p e c i a l l y  to show the occurrence o f  a Spr ing n i t r o g e n - f i x in g  

bloom o f  Anabaena s p . , p r i n c i p a l l y  o f  the species  Anabaena f l o s -  

aquae. The incubat ion f a c i l i t i e s  during that  year  were inadequate,  

and in add i t ion  the n i t r a t e  and ammonia uptake data had to be re­

jected f o r  the e a r ly  product ive per iod s ince the amount o f  n i t r o g e n - 15 

added fo r  the experiments at that  time was too low and was apparent ly  

i n s t a n t l y  used up, r e s u l t i n g  in low apparent uptake rates.

The re su l t s  o f  the experiments f o r  the 1963 season are shown in 

Table 8. Very l i t t l e  n i t r a te  uptake i s  ev ident;  however, ammonia i s  

used during most o f  the summer with several minor peaks in uptake 

rate. Nitrogen f i x a t i o n  i s  only important in June.

The seasonal  d i s t r i b u t i o n  o f  n itrogen f i x a t i o n  i s  shown in Figure  

10, in  which the p a r t i c u l a t e  n i trogen  leve l s  in the surface  water are 

a l so  shown. The two peaks co inc ide in time, and the drop in both 

f i x a t i o n  and p a r t i c u l a te  n itrogen leve l s  fo l low in g  the peak i s  spect ­

acular.

During 1964, improved f a c i l i t i e s  fo r  con t ro l led  incubation  

allowed the c o l le c t io n  of  more con s i s ten t ,  r e l i a b l e  data. These 

are shown in Figure 11. The f i r s t  major peak in uptake co inc ides  

with the photosynthes is  peak under the ice in May, and comprises pre­

dominantly ammonia uptake at a maximum rate o f  13 yg per l i t e r  per hour.



Figure 10. - N itrogen f i x a t i o n  rates and the p a r t i c u l a te  

nitrogen  concentrat ion in Smith Lake surface water,  1963.
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Table No. 8 . -  The uptake o f  n itrogen compounds. Resu lts of
t racer  experiments, Smith Lake, 1963, sur face  water.

Date

5/30/63
6/12/63
6/19/63
6/26/63
7/02/63
7/16/63
7/23/63
7/30/63
8/07/63
8/12/63
8/20/63
8/27/63
9/03/63
9/10/63
9/17/63
9/30/63

10/25/63
11/13/63

ug N / l i t e r / h o u r

NH^-N uptake

.61

.59

.19

.79

.14

.18

.31

.37

.72

.36

.30

.29

.10

.00

.02

N0g-N uptake

.26

.32

.01

.01

.01

.11

.02

.02

.05

. 00

.00

.00

.00

.00

N2 uptake

.13

.37

.86

.12

.02

.00

.09

.00

.00

.00

.00

.00

.00



Table No. 9 . -  The uptake of  n it rogen compounds. Resu lts  of
t racer  experiments, Smith Lake, 1964.

N uptake -  yg /1 i te r /hou r

Date NH3-N N03-N N2 Total N

2/26/64 .20 .20
3/18/64 .07 .01(dk) - .08
3/31/64 .05 .00 - .05
4/13/64 .56 .01 - .57
4/28/64 1.00 .03(dk) - 1.03
5/01/64 1.40 .06 - 1.46
5/05/64 2.24 .05 - 2.29
5/12/64 13.03 1.42 - 14.45
5/18/64 6.01 1.56 - 7.57
5/23/64 .45 .01 - .46
5/27/64 .95 .06 1.01
6/01/64 1.22 .01 - 1.23
6/04/64 .82 .36 .02 1.20
6/06/64 17.23 4.88 1.76 23.87
6/08/64 5.99 4.12 2.45 12.56
6/10/64 6.41 .75 2.88 10.04
6/12/64 8.21 .37 2.28 10.86
6/15/64 1.70 .15 .67 2.52
6/18/64 4.76 .15 .19 5.10
6/23/64 .94 .00 .02 .96
6/30/64 5.36 .13 .30 5.79
7/07/64 .94 .00 .02 .96
7/13/64 1.66 .00 .01 1.67
7/21/64 1.78 .02 .00 1.80
7/28/64 1.30 .01 1.31
8/08/64 1.92 1.16 .03 3.11
8/11/64 1.48 0.45 0.13 2.06
8/18/64 0.97 0.16 0.00 1.13
8/27/64 0.93 0.17 0.01 1.11
9/03/64 0.78 0.03 0.00 0.81
9/10/64 1.52 1.22 - 2.74
9/22/64 0.88 0.69 - 1.57

10/06/64 0.64 0.35 - 0.99
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A lower but s t i l l  s i g n i f i c a n t  n i t r a te  uptake was found at the same 

time. The n itrogen regime in Smith Lake in Spr ing  appears to be 

determined by the a v a i l a b i l i t y  o f  ammonia as a r e s u l t  o f  the anoxic 

Spr ing  period. The populat ion appears to bu i ld  up at a time very 

l i t t l e  l i g h t  could be reaching the water, e s p e c i a l l y  s ince  most of  

the ch lorophy l l  increase  i s  i n i t i a l l y  at the bottom in water immediately  

in contact with the mud. I t  i s  p o s s ib le  that  the n u t r i t i o n  during 

th i s  i n i t i a l  bu i ld -up  in  populat ion  i s  predominantly heterotrophic ,  

s ince  d i s so lve d  organ ic  mater ia l  i s  c e r t a in l y  abundant in the water 

at  th i s  time. The dec line  in phytoplankton,  as seen in the ch lorophy l l  

and p a r t i c u l a t e  n itrogen in format ion,  as well as the reduct ion in 

photosynthes is  and n itrogen a s s im i l a t i o n  ra tes ,  corresponds in time 

to the exhaust ion o f  the ammonia supply in  the water.

The second major period of n i trogen  uptake, then, takes place  

s h o r t l y  a f t e r  the ice i s  melted, representing a per iod o f  rapid  

increase  in temperature and a v a i l a b le  l i g h t .

The f i r s t  po in t  that  becomes obvious in connection with the June 

bloom in 1964 i s  that  even though a high rate o f  n itrogen f i x a t i o n  was 

found, amounting to 3 pg per l i t e r  per hour, th i s  source appears 

i n s i g n i f i c a n t  when compared with the rate o f  ammonia a s s im i l a t i o n  

found during th i s  f lowering.  The peak ammonia and n i t r a t e  uptake ra tes ,  

re sp e c t iv e ly  17.2 and 5 yg per l i t e r  per hour, took place severa l days 

before the peak in n itrogen f i x a t i o n .  The n itrogen  f i x a t i o n  peak 

corresponded in  time with the photosynthes is  peak. The maximum 

ch lorophy l l  a concentrat ion was found a few days l a t e r ,  fol lowed by



Figure 11. - The uptake of ino rgan ic  n itrogen sources  in Smith 

Lake in 1964 - the r e s u l t s  o f  s t a b le  i sotope t r ace r  experiments 

on surface water, incubated at  20°C and constant l i g h t .
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the peak in p a r t i c u l a te  n itrogen.  Since the p a r t i c u l a t e  n itrogen  

concentrat ion i s  in a sense the in te g ra l  of the uptake ra te s ,  th i s  

delay i s  to be expected. The ammonia a s s im i l a t i o n  rate was reduced 

to 6.4 yg per l i t e r  per hour by the time that  n itrogen f i x a t i o n  reached 

i t s  maximum rate,  and the n i t r a t e  uptake rate had been reduced to .8 

yg per l i t e r  per hour.

The rates  o f  n itrogen f i x a t i o n  over a period o f  ten days during  

June account f o r  the contr ibut ion  of about 500 yg per l i t e r  o f  newly 

f ixed  n itrogen to the sur face  water o f  Smith Lake. These rates  are 

among the h ighest  h i the r to  measured in any lake,  and are o f  a s im i l a r  

order o f  magnitude as those measured during a f a l l  bloom of  Anabaena 

in Sanctuary Lake (Dugdale and Dugdale, 1962). I t  i s  therefore  

s u r p r i s i n g  to f ind  at the same time a high rate o f  ammonia u t i l i z a ­

tion.  I t  i s  p o s s ib le  that  during ni trogen f i x i n g  a c t i v i t y ,  ammonia 

uptake w i l l  always appear to be high. Where the ammonia concentrat ion  

in the water i s  low, any labeled ammonia added w i l l  s i g n i f i c a n t l y  

increase th i s  concentrat ion,  and s ince  the metabol ic  rate o f  the 

nitrogen  f i x i n g  organisms i s  probably high they may r a p id ly  absorb 

th i s  added ammonia, even though they had not been us ing ammonia 

prev iou s ly .  The uptake rate measured then would not represent an 

actual  in  s i t u  ra te ,  but could rather  be an experimental a r t i f a c t ,  

due to the add i t ion  o f  the tracer.  However, the increase  in d i s so lve d  

ammonia in the water as soon as the ammonia uptake rate dropped (see 

Table 5) ind ica te s  that  ammonia had indeed been removed r a p id ly  pre­

v iou s l y .  Since the ammonia concentrat ion in the water was not high  

during th i s  high uptake per iod,  th i s  uptake was probably the re su l t
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o f  a high rate o f  recyc l ing .  The amount of p a r t i c u l a t e  n itrogen  

present  in the water during May and the amount newly f ixed  in June 

are together s u f f i c i e n t  to account fo r  the peak value in p a r t i c u la te  

nitrogen present in the water in June.

The to ta l  uptake o f  a l l  three forms o f  n itrogen f o r  1964 i s  shown 

in Figure 12. I t  i s  apparent, by comparing th i s  with Figure 10, that  

the to ta l  uptake very c lo s e l y  corresponds to the uptake o f  ammonia, 

and tha t  c l e a r l y  ammonia i s  the most important source o f  n i trogen to 

the phytoplankton in Smith Lake. The uptake o f  n i t r a t e  i s  not Very 

important in Smith Lake; however on two occas ions in August and 

September, n i t r a te  was being used a t  about the same rate as ammonia.

The excretion o f  newly-f ixed  

nitrogen by phytoplankton

Reports on n itrogen f i x a t i o n  have inc luded estimates  o f  the amount 

o f  n itrogen  excreted in to  the medium by blue-green a lgae (Fogg, 1952).

In Smith Lake, experiments were car r ied  out using the same samples as 

those used f o r  measuring n i trogen  f i x a t i o n ,  so that  a r e l a t i o n s h ip  be­

tween the amount o f  n itrogen f ixed  and the amount appearing in the 

medium could be e s ta b l i shed .  Following incubat ion  and removal o f  the 

p a r t i c u l a t e  f r a c t i o n ,  the ammonia f r a c t i o n  in the sample was co l lec ted  

by d i s t i l l a t i o n ,  and i t s  isotope r a t i o  determined by l i q u i d  conversion  

to n itrogen gas us ing a l k a l i n e  hypobromite as descr ibed in  Neess, et a l . 

(1962). The remaining water was then concentrated by b o i l i n g ,  and then 

digested  by the m icro -K je ldah l  method in order to c o l l e c t  the d i s so lve d



Figure 12. - The to ta l  uptake o f  inorgan ic  n itrogen in Smith Lake, 1964.
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organ ic  f r a c t ion .  This was co l le c te d  as ammonia fo l low ing  the 

d i g e s t io n ,  converted to n itrogen gas as above and i t s  isotope r a t i o  

measured.

Table 10 shows the r e s u l t s  o f  these determinations.  I t  must be 

kept in mind that  the lake water has an unknown amount o f  d i s so lve d  

organ ic  materia l  o f  unknown n itrogen content, so that  the d i s so lve d  

organ ic  isotope r a t io s  could represent  a cons iderab le  d i l u t io n .

The ammonia concentrat ion in the water was in c rea s ing  during the 

course o f  these experiments, so that  to some extent  the decrease in 

enrichment in the ammonia f r a c t io n  i s  compensated, and the actual  

excret ion  o f  ammonia i s  probably  increas ing .

S i g n i f i c a n t l y  high i sotope r a t io s  in the d i s so lv e d  o rgan ic  f r a c t i o n  

were found on June 12th, corresponding to the time o f  ak inete d i f f e r e n ­

t i a t i o n  in the Anabaena f i laments .  On th i s  day, a l l  three incubation  

methods were used, and the h ighe s t  excretion o f  both ammonia and 

d i s so lv e d  o rgan ic  n itrogen was found in the f l a s k  which had been 

incubated on the roof. The reduct ion in n itrogen  f i x a t i o n  rate in  

th i s  f l a s k  when compared with the other two ind ica tes  suboptimal con­

d i t i o n s  with t h i s  incubation method, and p o s s i b l y  t h i s  i s  connected 

with the h igher  excret ion  ra tes.  However, one experiment alone i s  

i n s u f f i c i e n t  to e s t a b l i s h  any such connection. There i s  a l s o  a 

p o s s i b i l i t y  that  the 24-hr incubation was s u f f i c i e n t l y  long f o r  some 

breakdown in c e l l s ,  and that  some materia l  could have been released  

to the medium in t h i s  way.



Table No. 10.- The excret ion  o f  d i s s o l v e d  n i t rogen  dur ing  n i t rogen  f i x a t i o n .

Date

V I -08-64  

V I -10-64  

VI —12-64 

V I —12—64 

V I -12—64 

VI — 18—64

Incubat ion  
method 

(24 hours)

Atom percentpercer
T5>excess  ,3N 

in p a r t i c u l a t e  
f r a c t i  on

Atom percent  
excess 15m 
in  ammonia 

f r a c t i o n

Atom percent  
excess in 

d i s s o l v e d  o rgan ic  
f r a c t io n

In s i t u  

In s i t u  

Roof tank 

In s i t u  

20° room 

20° room

3.2799

3.1240

2.1070

4.2455

4.5601

0.5761

0.1180

0.1266

0.6048

0.1601

0.0930

0.0338

0.0069

0.0000

0.1276

0.0717

0.1051

0.0000
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Determination o f  the rate o f  ammonia 

supply  in  Smith Lake water

In many cases the ammonia uptake rate  was h igher  than the 

amnonia concentrat ion in the water would imply. Rates o f  ammonia 

uptake, o f  course, prov ide an idea o f  the rate o f  supply ;  however, 

a more d i re c t  method o f  eva lua t ing  t h i s  was a l s o  employed.

The technique used was designed to measure the rate o f  d i l u t i o n  

o f  labeled ammonia added to the l i q u i d  f r a c t ion .  11.9 yg-atoms per 

l i t e r  o f  n i trogen-15  labeled ammonia was added to lake water, and 

immediately an a l i q u o t  was f i l t e r e d  to remove the p a r t i c u l a t e  mater ia l .  

The ammonia in the f i l t r a t e  was co l le c ted  by d i s t i l l a t i o n  and i t s  

i sotope r a t i o  determined. This represented the i n i t i a l  i sotope  r a t i o  

f o r  the experiment. The techniques f o r  convert ing the ammonia to 

nitrogen and obta in ing  the isotope r a t i o  were s i m i l a r  to those used 

in  handling  the l i q u i d  samples in the excret ion  experiments described  

above.

The sample was now incubated, and then the ammonia was co l lec ted  

as above and i t s  isotope r a t io  determined. From these two isotope  

r a t io s  the rate o f  d i l u t i o n  was ca lcu la ted:

Fract iona l  rate  = A 1' - ft.f.
t  • Aa

where Aa = the average isotope r a t i o  during the experiment, and t  = 

incubat ion  time.
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Any reduct ion in  the isotope r a t io  o f  the ammonia f r a c t io n  over th i s  

i n i t i a l  value has to r e s u l t  from the add i t ion  of unlabeled ammonia 

from another n itrogen f r a c t io n  in the system, and therefore  represents  

ammonia supply.

R esu l t s :  A-j = 84.54%

Af = 14.18% August 11, 1964 

t  = 9.25 hr

F ract iona l  ra te  o f  supply  = .1541.

Percentage rate o f  supply = 15.4 per hour.

Absolute rate  o f  ammonia supply 1.83 ug-atoms per l i t e r  per hour.

The measured ammonia uptake rate at th i s  time was 1.48 yg per

l i t e r  per hour (o r  .11 yg-atoms per l i t e r  per hour) and there was

no detectable  ammonia in the water at th i s  time.



DISCUSSION

The product ion under the ice

I t  i s  c le a r  from the inorgan ic  ni trogen r e s u l t s  that  a la rge  

amount o f  ammonia appears in the water under the ice in sp r in g ,  and 

that  the f i r s t  popula t ion  o f  algae depend l a r g e l y  on t h i s  source fo r  

t h e i r  n itrogen  supply. The sourceso f  th i s  ammonia have been d iscussed  

above. The ammonia concentrat ion i s  reduced by the algae from 46.4 

y g - a t o m s / l i t e r  to undetectable l e v e l s ,  which in  t h i s  case represent  

concentrat ions  somewhat lower than .2 yg - a t o m s / l i t e r .  At the peak o f  

th i s  h igh a s s im i l a t i o n ,  13 y g / l i t e r / h r  (.93 yg-atoms/hr)  o f  ammonia 

nitrogen  was being removed, and the amount a v a i l a b le  in the water was

7.18 yg -atoms/1 i ter .  Th is  amount would be exhausted in one day at  the 

measured rate o f  removal. The processes which re lease  ammonia to the 

water apparent ly  allowed the populat ion to use a l a r g e r  amount than 

was present in the water, although both the rate o f  removal and the 

s tand ing  concentrat ion in the water g r a d u a l l y  dec l ined  un t i l  the 

ammonia was completely exhausted.

During the most ac t iv e  per iod o f  ammonia uptake which covered a 

period o f  13 days, an average o f  140 yg / l i t e r / d a y  (10 yg - a t o m s / l i t e r /d a y )  

was a s s im i la te d ,  whereas the dec line  in the water amounted to 6.41 yg-atoms/  

l i t e r  f o r  the whole period. This dec l ine  averages out to .49 yg-atoms/  

l i t e r / d a y .  Therefore 9.5 yg -a tom s/1 i ter /day  more ammonia was used than 

was apparent ly  av a i l a b le .  Part  o f  t h i s  d iscrepancy could represent the

48
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d i f fe rence  between g ross  and net uptake o f  n i t rogen ,  s ince  the 

t r ace r  method probably measures g ross  uptake where shor t  incubation  

times are used. In ad d i t ion ,  ba c te r ia l  breakdown o f  nitrogenous  

o rgan ic  mater ia l  was undoubtedly cont inuing dur ing th i s  time. P o s s ib ly  

a major part  o f  the ammonia came from th i s  source. In any event, these 

f i gu re s  ind ica te  that  ammonia supply  i s  important dur ing such periods  

of  high product ion,  and that  the dec l ine  in ammonia in the water i s  

not a good measure o f  the amount used, s ince  95 percent o f  the ammonia 

used would have been missed by such methods. Only 27.3 percent o f  the 

nitrogen  taken up showed up in the p a r t i c u l a t e  n i trogen  a t  i t s  maximum 

concentrat ion during th i s  period. The r a t i o  o f  p a r t i c u l a t e  n itrogen  

in yg -a tom s/1 i te r  to ch lorophy l l  â  in y g / l i t e r  was 1.52, which i s  

s i m i l a r  to the 1.65 r a t i o  given by H arr i s  (1959) f o r  Long I s l a n d  Sound 

during the bu i ld -up  o f  a sp r in g  f lower ing.

The f i r s t  increases in ch lorophy l l  ji appeared in  the deep water 

when there was s t i l l  more than one meter o f  ice on the lake surface  

covered by several  inches o f  snow. These organisms therefore grew 

under low l i g h t  cond i t ions.  P o s s ib l y  par t  o f  t h i s  growth, a t  l e a s t  

in the i n i t i a l  phases, was heterotrophic.  Rodhe (1963) descr ibes  a 

true a r c t i c  lake,  Juoblat jokkojaure,  in which there are la rge  numbers 

o f  nannoplankton in  s p i t e  o f  extremely low temperatures and otherwise  

seemingly  in ho sp i t ab le  cond i t ions .  I t  i s  i n te r e s t i n g  to note that  here,  

as in Smith Lake, C h lo re l ! a  i s  among the most numerous components, 

although in Rodhe's case d i n o f l a g e l l a t e s  dominated in  bulk. Rodhe 

fe e l s  tha t  heterotrophic  processes must be a l low ing  the growth, and
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his  p re l im inary  te s t s  with labeled g lucose  seemed to sub stan t ia te  

th i s .  The system, then, depends on energy stored  during the previous  

summer through autotroph ic  processes to i n i t i a t e  the sp r in g  grwoth,  

so tha t  when l i g h t  condit ions  become s u i t a b le  the populat ion  i s  already  

present  and can switch to autotrophy. In Smith Lake, by mid-May,  

s u f f i c i e n t  l i g h t  may penetrate the ice and snow to a l low t h i s .  E a r l i e r ,  

the low sun angle re su l t s  in high albedo, and fu r the r  reduces the 

penetrat ion  o f  l i g h t  in to  the water. Chi o r e ! l a  i s  capable o f  growth 

h e te r o t r o p h ic a l l y ,  m ixo t rop h ic a l ly  and a u t o t r o p h i c a l l y , and i t s  

behaviour  under these d i f f e r e n t  growth cond it ions  has been s tud ied by 

Eys te r ,  Brown and Tanner (1958) in terms o f  mineral requirements.

Mixotrophy could a l low the e f f i c e n t  use o f  any l i g h t  penetrat ing  the 

ice.  In  any event, heterotrophy i s  a p o s s ib le  mechanism a l low ing  the 

e ar ly  development o f  phytoplankton under the ice.  A s i m i l a r  argument 

was used by Wright (1964).

The Anabaena s p . bloom

The bloom in June i s  o f  i n t e r e s t  as the only  per iod in which 

nitrogen  f i x a t i o n  supp l ie s  a port ion  o f  the n itrogen f o r  the phytoplankton.  

A l l  the inorgan ic  n itrogen in the water in  combined form had been used 

up p r i o r  to th i s  bloom. In each o f  the ye ars ,  t h i s  bloom occurred at  

the time o f  maximum day- length,  when the water was r a p id ly  warming to  

i t s  summer temperature.

I t  i s  not so easy in th i s  case to c a l c u la te  the con tr ibu t ion  of  

nitrogen from var ious  sources,  s ince  newly f ixed  n itrogen  may be immediately
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re leased  to the water and then rea ss im i la te d .  There was no n i t r a te  

or ammonia in  the water a t  the s t a r t  o f  the bloom, and therefore  the 

uptake o f  n i trogen in these forms must represent the regeneration  

o f  n itrogen from the previous growth per iod or  the recyc l in g  o f  newly 

f i xed  nit rogen.  The excret ion  informat ion d iscussed  above ind ica tes  

that  the l a t t e r  may not be important;  however, the incubat ions  f o r  the 

experiments described in Table No. 10 were 24 hr, and i f  the turnover  

time i s  much shorte r ,  recyc l ing  would not n e c e s sa r i l y  be detected in 

th i s  way.

The cause o f  the terminat ion o f  the bloom i s  o f  i n t e r e s t ,  s ince  

p rec ip i tou s  dec l ine  seems to be a property o f  sp r ing  blooms regard le ss  

of  l a t i t u de .  Lund (1950) was in teres ted  in th i s  problem in several  

lakes o f  the Eng l i sh  Lake D i s t r i c t ,  and he a t t r ib u te d  the sp r in g  

bloom decline  to s i l i c a  shortage confirming the sugges t ion  o f  Pearsa l l  

(1932). The organisms in th i s  case were predominantly A s t e r i o n e l l a  

formosa Hass. In Smith Lake the e a r l i e r  bloom under the ice declined  

probably  as a r e s u l t  o f  ammonia exhaustion,  and the regeneration rate  

at  the low temperatures under the ice may not have been adequate to 

support  fu r the r  growth. The bloom in June, however, was dominated by 

Anabaena s p . , the dominant species  being Anabaena f l o s - a q u a e . S ince  

nitrogen f i x a t i o n  was being car r ied  out, presumably by these a lgae,  

nitrogen  exhaust ion cannot be a cause o f  the bloom terminat ion in  

i t s e l f .  The most p l a u s ib le  explanat ion s t i l l  l i e s  in exhaustion o f  

some other nutr ient.

I f  n u t r ien t  l im i t a t io n  i s  a f a c to r  terminating  the spr ing  bloom
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in Smith Lake, the most l i k e l y  c r i t i c a l  elements invo lved are 

phosphorus, iron or molybdenum. The f i r s t  i s ,  o f  course, an 

e s se n t ia l  n u t r ien t  which has been impl icated  as a l i m i t i n g  f a c to r  

in many cases. The amount required f o r  normal growth i s  not g rea t ,  

however, and Benoit  and Curry (1961) g ive  the c r i t i c a l  concentrat ion  

o f  phosphorus f o r  blue-green a lgae  as about 10 ppb. This i s  equ iva lent  

to about 0.2 yg - a t o m s / l i t e r ,  which i s  s i m i l a r  to the minimum concentra­

tion found in Smith Lake during the bloom (see Table 10, Appendix B). 

C o f f in ,  et  a l .  (1949) have shown that  es t im at ions  o f  so lu b le  phosphate 

are not r e l i a b l e  ind ices  o f  f e r t i l i t y  in some lakes,  because there  

tends to  be an equ i l ib r ium  between supply and demand. Hutchinson and 

Bowen (1950) have found that  the rate o f  regeneration o f  phosphorus 

a f t e r  uptake by phytoplankton i s  very rap id.  R i g l e r  (1956) confirmed 

th i s  exper imental ly .  He used rad ioac t ive  phosphorus, and showed that  

phosphorus was being taken up by organisms even though the amount 

detected a n a l y t i c a l l y  remained constant ,  and from th i s  concluded 

that  the phosphorus was being turned over very r a p id ly .  The ca lcu la ted  

turnover time fo r  orthophosphate in  the trophogenic zone o f  the lake  

was only  3.6 minutes. Later work by the same i n v e s t i g a t o r  ( R i g l e r ,  

1964) confirmed t h i s  r e s u l t ,  and in add i t ion  showed that  in a h igh ly  

product ive lake,  the turnover time could be as sho r t  as 1 minute. I t  

seems u n l i k e ly  that  in Smith Lake lack  o f  phosphorus causes the decline  

o f  the bloom, s ince  the phosphorus pool in the lake i s  l a r ge ,  and even 

in 1963, when there was contact between the mud sur face  and the 

trophogenic  region during the bloom, the terminat ion occurred in  a
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s i m i l a r  manner, although le s s  abruptly.

The other two elements mentioned were suggested fo r  the fo l low ing  

reasons. Iron i s  required in high amounts by n itrogen f i x i n g  blue-  

green a lgae,  and by the time the bloom decl ined,  n itrogen f i x a t i o n  

was prov id ing  50 percent o f  the n itrogen f o r  growth. Maximum f i x a t i o n  

o f  n itrogen takes place a t  a concentrat ion o f  10 m g / l i t e r  o f  f e r r i c  

i ron according to Carnahan and C a s t le  (1958), and i s  in h ib i te d  at  

both h igher  and lower concentrat ions in the blue-green a lga  Nos toe 

muscorum. Shapiro  (1964) has shown that  ye l low  organ ic  material  o f  

the type found in Smith Lake water binds i ron  in c r e a s in g l y  f i rm ly  

as the pH increases ,  and i t  i s  notable that  the bloom dec l ine  co incides  

in time with an increase o f  the pH o f  the water. The consequent 

u n a v a i l a b i l i t y  o f  a metal would provide a p o s s ib le  connection. The 

behavior o f  molybdenum in the presence o f  o rgan ic  materia l  i s  not 

known, but i t  i s  required in e c o l o g i c a l l y  la rge  amounts fo r  n itrogen  

f i x a t i o n ,  and pre l im inary  enrichment experiments with th i s  metal 

re su l ted  in 100 percent increase  in the ^ C  uptake a f t e r  one day 

incubation with add i t ion a l  molybdenum. The add i t ion  o f  phosphate at  

th i s  time had no g reat  e f fec t .  The e f f e c t  o f  pH could a l s o  be d i re c t  

in reducing the amount o f  free C02 in  the water,  and there fore  i n h ib i t i n g  

photosynthes is .  During the peak o f  the bloom, ^ C  uptake experiments 

were ca r r ied  out in  which ^ C  was added to samples which were buffered  

at  pH 8.5 and 9.2 as well  as contro ls  at lake water pH o f  about 7.4.

This was during the peak n i trogen  f i x a t i o n  time. A r e l a t i o n s h ip  

re su l ted ,  in  which 14C uptake increased with the increase  in pH in
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a l i n e a r  manner:

ug C/1 i t e r / h r

pH 7.4 12.38

pH 8.5 19.12 June 10, 1964

pH 9.2 23.46

I t  i s  f e l t  that  th i s  ind ica tes  that  very l i t t l e  organ ic  carbon 

was indeed present,  r e s u l t i n g  in a high proport iona l  uptake which 

increased with pH as the a v a i l a b le  carbon decreased, producing an 

apparent increase  in  photosynthes is  with pH, which was in f a c t  an 

a r t i f a c t .

The o r i g i n a l  value f o r  a l k a l i n i t y  was used in c a l c u l a t in g  the 

a v a i l a b le  carbon, and s ince  some o f  the carbon was probably  l o s t  

to the system by p r e c ip i t a t i o n  of  carbonate, th i s  overestimate o f  

amount o f  carbon could re su l t  in a high proport iona l  accumulation rate  

a l so  appearing to be a high abso lu te  uptake rate. The amount o f  free  

bicarbonate may be the most r e a d i l y  a v a i l a b le  source. However, i t  

i s  p o s s i b le  that  the photosynthet ic  r a t io  does indeed increase  with  

pH in th i s  range. Wright (1960) fe e l s  that  CO2 l im i t a t i o n  i s  bound 

to be in e f f e c t  where n u t r ien t  l im i t a t i o n  i s  not c o n t r o l l i n g  the rate  

of  ch lorophy l l  s yn the s i s .  This  l im i t a t i o n  would be dens i ty  dependent.

Another p o s s i b i l i t y  f o r  the dec line  o f  the bloom i s  the algae  

themselves excret ing  a to x ic  substance which accumulates as the 

popula t ion  increases  in both dens i ty  and age. Such a substance,  

termed an exotoxin,  may i n i t i a l l y  serve to prevent the growth o f  other
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a lgae,  but eventua l ly  i t  i s  p o s s i b le  tha t  the spec ies  which produces 

i t  can no longer  to le ra te  i t s  own g r o w th - in h ib i t in g  substances,  and 

th i s  could r e s u l t  in  a sudder. crash in  populat ion.  Anabaena f l o s -  

aquae, the dominant algae in  the Smith Lake bloom has been stud ied  

by Gorham et a l . ,  (1964), who f ind  that  i t  excretes substances tox ic  

to mammals and b i rd s .  I t  i s  not known to what extent these substances  

are to x ic  to zooplankton, other a lgae  or  the Anabaena i t s e l f .  However, 

i t  i s  s t r i k i n g  to note that  at the peak o f  the bloom Anabaena is  

almost u n i a l g a l ,  and there are very few zooplankton. However, i t  

i s  not unusual to f i n d  fewer grazers  a t  the peak o f  a bloom. Ryther 

(1954) has d iscussed  such re l a t i o n s h ip s .

A v i rus  which i s  able to cause l y s i s  in  b lue-green algae has 

been reported by Safferman and Morr is  (1963), and t h i s  i s  a p o s s ib le  

mechanism fo r  bloom termination in lakes.  S i l v e y  and Roach (1964) 

sugges t  that  th i s  may be an explanat ion o f  sudden disappearance o f  

blue-green a lga l  c e l l s  that  have at ta ined  high d e n s i t ie s .

In the Smith Lake bloom, the p rec i se  t iming fo r  the two years  

was s i m i l a r ,  and ye t  the peak was much sharper  in 1964 than in  1963. 

This d i f fe rence  in  peak shape could have been due to the s t r a t i f i c a ­

t ion  o f  the lake in  the former year,  in causing n u t r ien t  deplet ion  

to become c r i t i c a l  more rap id ly .  In 1963, contact  with the deeper 

water and the bottom mud allowed a longer  period o f  high product ion.  

A f te r  the bloom, however, the production in 1964 was h igher,  conf irming  

the assumption that  mixing fo l low in g  the bloom rep lenished a nut r ien t ,  

which had remained in  the water because i t  had not been a v a i l a b le  

during the bloom.
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V io le n t  f lu c tu a t io n s  in algae populat ions  are c h a r a c t e r i s t i c  

o f  control by n u t r ien t  deplet ion.  In Smith Lake during Ju ly,  

p ro d u c t iv i t y  ra tes,  n i trogen uptake rates and n itrogen  nut r ien t  

leve ls  remain almost constant ,  with only small  and gradual f l u c t u a ­

t ions .  A d i f f e r e n t  kind o f  mechanism was then operat ing.  Ammonia 

remained the p r in c ip a l  source o f  n i trogen during th i s  time, and i t s  

uptake var ied d i r e c t l y  with photosynthes is ;  thus, n i trogen was probably  

not c o n t r o l l i n g  production. The amount o f  ammonia present  a t  any 

time was s u f f i c i e n t  to a l low uptake a t  the rates  measured fo r  one or  

two days. Much o f  the ammonia used, again ,  must have come from recyc l in g .  

Very l i t t l e  n i t r a t e  was present during th i s  time.

On August 11th, the ammonia concentrat ion f e l l  below the lower 

l i m i t  o f  d e t e c t a b i l i t y ,  and ye t  an uptake rate o f  1.48 yg / l i t e r / h r  

was measured. However, the ammonia supply experiment described above 

fo r  the same date suggests  a rate o f  replenishment in the water which 

i s  even h igher  than would be assumed from the uptake measurements. At 

th i s  time o f  year  the rooted vegetation around the shore i s  well 

developed, and there i s  probably movement o f  nu t r ien t s  from the open 

water to these p lan ts .  Hor izontal  movement could be important at  

th i s  time.

During the more or  le s s  s tea dy - s ta te  per iod in the lake,  zooplankton  

could have provided both the contro l mechanism f o r  a l g a l  popula t ion  s i z e  

and a l s o  the mechanism fo r  recyc l in g  ammonia d i r e c t l y  and rap id ly .

The post-bloom production
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This type o f  mechanism was descr ibed by H arr i s  (1959) in Long I s l a n d  

Sound. This author po ints  out that  the time required f o r  such return  

o f  nut r ien ts  by the animal populat ion i s  n e g l i g i b l e  when compared with  

the time required fo r  ba c te r ia l  p rocesses,  and that  th i s  mechanism 

returns nut r ien ts  to the phytoplankton and thus b o l s te r s  up the 

populat ion r a p id ly ,  p rov id ing  food fo r  the expanding animal populat ion.

A rap id  p o s i t i v e  feedback thus operates between phytoplankton and 

zooplankton. Zooplankton were abundant in Smith Lake during most of  

the summer fo l low in g  the sp r in g  f lower ing,  bu i ld in g  up to about 30 

i n d i v id u a l s  per l i t e r  at the sur face  in e a r ly  September.

In August, the increase in both ammonia and n i t r a t e  uptake resu l ted  

in deplet ion o f  the ammonia. Fol lowing th i s  a lower steady ammonia 

uptake with constan t ly  detectab le but low n i t r a t e  uptake rates  continued  

f o r  the remainder o f  the month. N i t ra te  was used almost as rap id ly  

as ammonia in September, a t  a time when the dominant a lga  was Selenastrum 

s p . In October, ammonia and n i t r a t e  were used, in the r a t i o  2:1, the 

populat ion  a t  t h i s  time c o n s i s t in g  almost e x c lu s i v e l y  o f  Gymnodinium s p . 

Control by graz ing  was the exp lanat ion  invoked by Anderson, Comita,  

and Engstrom-Heg (1955) f o r  such inverse  re l a t i o n s h ip s  between zooplankton 

and phytoplankton in  two Washington lakes.

N i t ra te  as a n i t rogen -source  in Smith Lake

The lack  o f  importance of  n i t r a t e  as a n i trogen source in Smith 

Lake may be due in par t  to i t s  u n a v a i l a b i l i t y .  However, there i s  

evidence that  s i g n i f i c a n t  rates  o f  n i t r i f i c a t i o n  do take place  in  the
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sur face  water o f  the lake during the summer months. In 1963, 

n i t r i f i c a t i o n  was an t ic ipa ted  fo l low ing  the re lease  o f  ni trogen  

from the June bloom, and with the cooperation o f  Dr. Stan ley  Watson 

enrichment cu l tures  designed to i s o l a t e  n i t r i f y i n g  organisms were 

se t  up. These produced cu l tures  with very strong n i t r i f y i n g  a b i l i t y  

w ith in  a few days, i n d i c a t in g  that  the organisms i n i t i a l l y  were 

probably present in la rge  numbers in the water. The high n i t r a te  

l eve ls  in  the water at t h i s  time suggest  that  there was indeed act ive  

n i t r i f i c a t i o n  go ing on. In 1964, the small  n i t r a t e  increase  fo l low ing  

the bloom co incided with the f i r s t  mixing o f  the lake,  and so i t  i s  

not easy to e s t a b l i s h  i t s  o r i g in .  However, p re v iou s ly  there had been 

very l i t t l e  n i t r a t e  a t  any depth, and a steady slow increase  from 

June 18 to June 30 took p lace,  so that  probably some n i t r i f i c a t i o n  was 

being ca r r ied  out.

Steemann Nie lsen  (1959) has pointed out that  in sha l low  waters 

in contact with the bottom, temperature i s  an important f a c to r  

governing p ro d u c t iv i t y ,  because the bacter ia l  enzymatic processes  

respons ib le  f o r  n u t r ien t  regeneration are temperature dependent.

S ince n i t r i f i c a t i o n  i s  an important process during much o f  the w inter  

under the ice in Smith Lake, i t  should be even more so at the h igher  

summer temperatures. Nevertheless,  most o f  the time the ammonia i s  

apparent ly  used r a p id ly  and the rate would s u f f i c e  to prevent s i g n i f i ­

cant accumulation. In 1963, the n i t r a t e  accumulation fo l low ing  the 

June bloom could be expla ined by the complete depress ion o f  uptake,  

s ince  the dec line  in photosynthes is  and algae populat ion  was so extreme
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in that  year.

The behavior o f  n i t r a t e  provides conf irming evidence fo r  the 

idea that  deplet ion o f  another nut r ien t  i s  the terminating cause fo r  

the June bloom. The exhaustion o f  molybdenum, f o r  ins tance,  would 

prevent the u t i l i z a t i o n  o f  n i t r a te .  In 1964, mixing from the bottom 

obv ious ly  replenished e s se n t ia l  n u t r ie n t s ,  and allowed the n i t r a t e  to 

be used, whereas in  1963 the en t i re  water column was apparent ly  depleted.

In t e r r e l a t io n s h ip s  with microorganisms

Unfortunate ly  very l i t t l e  i s  known about the re la t io n sh ip  

between a l g a l  p ro d u c t iv i t y  cycles  and other microorganisms in  the 

water. I t  i s  reasonable to assume tha t  n i t r i f y i n g  organisms,  fo r  

in s tance ,  increase  in numbers fo l low ing  a period o f  organ ic  product ion.  

Less obvious r e la t i o n s h ip s  must su re ly  a l so  occur. Si  Ivey and Roach 

(1964) descr ibe  m ic ro b io t i c  cyc les  in surface waters,  and po in t  out  

that  there are c y c l i c a l  changes in both bacter ia  and actimomycete 

populat ions  accompanying those in the algae. With blue-green algae  

blooms, they f in d  an accompanying increase in gram-negat ive bac te r ia ,  

whereas fo l low in g  the blue-green a lg a l  dec l ine ,  actinomycetes at tack  

the remains o f  the a lgae ,  and reduce the ba c te r ia l  popu lat ion ,  presumably 

by a n t i b i o t i c  product ion.  Following t h i s ,  g ram -po s i t i ve  ba c te r ia  take 

over, and then the cycle  may be repeated with another a lga l  bloom.

This type o f  i n t e r r e l a t i o n s h i p  could exp la in  the p ro d u c t iv i t y  patterns  

in many lakes.  The nature o f  the r e la t i o n s h ip  between the gram-negative
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b a c te r ia  and the blue-green a lgae,  i s  not known but i t  i s  well  known 

that  many blue-green algae are not easy to grow in the absence o f  

bacter i  a.

A comparison o f  Smith Lake and 

Sanctuary Lake, Pennsylvania

In Sanctuary Lake, Pennsy lvania,  p re l im inary  work had been done 

in detect ing  n itrogen  uptake us ing s i m i l a r  methods to those used 

here (Dugdale and Dugdale, 1965). Sanctuary Lake has some features  

in common with Smith Lake, e s p e c i a l l y  depth and the marshy nature  

o f  the surrounding drainage bas in .  In Sanctuary Lake, however, there 

i s  continuous f low through the lake,  and much o f  the c y c l i c a l  behavior  

o f  the uptake patterns  can be corre la ted  with v a r i a t i o n s  in n itrogen  

and phosphorus income from i t s  major in le t .  I t  was not necessary there 

to assume any high regeneration rate o f  nu t r ien ts  to  account fo r  the 

uptake regime. In Smith Lake, we are cons ider ing  an i s o l a t e d  in terna l  

cyc le ,  which instead  o f  income apparently undergoes l o s s  o f  nutr ients  

from the open water to the rooted vegetation.  In both lakes i t  is  

apparent that  high ammonia and n i t r a te  uptake rates  accompany n itrogen  

f i x a t i o n ,  and fo r  the sp r in g  blooms in both lake s ,  the proport ion of  

the n itrogen  contr ibuted by the three sources i s  very s im i l a r .  Sanctuary  

Lake has a f a l l  bloom which i s  heav i ly  dependent on n itrogen f i x a t i o n ,  

whereas no such n itrogen f i x i n g  f a l l  bloom i s  found in  Smith Lake.

In the Sanctuary Lake data, the expected inverse  r e la t i o n s h ip
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between u t i l i z a t i o n  and d i s so lve d  f ixed  nitrogen leve l s  shows up 

c le a r ly .

Both lakes dra in  marshy areas,  and i t  has been pointed out 

that  the humic m ater ia ls  which are brought in to  a lake by drainage  

from such land could be very important e c o l o g i c a l l y ,  s ince  they 

are known to  s t im u la te  production in  cu l ture.  Phinney and Peek 

(1961) have a t t r ibu te d  the unexplained high p ro d u c t iv i t y  o f  Klamath 

Lake to these m ate r ia l s ,  and they sugges t  that  the major ro le  o f  

th i s  material  i s  chelat ion.  In attempting to i s o l a t e  the Anabaena 

f l o s - aquae from the Smith Lake bloom, i t  became apparent that  i t  would 

grow much more re a d i l y  in cu l ture  media in the presence o f  a few drops 

o f  concentrated Smith Lake water. A r e la t i o n s h ip  may e x i s t  between 

s i g n i f i c a n t  n itrogen f i x a t i o n  and such m ate r ia l s  in  a lake.



CONCLUSIONS

1. Ammonia i s  the most important source o f  n i trogen to the 

phytoplankton in Smith Lake. I t  i s  produced in la rge  amounts by 

b a c te r ia l  breakdown of  ni trogenous o rgan ic  mater ia l  under the ice  

during the winter,  and then fu r the r  accumulates as a r e s u l t  o f  the 

suppress ion  o f  n i t r i f i c a t i o n  during anoxic cond it ions  in  ear ly  

sp r ing .  This  ammonia serves as the p r in c ip a l  n i trogen source fo r  

the production under the ice in ea r ly  s p r in g ,  and a l l  becomes i n ­

corporated in to  o rgan ic  mater ia l  p r i o r  to the melt ing  o f  the ice.

A maximum ammonia uptake rate o f  13 y g / l i t e r / h r  was measured during  

th i s  growth period. At the same time a photosynthet ic  rate o f  

33 yg C / l i t e r / h r  was measured in s i t u  in the lake. This  represents  

a C:N r a t i o  o f  2.5:1.

2. N i t r a t e  i s  not an important n itrogen source in Smith Lake, 

although i t  accumulates s low ly  as a re su l t  o f  n i t r i f i c a t i o n  during  

the winter.  By ea r ly  sp r in g  a la rge  amount o f  n i t r a t e  i s  present  

in the water,  but i s  l o s t  when the oxygen becomes depleted. The 

most probable fa te  o f  t h i s  n i t r a t e  i s  l o s s  by d e n i t r i f i c a t i o n ,  and 

i f  t h i s  i s  the case, about 8 yg -a tom s/1 i te r  o f  n i trogen  may be l o s t  

to the lake during th i s  anoxic time. Although n i t r i f i c a t i o n  probably  

continues during the summer, there i s  never any accumulation o f  n i t r a te .  

The n i t r i f i c a t i o n  rates are apparent ly  s u f f i c i e n t l y  s low so  that  even

a very low uptake, or  perhaps ba c te r ia l  reduct ion,  prevents any
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d i s c e r n ib le  accumulation. Occasional pu lses  o f  n i t r a t e  u t i l i z a t i o n  

accompany ammonia u t i l i z a t i o n ,  but n i t r a t e  i s  never the so le  or  

even the more important source o f  ni trogen.

3. The n i t r o g e n - f i x i n g  bloom o f  Anabaena s p . , dominated by 

Anabaena f l o s - a q u a e , occurs in  June with temporal r e p r o d u c ib i l i t y .

As th i s  bloom b u i ld s  up, ammonia provides  the primary n itrogen source,  

although n i t r a t e  i s  used a t  the same time. As the photosynthet ic  

rate reaches i t s  maximum, n itrogen  f i x a t i o n  increases  in  r e l a t i v e  

importance. The source o f  the ammonia f o r  th i s  rap id  uptake i s  not 

c lear.  There i s  abrupt terminat ion o f  the bloom, which, although  

accompanied by a unique r i s e  in  pH, i s  more l i k e l y  to be determined 

by n u t r ie n t  deplet ion.  This bloom accounts f o r  the add i t ion  o f  about 

500 y g / l i t e r  o f  newly f ixed  n itrogen to the lake sur face  water. The 

algae form ak inetes,  and l a r g e l y  become dormant f o r  the remainder o f  

the year ,  although an occas iona l  ind iv idua l  f i lam ent  i s  found sub­

sequently  in the water. The r a t io  between carbon and a to ta l  n i trogen  

uptake during the peak o f  t h i s  bloom was 3:1.

4. The remainder o f  the growing season i s  character ized  by a 

more steady but modest rate o f  photosynthes is  and n i t rogen  u t i l i z a t i o n  

ra te s ,  and an i s o l a t e d  experiment to determine ammonia product ion rates  

in d ica te s  tha t  rap id  recyc l in g  o f  ammonia takes p lace ,  and that  th i s  

probably  invo lves  a d i r e c t  phytoplankton-zooplankton r e l a t i o n s h ip  in  

add i t ion  to ba c te r ia l  processes.
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5. High p rod u c t iv i t y  rates are i n v a r i a b l y  accompanied by 

high ammonia uptake rates ,  and f o r  th i s  lake s i m i l a r  seasonal  

patterns  are obtained when primary p ro d u c t iv i t y ,  ammonia uptake 

or to ta l  n i trogen uptake i s  considered.

6. The n itrogen u t i l i z a t i o n  regimes in lakes would appear

to be s i m i l a r  over a wide geographica l  d i s t r i b u t i o n .  The s i m i l a r i t y  

o f  uptake patterns during the sp r in g  bloom in su b a rc t i c  Smith Lake, 

Alaska  and temperate Sanctuary Lake, Pennsylvania are s t r i k i n g .

I t  i s  p o s s ib le  that  n u t r ien t  cycle  s tud ie s  in one region can thus 

produce ge n e ra l i z a t ion s  which may be app l ic ab le  to s i m i l a r  lakes  

in other parts  o f  the world.
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NITROGEN METABOLISM IN LAKES 
I. MEASUREMENT OF NITROGEN FIXATION WITH N15 ’

John C. Neess,2 Richard C. Dugdale,3 Vera A. Dugdale,3 and John J. Goering2

ABSTRACT

A  m ethod for m easuring the rates o f nitrogen fixation in samples o f  lake water using 
N in as a tracer is described , and a detailed  description  o f  glassw are required  is p rov ided .
T he nitrogen present in the w ater is rem oved  b y  flushing w ith  H e-O  m ixture and then 
replaced b y  the labeled  nitrogen. After incubation and treatm ent, the isotope ratio in the 
organic m aterial is determ ined on a mass spectrom eter. Analyses o f lake w ater and ( N H 4)
SO* as isotope ratio blanks are described  and a resum e o f  statistical data from  these 
analyses is presented.

IN TRO DU CTIO N

In several papers, one or the other of us 
has recently reported on the results of 
direct m easurem ents o f rates of nitrogen- 
fixation in samples of natural fresh or 
marine water (D u g d a le , et al. 1959; D u g ­
dale and N eess 1960; D u gdale , M en zel and  
Ryther 1961; N eess, et al. in p ress). Each  
of these lacked a com plete description of 
the m ethod used. T h e purpose o f this com ­
m unication is to supply such a description  
along w ith certain com m ents that w ill make  
it possible to interpret the results more  
critically.

H eavy  nitrogen ( N 15) has been used suc­
cessfully in the study o f the nitrogen m etab­
olism of organisms and in the study o f b io ­
logical nitrogen fixation (R ittenberg, et al. 
1939; Burris and M iller 1941; Burris, et al. 
1942). O ur m ethod is identical in principle  
to those previously used, and m echanically  
similar in m any respects. Such m odifica­
tions as w e have introduced are in keeping  
with our objective o f treating essentially  
unm odified natural water, w ith its biota  
intact and functional, sim ply as a reagent 
for fixing nitrogen, and of studying its prop­
erties as such, largely ignoring the partic­

1 This w ork  was supported by  the National In ­
stitutes o f  H ealth ; in the early stages som e funds 
w ere p rov id ed  b y  the F aculty  Research F un d  o f 
the University o f  Kentucky. W e  are indebted  to 
R. H . Burris o f the University o f  W isconsin  and 
to R. Abram s o f  the M ontefiore  H ospital Institute 
o f Research, P ittsburgh, fo r  the use o f the mass 
spectrom eters in their laboratories.

2 U niversity o f  W isconsin .
3 U niversity o f  Pittsburgh.

ular organisms responsible for the activity  
and their individual physiologies.

M E T H O D

Free nitrogen dissolved in an enclosed  
volum e o f natural water is com pletely  re­
m oved b y  aeration w ith m inim um  disturb­
ance of the concentration o f dissolved  
oxygen. N itrogen gas m ore or less heavily  
enriched with N 15 is then added, and the 
sam ple is incubated for a tim e under a par­
ticular set of conditions. A fter incubation  
total K jeldahl nitrogen is recovered from  
the sam ple as am m onia and its quantity d e­
term ined. Thereafter the am m onia is oxi­
dized to free nitrogen and the proportions 
of the isotopes in it determ ined w ith a mass 
spectrom eter. If the proportion of N 13 in 
the originally introduced nitrogen gas and  
the total am ount of “fixed” nitrogen in the 
sam ple o f water are known, then it is pos­
sible to com pute the am ount of free nitro­
gen converted to Kjeldahl nitrogen in the 
course of the incubation.

C ollection  o f the sam ple and treatm ent 
b efore  incubation

In M adison, our samples have been col­
lected in the ordinary w ay, usually w ith a 
Kem m erer bottle. It w ould probably be 
desirable to use a plastic or non-toxic sam ­
pler, but w e have not always done this, 
som etim es using one m ade o f brass. A t  
Pittsburgh glass or plastic samplers have  
been used exclusively. Sam ples are taken  
as quickly as possible to the laboratory. 
W heth er or not the samples are exposed

1 6 3
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F i g . 1. A p p a r a t u s  f o r  r e p l a c i n g  t h e  d i s s o l v e d  n i t ro e 'e n  in  w a t e r  s a m p l e s  v i l l i  V " .

to w eak nr strong illumination before in 
oubation m ay affect the results later ob ­
tained: depending upon the particular cir 
cum stanees of an experim ent, control ol 
illumination of the sam ple m ay be desir­
able.

Prelim inary treatm ent o f the samples is 
carried out in the apparatus show n in F ig ­
ure f . Sam ples o f water, untreated in any 
way, are enclosed in each of the flasks. 
These m ay be of any practical volume'; we 
have generally used thos«. !iukliuK 1 I.. 
sometim es 250 or 500 ml. The flasks have 
necks fitted with standard-taper ground 
joints to receive the one-piece aeration 
units, shown in place in Figure I and in 
detail in Figure 2. Each of the latter has 
a gas-inlet extending to the bottom  ot the 
flask and ending in a sintered glass sparger, 
and a gas-outlet entering at the very top of 
the flask w hen it is closed. Inlet and outlet 
are fitted with . s to p c o c k s .  W h en the M a s k s  

are filled with water, with aeration units in 
place but with stopcocks on inlet and outlet 
open, pressure is maintained at 0 .S atm at 
the outlet with an air-pum p, and a mixture 
containing 0.8  vol of helium and 0-2 vol ol

.\g; n i. d a  the inlet, fhi.s is
accom plished b\ connecting the llasks to 
the m anifolds shown in Figure I. The inlet 
m anifold is a sim ple large-diam eter one-

u -t— U ittuser sintered glass.

A
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piece affair to which the tlask inlets and 
cylinder containing the H e -O  mixture are 
eonneeted with rul)l)cr tubing. th e outlet 
i i i a i i i m i u  i.'i m a u l . ;  u p  uj  j . i i u i\ iu u < . u  aim.' )

constructed of capillary tubing; the units 
connect to each other and to the gas-rescr- 
voir raid sam ple-bulb at one end with ball- 
and-socket ground joints. The units arc' il­
lustrated in Figure 3.

The H e -O  mixture leaves the spargers in 
small bubbles and carries nitrogen, along  
with CO_. and atm ospheric constituents 
('(her than o\v gen. out of the I lasks W ith  
equipm ent designed as ours, with 1- 1. sam ­
ples <;l water and a reasonably \ igurous 
stream et gas. 15 mill is stilfieient to re­
m ove anv nitrogen determ inable bv mass 
spectrornetric analysis from the outlet gas. 
'The behavior of m acroscopic /.oopianktcrs 
such as copepods and Daplm ia  is appar­
ently unaffected by this treatment.

After aeration, inlet and outlet stopcocks 
are closed in that order, leaving a residual 
total pressure in the flasks of 0.8  atm and 
an atm osphere containing only heiium  ancl 
oxygen. The outlet m anifold is then ex­
hausted to a high vacuum  and disconnected  
from the vacuum  pum p. Nitrogen gas en­
riched in heavy nitrogen (u p  to 99.7 atom  
per cent N 1 ’ ) is introduced into the evacu­
ated m anifold at a pressure slightly above  
1 atm from the reservoir (F ig . 1 ) . A  
lonnula lor the confining iluid is given

below. A sam ple is taken from the m anifold  
for mass spectrom etric analysis, and some 
gas is adm itted into the flasks by opening  
each outlet stopcock briefly. The finally  
sealed flasks enclose total pressures of 
slighth more than J atm and contain at­
m o s p h e r e s  vv i t h  a b o u t  0.2(1 a t m  p a r t i a l  [ i r e s

sun' of nitrogen, about 0.64 app of helium  
and about 0.16 app of oxygen. W e  have ob-

1 :; , . : l 1 ■ \ ’ ’ - fU t l i n  U  1JJ.11 ±1 C lJJ. U  i l l  -S  L i w m

the Isomet ( ’orporation Palisades Park 
New Jersev.

\\ hen sealed, the flasks are disconnected  
from the m anifold and shaken by hand or 
with a wrist-action m echanical shaker to 
equilibrate liquid and gas phases.

Flasks are incubated under various con­
ditions and for various periods. W henever  
possible1, w e have suspended them  in the 
lake from which the samples originated and 
at distances from  the surface corresponding  
to the depths at which the water was col­
lected. or otherwise, in the laboratory under 
artificial illum ination or in the dark.

After incubation, the flasks are opened, 
the contents acidified with a sm all quantity  
of I F S Q 4 and boiled  dow n to a volum e  
small enough to be accom m odated in a 30- 
m l m icro-K jeldahl digestion flask. Subse­
quent digestion of the sam ple is carried out 
lor IS hr at the boiling point of a mixture ol 
2 ml of H ,S O t, 1.2 to 1.4 g K ,S O , and 
about 50  m g H g S O , Digestion under such 
severe, conditions is necessary to obtain cor­
rect results in subsequent stages of the pro­
cedure (see Rittenberg, et ol. 1 9 3 9 ). Nitro- 
rtvvn ic rnnnrororl from flm rliffpcf ■") s NTT 1
a com pletely  standard m icro-Kjeldahl dis­
tillation into 2%  H3BO3 acid, follow ed by  
titration with 0.01 n HC1 in the presence of 
a m ethyl red-m ethylene blue indicator. T h e  
result of the titration is the total K jeldahl 
nitrogen of the sample of lake water After 
titration, the sample' is re-distilled into HC1 
to rid it of the indicator. The second dis­
tillation need not recover the nitrogen of 
the sam ple quantitatively, and m ay be elim ­
inated entirely if the original titration is 
clone with a p H -m eter instead of the indi­
cator.

Free nitrogen is obtained from  the result­

73
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ing N H ,C 1 In treating it with alkaline hy- 
pohrom ite under vacuum . This j.s accom ­
plished in a special piece of apparatus so 
arranged that the hypobrom ite solution and 
the sam ple distillate are m ixed by tilting 
part of the apparatus after it has been evac­
uated. Our apparatus is exactly like that 
described b y  Rittenberg, et al. (1 9 3 9 ) ;  
formulas for hypobrom ite solutions are 
given below . T h e nitrogen gas released is 
then m oved with a Toepler pum p into a 
gas-sam ple bulb arranged to connect at the 
sam ple-inlet of the mass spectrom eter, or 
it is sealed into a 3-cm  piece of glass tubing  
according to the m ethod o f W einh ouse  
(1 9 4 6 ) . N o  further purification is neces­
sary. For assay o f isotope content w e have 
used Consolidated M o d el 21 -201 Isotope  
Ratio M ass Spectrometers.

R eagents

A ll reagents to be m ade up with fresh 
glass-distilled water.
1. C onfining fluids. 15%  Na^SO.j +  5%  

I L S 0 4 . T o 15 g \ a .S O j  ( reagent g ra d e ' 
add 80 m l I F O  and 3 ml reagent grade
i f s o 4 .

2. Kjeklahl digestion mixture.
1 .2 -1 .4  g K 2S 0 4 (reagent grad e) and 50  
m g H g S 0 4 (reagent grade) and 2 ml 
F F S O 4. T h e salts m ay be m ixed and 
placed in the m icro-K jeldalil flasks b e ­
fore the sam ple is added.

3. Indicator for Kjeklahl distillation ( used 
if p H  m eter is not in use) m ethyl-red  
m ethvleue blue.
0 .248 g m ethylene blue and 0 .375  g 
m ethyl red dissolved in 300  ml 95%  
ethvl alcohol.

4. 40%  N a O H — add 100 g N a O H  crystals 
to 225 m l of freshly distilled water, cool 
and store in a rubber-stoppered bottle.

5 Boric acid 2% .
6 . 0.01 n HC1— this should be accurately 

standardized.
7. Alkaline' hypobrom ite.

a. S ml brom ine and 35 ml of 1 I M N aO H
70 T~rt 1 Hi\tiHed witer

b. \Vc have experienced difficult) in 
preparing low  nitrogen samples tor 
n i . t ^ s  ' . p e e t l ' O M i e t i  \  u s m u  t h e  i l > o \ <

hypobrom ite preparation as a result 
ol spontaneous O-j production, which 
becom es a significant com ponent of 
sm all gas sam ples. By using the hy­
pobrom ite preparation of Rittenberg, 
et al. ( 19 39 ) this difficulty has been 
largely overcom e.

Calculations

T h e am ount o f nitrogen fixed is calcu­
lated by the expression

where Nr =  nitrogen fixed (m g ) .
Aj =  atom  per cent excess N lr’ in en­

riched No supplied at the be­
ginning of the experiment.

N , =  total reduced nitrogen at the 
end o f the experim ent as deter­
m ined by the m icro-Kjeldahl 
procedure ( m g ).

A / =  atom  per cent excess N ’ 5 in N ( .

The term atom  per cent excess refers to the 
itom per cent \ T15 in a sam ple above some 

arbitrary standard, for instance, the normal 
atom per cent \’ l:' found in biological ma­
terials or in the atm osphere. This value is 
usually taken to b e  0.358.

T he results are also som etim es expressed 
as “per cent nitrogen fixed.” This refers to 
the am ount calculated b y :

A,

111*. O A p lL  . 'v M W ll. ',  L  I I  a i t  ,->ii i i p l i f i L  d  .L '.’. d

hold as long as the change in .V, is held to 
a fairly small value during the course of 
the experiment.

Selection o f Standards

T he im portance of getting an accurate 
estimate' of A y is obvious from the above 
discussion; the selection of the standard 
above which the excess is calculated b e­
com es a critical matter since' isote)pe>-ratio 
mass spectrom eters arc ne)t ordinarily cali­
brated rend •ihsnlnte isotope ratios
Several standards are in com m on use: 1 ) 
laboratory air, 2 ) tank N -,  3 )  N L> obtained
I >\ e o n \ e r s i o n  o l  s o m e '  elnMStit . i l  e ' o m p o u n d
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T m s i . k  I .  Statistical resum e nf data obta ined  from  standards and blanks

Sr
S.

< \ U . i " S O ,
s ta n d a rd s

1"
O 3 6 0 S  

l ) . 0 t ) 0 0 ] 2 U o , ' }

0 . 0 0 3 4 7

0 . 0 0 0 8 4

W i s c o n s i n  M a s s  S p e c  i h o m e t e k

L a k e  w a te r 
a u to c la v e d  b la n k s  

X 1'  a dded

13
0.3000
0 . 0 0 0 0 4 - 1 8 7 2

0 . 0 0 6 7 0

0 . 0 0 1 8 6

L a k e  w a t e r  b la n k s  
L a k e  M e m lo ta

1 3  

0 . 3 6 0 4  

0 . 0 0 0 0 1  I >07 

0 . 0 0 3 7 0  

0.00010

L a k e  w a te r  b la n k s  
L a k e  W in g r a

15
0 . 3 0 8 0

0 . 0 0 0 0 4 0 0 8 2

0 . 0 0 6 3 3

0 . 0 0 0 1 6

I'ank \

1 9

0 . 3 5 0 8  

0 . 0 0 0 0 0 1  1 6 5  

0 . 0 0 1 0 8  

0 . 0 0 0 2 4

l ' i  i i s m  iU tI i M a s s  S i ’ i u . i  u d m i - . i k i i

(MlO.-SOi

8
0 . 3 5 2 8

0 . 0 0 0 0 0 0 7 2 2

0 . 0 0 0 8 5

0 . 0 0 0 3 0

I , ; ik c  w atc-r

n
0 . 3 5 3 1

0 . 0 0 0 0 0 0 2 7 1

0 . 0 0 0 5 2

0 . 0 0 0 1 6

of am m onia, and 4 )  a control from the 
experiment. Because the enrichments ob ­
tained in the early experim ents were small, 
and were expected to remain at relatively  
low  levels, m easurem ents were m ade on  
the mass spectrom eter com paring the re­
sults obtained from  tank N 2, converted  
(N H 4) 2S 0 4 and boiled dow n lake-water 
blanks from  tw o lakes. A  single bulb o f N L> 
taken from  a tank of com pressed, water- 
pum ped nitrogen was used as primary 
standard using the follow ing procedure:

i 1 ) Successive determ inations were made 
on tank IV. until the isotope ratio 
no longer declined, but varied about 
som e low  value.

( 2 )  T h e sam ple to be read (lake-w ater  
blrmk or r-nn verted was 
adm itted and the ratio determ ined.

( 3 )  Another tank N 2 sam ple was read.
( 4 )  R epeat of steps ( 2 ) and ( 3 ) .
A  similar series was run on water from  

Lake M endota and Lake W in gra , which  
also included a num ber of autoclaved lake- 
water samples to w hich N 15 was added in 
the usual w ay. T he results of an analysis 
of these data are given in T able 1. Tank  
nitrogen is quite obviously a less suitable 
standard than is converted (N H .j^ S O .,.  
Presum ably impurities are added during 
conversion, bringing the resulting ratio of 
the latter up to that observed from  the lake

water samples subjected to the sam e treat­
ment.

The least significant difference, at the 
»o'/o confidence ievei, is U.UU27 atom  pei 
cent, or practically 0 .003 atom  per cent for 
the Pittsburgh mass spectrom eter, and sim ­
ilarly 0 .0038 atom  per cent for the W isc o n ­
sin mass spectrom eter. Since the amplifiers 
in the Pittsburgh m achine have recently  
been rebuilt b y  the m anufacturer, resulting  
in greatly im proved perform ance, it m ay be  
assum ed that these figures arc more or less 
optimal.

Controls

T h e data from  the standards indicate that 
routine controls are not essential and that 
am m onium  sulfate is an adequate standard
iui lliu isuLopu-ialiw Jelciliiiiiatiuii. N c\cl
theless, periodically autoclaved lake water 
is included in the experim ents and m ore  
frequently sam ples of lake water are boiled  
dow n for isotope-ratio analysis.

D IS C U S S IO N

It is entirely unlikely that the positive  
results w e have obtained using these m eth­
ods represent am  thing but active biological 
fixation of nitrogen w hich occurs during the 
incubation. W e  have obtained no evidence  
that the distribution of nitrogen isotopes 
in unautoclaved lake-w ater blanks differs
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siu,i1111<_au11 \ trom the distribution in a sam ­
ple ol |-’ isll(T V IV t \ H i ' l-_'SO, u s e d  as ’ 
primarv standard lul "ordinal v nitrogen. 
Although the matter of isotope cflects in 
biological transformations of nitrogen is not 
yet com pletely settled, it seem s safe enough  
to take most currently available data to 
suggest that there is no isotope effect in 
biological nitrogen fixation ( H oering and 
Ford 1 9 6 0 ), and also that the nitrogen of 
biological m aterials docs not in general dif­
fer strikingly or consistently in isotopic 
com position from  that of non-biological 
ones. W e  conclude that w e have m ade 110 
overestimates of rate of nitrogen fixation 
due to isotope effeci.

A utoclaved lake water in contact with 
nitrogen gas enriched in N K’ has never in 
our experience incorporated N 15 into its 
Kjeldahl nitrogen, suggesting that no non- 
active processes, such as atom ic exchange, 
hnvc led to nnr v^siilt^' I f  remain'- p. 
though unlikely, that the autoclaving itself 
has interfered w ith som e non-active process 
leading to net uptake o f N lr’.

During incubation the partial pressure oi 
nitrogen at equilibrium  with the sample is 
about 0.2  atm. about one-fourth it.s normal 
value. In view  o f the findings of Burris am! 
W ilson  (1 9 4 6  ) that the half m axim um  rate' 
of nitrogen fixation b y  N osfor  iniisconini 
occurs at a partial pressure o f 0.02  atm. we  
have considered that reducing the pressure 
has led to no m ore than minor underestim a­
tion of the rates that w ould have occurred 
in the llasks had normal concentrations of 
n e e  niliogeii oeen available; Hie cost ol 
each determ ination has been appreciably 
reduced thereby.

Ordinarily the tim e of incubation lias 
been no greater than 24 hr, oiten less. Some1 
of our earlv results ( D ugdale. rf al. 1959'' 
suggest that the rate oi fixation inside one 
of the flasks tends to rise with increasing 
time of incubation and that therefore the 
latter should be kept as short as possible. 
W e  have ne'ver tumid e*v idence tor a change' 
in rate* within 24 hr. Kurther inv ostigations  
oi the ellccls ol prolonged incubation are1 m 
progress, but it is possible now to sav little 
more than the above. It is to be expected

that am  prolonged confinem ent of a sam­
ple of lake water will bring about changes 
m its bchavieii. il wouiel be use'tiil to know 
how king its norm al nitrogen-fixing ability 
persists under these1 conditions.

A lon g  with nitrogen, C O .. is exhausted 
Irom the flasks during aeration, with a re­
sulting displacem ent of the carbonate-bi­
carbonate equilibrium . W e  have never 
m ade m easurem ents of the changes in pH  
during aeration, nor estim ated the losses of 
C O -. It is entirely possible that our meas­
ured rates of nitrogen fixation are lower 
than those that w ould have been realized 
in the sam e samples of water had the amount 
ot carbon available to photosynthetic organ­
isms not thus been reduced. A  useful modi­
fication of the m ethod w ould be the in­
clusion of C O - at som ething like the normal 
atm ospheric partial pressure in the aerating 
gas mixture, although this could neit be ex-

j 1 i 1 11 ■UK. ^.UlKL.iiU illiU ilii Ol Cell'-
bonate and bicarbonate steady in all sam­
ple's of lake1 water.

ft is also no doubt possible that the eleva­
tion oi pH  eonseejueiit upon aeration of 
some samples would lead to injury to some 
<4 the organisms prese'iit. Norm ally, as 
stated above, the activity of visible zoo- 
plankters is not changed during aeration, 
and indeed usually remains unchanged  
through the e'ntire' incubation period, in­
dicating no violent dam age to the biota. 
W e  have- occasionally observed dam age to 
the phvtoplankton such that the healthy 
green color turned yellow , and suspect a 
conolation with unduly prolonged aeration. 
The question ot p H  change1 mentioned  
above1 mav be1 important here1.

Inasmuch as nitrogen com bined as nitrite 
<:r nitrate is lost from an unm odified  
Kjeldahl de'termination. it is possible that 
we have made' small e'rrors in estimating 
the total (jiiantities of nitrogen fixed in 
som e sample's ow ing to the' m ovem ent of 
lie W 1\ I i\v d 11i! I 0 'j,( ii into Ill'll lie or uitiatc 
during incubation. In view ol the short 
periods ol incubation, this seems verv un­
likely to have1 occurred. Denitrilieation  
cannot be1 expe'cled to occur during incuba­
tion in the pv, srtii-i' o| abundauf " i ' l l
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bn!  is 11i r t h e r m o r e  u n l i k e l y  f o h a v e  a nv  

lar^c'  (.'11c‘c• t u p o n  m e a s u r e d  r a t e  ol  f i x a t i o n  
because ol  the la r ge excess o f  f r ee  n i t r o g e n  

in t h e  f l a s k s  (.5—10 m g  o l  f r e e  n i t r o g e n  c o m ­
pared to s o m e t h i n g  ni  t h e  o r d e r  of ! m g  of  
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c ums tan ces ,  t h i s  c o n c l u s i o n  m i g h t  have to 
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APPENDIX B TABLE 1

S M I T H  L A K E  1963

T E M P E R A T U R E  
( D E G R E E S  C E N T I G R A D E )

DEPTH
( M) MAY 21 MAY 30 MAY 31 JUN
0 . 0 0 6 . 5 1 3 . 4 1 3 . 4 12
0 . 5 0 6 . 5 1 2 . 8 1 3 . 4 12
1 . 0 0 6 . 2 1 2 . 6 1 3 . 4 12
1 . 5 0 5 . 4 1 1 . 4 1 3 . 4 12
2 . 0 0 4 . 9 0 9 . 3 1 2 . 1 12
2 . 5 0 4 . 0 0 7 . 3 0 8 . 4 12

JUN 07 JUN 11 JUN 12 JUN
0 . 0 1 6 . 0 1 9 . 0 1 8 . 7 19
0 . 5 1 5 . 9 1 8 . 4 1 8 . 5 17
1 . 0 1 3 . 2 1 5 . 6 1 6 . 9 16
1 . 5 1 2 . 7 1 4 . 1 1 4 . 4 14
2 . 0 1 1 . 9 1 2 . 8 1 3 . 0 13

JUN 26 JUL 01 J UL  07 JUL
0 . 0 1 6 . 1 1 8 . 0 2 2 . 9 20
0 . 5 1 5 . 3 1 8 . 0 2 2 . 3 19
1 . 0 1 5 . 1 1 8 . 0 1 9 . 0 19
1 . 5 1 5 . 0 1 8 . 0 1 7 . 7 19
2 . 0 1 4 . 2 1 1 . 1 1 7 . 0 18

J UL  23 JUL  30 AUG 07 AUG
0 . 0 1 9 . 3 1 6 . 8 1 5 . 8 15
0 . 5 1 9 . 3 1 6 . 7 1 5 . 6 14
1 . 0 1 8 . 5 1 6 . 7 1 5 . 3 14
1 . 5 1 6 . 7 1 6 . 7 1 5 . 1 13
2 . 0 1 6 . 4 1 6 . 3 1 5 . 0 12

AUG 27 S E P  17 S E P  25 S E P
0 . 0 1 4 . 6 0 8 . 0 0 6 . 7 08
0 . 5 1 4 . 5 • •
1 . 0 1 4 . 4 • 0 6 . 3
1 . 5 1 4 . 0 • #
2 . 0 1 3 . 9 • 0 6 . 2

05
8
8
8
8
8
6

19
4
4
0
7
8

15
7
7
4
0
5

20
1
5
2
8
4

30
0
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\\

d e p t h

( M) 
0 . 0  
0 . 5  
1.0 
1 . 5  
2 .0

0 . 0
0 . 5
1.0
1 . 5
2 .0

A P P E N D I X  B T A B L E  1 C O N T I N U E D

OCT 09 OCT 25 NOV 06 NOV 13
0 7 . 0  0 0 . 0

0 2 . 2  0 2 . 3
0 2 . 9  0 3 . 1  0 2 . 8
0 3 . 6  0 3 . 7  •
0 4 . 0  0 4 . 0  0 3 . 9

DEC  04

•
0 2 . 5
0 3 . 6  
0 4 .  1



APPENDIX B TABLE 2

S M I T H  LA KE  1964

TE M PE R A T U R E  
( D E G R E E S  C E N T I G R A D E )

DEPTH
( M) 
0 . 0  
0 . 5  
1 . 0

JAN 03 FEB 03 F EB  19 F E B  26

1 . 5 0 2 .  1 0 1 . 9 0 1 . 6 0 2 . 3
2 . 0 0 3 . 2 0 3 . 7 0 2 . 6 0 2 . 9
2 . 5 0 3 . 9 0 4 . 1 0 3 . 4 0 3 . 4
MUD 0 4 . 0 0 4 . 5 0 3 . 9 0 3 . 6

0 . 0
0 . 5
1 . 0

MAR 18 MAR 24 MAR 31 APR 03

1 . 5 0 1 . 6 0 1 . 6 0 1 . 4 0 1 . 5
2 . 0 0 2 . 6 0 2 . 6 0 2 . 4 0 2 . 2
2 . 5 0 3 . 1 0 3 . 1 0 3 . 0 0 3 . 3
MUD 0 3 . 4 0 3 . 7 0 3 . 8 0 3 . 7

0 . 0
0 . 5
1 . 0

APR 08 APR 14 MAY 01 MAY 05

1 . 5 0 1 . 5 0 1 . 6 0 1 . 7 0 1 . 8
2 . 0 0 2 . 4 0 2 . 4 0 2 . 1 0 2 . 2
2 . 5 0 3 . 4 0 3 . 4 0 3 . 2 0 2 . 9
MUD 0 3 . 9 0 3 . 9 0 4 . 0 0 4 . 0

MAY 12 MAY 18 MAY 27 MAY 30
0 . 0 • • • 1 3 . 5
0 . 5 • • 0 4 . 2 0 8 . 2

1 . 0 0 3 . 8 0 3 . 2 0 4 . 8 0 5 . 6
1 . 5 0 3 .  1 0 3 . 3 0 4 . 2 0 5 . 2

2 . 0 0 3 . 0 0 3 . 2 0 4 . 0 0 4 . 3
2 . 5 0 3 . 3 0 3 . 3 0 3 . 5 0 3 . 6

3 . 0 0 3 . 7 • 0 3 . 4 •
MUD 0 4 . 0 0 3 . 9 0 3 . 6 0 3 . 5
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A P P E N D I X B TA BL E  2 C O N T I N U E D

DEPTH
( M) MAY 31 JUN 01 JUN 02 JUN
0 . 0 1 3 . 9 1 7 . 8 1 7 . 3 18
0 . 5 1 2 . 0 1 6 . 8 1 6 . 6 16
1 . 0 0 8 . 0 1 5 . 6 1 0 . 1 14
1 . 5 0 6 . 4 0 7 . 6 0 7 . 2 10
2 . 0 0 5 . 4 0 5 . 3 0 5 . 8 06
2 . 5 • 0 4 . 6 0 5 .  1 05
3 . 0 • 0 4 . 0 0 4 . 6 05
MUD 0 3 . 9 0 4 . 0 0 4 . 4 05

JUN 06 JUN 08 JUN 10 JUN
0 . 0 1 9 . 0 2 0 . 6 1 8 . 2 20
0 . 5 1 8 . 8 1 8 . 8 1 8 . 2 17
1 . 0 1 8 . 8 1 7 . 2 1 8 . 2 16
1 . 5 1 0 . 2 0 9 . 7 1 7 . 9 12
2 . 0 0 8 . 3 0 7 . 8 0 8 . 6 08
2 . 5 0 5 . 9 0 5 . 9 0 6 . 6 06
3 . 0 0 5 . 7 0 5 . 5 0 5 . 5 05
MUD • 0 5 . 4 • 05

JUN 16 JUN 18 JUN 23 JUN
0 . 0 2 0 . 4 2 2 . 2 1 8 . 8 17
0 . 5 2 0 . 2 2 1 . 5 1 8 . 9 17
1. 0 1 8 . 6 1 8 . 7 1 8 . 8 16
1 . 5 1 3 . 3 1 5 . 8 1 8 . 8 15
2 . 0 1 0 . 2 1 0 . 7 0 9 . 6 15
2 . 5 0 7 . 2 0 7 . 5 • 09
3 . 0 0 6 .  1
MUD 0 5 . 9 0 6 . 3 • 06

JUN 30 JUL  02 J U L  07 JUL
0 . 0 1 8 . 4 1 7 . 5 2 0 . 9 19
0 . 5 1 8 . 4 1 7 . 5 1 9 . 0 19
1 . 0 1 8 . 4 1 7 . 5 1 8 . 7 18
1 . 5 1 6 . 2 1 6 . 9 1 6 . 8 16
2 . 0 1 3 . 6 1 4 . 0 1 4 . 8 15
2 . 5 1 0 . 5 1 1 . 1 1 1 . 4 11
MUD 0 9 . 8 0 8 . 6 1 0 . 3 10

J UL  16 JUL 21 J UL  28 AUG
0 . 0 2 4 .  7 1 8 . 8 1 9 . 8 19
0 . 5 2 1 . 7 1 8 . 6 1 9 . 7 18
1 . 0 20'. 3 1 7 . 3 1 9 . 1 18
1 . 5 1 7 . 0 1 6 . 6 1 7 . 9 17
2 . 0 1 4 . 9 1 5 . 8 1 5 . 9 16
2 . 5 1 1 . 8 1 2 . 3 1 2 . 7 12
MUD • 1 0 . 2 • 11

04
3
3
0
6
5
5
1
0

12
5
9
5
3
8
1
7
6

25
2
2
7
6
0
5

8

13
7
2
0
4
1
5
3

04
0
9
2
8
5
3
8
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A P P E N D I X B T A B L E  2 C O N T I N U E D

d e p t h

(M) AUG 11 AUG 18 AUG 27 S E P  03
0 . 0 1 9 . 3 1 8 . 1 1 4 . 2 1 2 . 2
0 . 5 1 9 . 3 1 8 . 0 1 4 . 3 1 2 . 2
1 . 0 1 8 . 8 1 7 . 8 1 4 . 3 1 2 . 2
1 . 5 1 7 . 6 1 7 . 2 1 4 . 3 1 2 . 2
2 . 0 1 6 . 8 1 6 . 6 1 4 . 3 1 2 . 2
2 . 5 1 4 . 8 1 3 . 5 1 4 . 3 1 2 . 2
MUD 1 1 . 8 • 1 4 . 1 1 2 . 2

S E P  10 S E P  22 OCT 06
0 . 0 1 2 . 0 0 8 . 5 0 4 . 4
0 . 5 1 1 . 0 0 7 . 7 0 4 . 4
1 . 0 1 0 . 7 0 7 . 5 0 4 . 3
1 . 5 1 0 . 5 0 7 . 5 0 4 . 3
2 . 0 1 0 . 3
2 . 5 1 0 . 3 0 7 . 5 0 4 . 3
MUD 1 0 . 3 0 7 . 7 0 4 . 6



APPENDIX B TABLE 3

S M I T H  L A K E  1963  

PH

DEPTH  
( M > JUN 05 JUN 19 JUN 26 JUL  01
0 . 0 7 . 0 9 . 5 7 . 2 7 . 1
0 . 5 • 9 . 3 • •
1 . 0 7 . 3 7 . 7 7 . 0 7 . 0
1 . 5 • 7 . 1 7 . 1 7 . 1
2 . 0 7 . 2 • 7 . 1 8 . 0

0 . 0
J UL  15 

7 . 3
JUL 23 

7 . 2
J U L  30  

7 . 2
AUG 07  

7 . 3
0 . 5 7 . 2 7 . 3 7 . 2 7 . 3
1 . 0 7 . 3 7 . 1 7 . 2 7 . 3
1 . 5 7 . 1 7 . 1 7 . 2 7 . 2
2 . 0 • • 7 . 3 7 . 2

0 . 0
AUG 20  

7 . 2
AUG 27 

7 . 1
S E P  17 

7 . 4
OCT 25 

7 . 2
0 . 5 7 . 2 7 . 1 • •
1 . 0 7 . 2 7 . 1 • 7 . 2
1 . 5 7 . 1 7 . 1 • •
2 . 0 7 . 1 7 . 2 * 7 . 1

0 . 0
0 . 5
1 . 0
1 . 5
2 . 0

NOV 13 
7 . 1

7 . 0
•

6 . 9

DEC 09  
•
•

6 . 9  
•

6 . 9

79



APPENDIX B TABLE 4

S M I T H  LA KE  1964  

PH

DTPTH
(M) JAN 03 FEB  03 F EB  19 MAR 18
0 . 0 • • • •
1 . 0 6 . 9 6 . 8 6 . 9 6 . 9
1 . 5 • 6 . 8 • •
2 . 0 6 . 9 • • •
2 . 5 • 6 . 8 6 . 9 6 . 9

MAR 24 APR 08 APR 13 A p r  20
0 . 0 • • • •
1 . 0 7 . 0 6 . 8 6 . 8 6 . 8
2 . 0 • • • •
2 . 5 • • • 6 . 8

APR 28 MAY 05 MAY 12 MAY 18
0 . 0 • • • .
1 . 0 6 . 9 6 . 9 6 . 9 7 . 0
2 . 0 • • • .
2 . 5 • 6 . 8 • 6 . 8

MAY 23 MAY 27 JUN 02 JUM 08
0 . 0 • • 7 . 1 7 . 2
1 . 0 6 . 4 7 . 2 7 . 1 7 . 1
1 . 5 • • 7 . 0 .
2 . 0 6 . 7 • 6 . 9 6 . 7
2 . 5 • • 7 . 0 6 . 7
3 . 0 • 6 . 9 • .

JUN, 10 JUN 12 JUN 15 JUN 18
0 . 0 7 . 8 8 . 8 9 . 8 7 . 9
1 . 0 7 . 4 7 . 9 9 . 9 7 . 6
2 . 0 7 . 0 7 . 0 7 . 0 6 . 9

JUN 23 JUN 30 J UL  07 J UL  13
0 . 0 7 . 3 7 . 6 7 . 6 7 . 4
1 . 0 7 . 3 7 . 5 7 . 5 7 . 3
2 . 0 6 . 9 7 . 0 6 . 9 7 . 0

JUL'  21 JUL 28 AUG 04 AUG 11
0 . 0 7 . 4 7 . 7 7 . 7 7 . 2
1 . 0 7 . 4 7 . 5 7 . 4 7 . 4
2 . 0 7 . 2 7 . 1 7 * 4 7 . 6
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A P P E N D I X  B T A B L E  4 C O N T I N U E D

DEPTH
(M) AUG 18 AUG 27 S E P  03 S E P  10
0 . 0  7 . 4  f , U  7 . 4  7 . 5
1 . 0  7 . 4  7 . 5  7 . 4  7 . 4
2 . 0  7 . 2  7 . 4  7 . 3  7 . 4

S E P  22 OCT 06
0 . 0  7 . 4  7 . 4
1 . 0  7 . 4  7 . 4
2 . 0  7 . 5  7 . 4



APPENDIX B TABLE 5

S M I T H  LA KE  1963

P A R T I C U L A T E  N I T R O G E N  
( M I C R O G R A M S  /  L I T E R )

DEPTH
(M) MAY 21 MAY 30 JUN 05 JUN 12
0 . 0  1 3 1 . 1  1 8 8 . 6  1 9 9 . 0  8 8 5 . 6
1 . 0  . . 1 9 4 . 7  7 5 2 . 8
2 . 0  . . 1 2 9 . 2  1 5 8 . 1

AUG 27 S E P  03 S E P  10 S E P  25
0 . 0  0 6 3 . 2  0 4 7 . 6  0 2 9 . 7  0 2 3 . 5
1 . 0  0 4 3 . 6  0 3 9 . 2  0 3 3 . 4
2 . 0  0 8 2 . 2  . 0 4 3 . 9  0 3 5 . 2

OCT 09 OCT 25 NOV 06 NOV 11
0 . 0  0 2 6 . 9  0 4 1 . 9  0 2 8 . 3  0 3 7 . 9
1 . 0  . 0 1 5 . 3
2 . 0  . 0 6 5 . 6  . •

DEC 04  
0 . 0  1 0 4 . 1
1.0 .
2 . 0  0 7 5 . 8
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APPENDIX B TABLE 6

S M I T H  L AK E  19 64

P A R T I C U L A T E  N I T R O G E N  
( M I C R O G R A M S  /  L I T E R )

DEPTH  
( M) 
0.0
1 . 0  
2 .6

JAN 03

0 0 5 8 . 6
0 0 3 9 . 1

FEB  03  
I C E  COVER  

0 0 2 7 .  1
0 0 4 7 . 0

F E B  19

0 0 5 5 . 4
0 0 6 1 . 8

MAR 18 MAR 24 APR 08
0 . 0  I C E  COVER
1 . 0  0 0 9 2 . 9  0 1 0 8 . 0  0 1 4 0 . 0
2 . 0  0 1 6 8 . 0  . 0 0 7 2 . 4

0.0
1.0
2 .0

APR 20

0 1 0 4 . 8
0 0 9 8 . 3

APR 28 MAY 05
I C E  COVER

0 1 3 0 . 7
0 1 3 0 . 7

0222 .6

0 . 0
1.0
2 . 0
3 .0

MAY 18

0 2 1 8 . 0
0 1 9 0 . 0

MAY 23 
I C E  COVER

0 1 4 6 . 2
0 5 5 6 . 0

MAY 27

0 2 1 1 . 7
0 0 9 2 . 9
0 1 9 0 . 1

0.0
1 . 0
2 . 0

JUN 06
0 2 6 3 . 6
1 7 5 8 . 2
0 7 6 2 . 5

JUN 08
0 3 5 8 . 8
0 3 7 0 . 4
0 3 1 6 . 8

JUN 10
0 4 0 5 . 4
0 3 8 9 . 8
0 1 9 8 . 4

0.0
1 . 0
2 . 0

JUN 16
0 7 5 3 . 1
0 6 0 2 . 5
0 1 2 6 . 2

JUN 18
0 3 8 7 . 6
0 2 2 1 . 5
0 0 8 7 . 1

JUN 23  
.

0 1 0 1 . 5
0 1 2 9 . 6

F EB  26

0 0 7 6 . 8
0 0 5 5 . 4

APR 14

0 0 7 6 . 4  
0 0 8 3 .  1

MAY 12 

0 2 5 6 . 9

JUN 02
0 1 2 5 . 3
0 1 5 5 . 3
0 1 3 6 . 1

JUN 12
0 6 4 0 . 1
0 3 0 5 . 7
0 1 0 4 . 1

JUN 25
0 0 7 1 . 3
0 0 9 4 . 1
0 0 7 9 . 7
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A P P E N D I X  B T A B L E  6 C O N T I N U E D

DEPTH  
( M) 
0 . 0
1 . 0
2 .0

JUN 30
0 3 2 4 . 0
0 0 4 7 . 6

JUL 07
0 1 1 9 . 6
0 1 3 7 . 3
0 0 2 2 . 7

JUL  13
0 0 8 4 . 2
0 0 6 6 . 4
0 0 3 7 . 7

JUL  21 
0 0 5 0 .  1
0 0 4 6 . 4
0 0 4 4 . 3

J UL  28 AUG 04 AUG 11 AUG 18
0 . 0  0 0 7 4 . 4  0 0 6 7 . 6  0 0 8 6 . 3  0 0 5 2 . 5
1 . 0  . 0 0 7 6 . 4  0 0 7 5 . 4  0 0 5 2 . 5
2 . 0  . 0 0 5 1 . 3  0 0 5 1 . 3  0 0 6 0 . 1

0 . 0
1 . 0
2 . 0

AUG 27
0 0 5 8 . 9
0 6 4 5 . 6
0 0 6 9 . 8

S E P  03
0 0 6 1 . 1
0 1 5 9 . 3
0 0 6 9 . 8

S E P  10
0 0 9 3 . 8
0 1 0 1 . 4
0 0 5 0 . 2

S E P  22
0 0 5 9 . 0  

•
0 0 2 8 . 4

OCT 06  
0 . 0  0 0 6 3 . 3
1 . 0  0 1 0 3 . 7
2 . 0  0 0 8 4 . 0



APPENDIX B TABLE 7

S M I T H  L A K E  1 9 6 3

C HL O R O PH Y LL  A 
( M I C R O G R A M S  /  L I T E R )

DEPTH  
( M) JUN 12 JUN 19 J UL  18 JUL  23
0 . 0 0 9 9 . 3 1 0 0 . 1 0 0 7 . 2 0 0 4 . 3
1. 0 0 6 0 . 2 0 5 8 . 4 • •
2 . 0 • 0 1 6 . 7 • •

J UL  30 AUG 07 AUG 12 AUG 27
0 . 0 0 0 3 . 6 0 0 3 . 9 0 0 2 . 8 0 0 4 . 2
1 . 0 • 0 0 2 . 5 0 0 3 . 6 0 0 7 . 7
2 . 0 • 0 1 1 . 9 0 0 2 . 5 0 0 5 . 4

S E P  03 S E P  10 S E P  17 S E P  25
0 . 0 0 0 2 . 5 0 0 2 . 5 0 0 2 . 2 0 0 4 . 0
1 . 0 0 0 2 . 4 • • 0 0 3 . 2
2 . 0 0 0 7 . 4 002 .6 • 0 0 6 . 3

OCT 09 OCT 25 NOV 11 DEC 04
0 . 0 0 0 1 . 2 0 0 1 . 5 0 0 1 . 2 0 0 2 . 7
1 . 0 • 0 0 1 . 7 • 0 0 1 . 3
2 . 0 • • • •

FEB  26 MAR 18 MAR 24 APR 07
0 . 0 • • • •
1 . 0 0 0 1 . 3 0 0 5 . 1 0 0 7 . 9 •
2 . 0
2 . 5

0 0 1 . 3
•

0 0 4 . 5
• • 0 1 0 . 4

0 . 0
1 . 0

APR 14 

0 0 3 . 4

APR 20 
•

0 0 7 . 7
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APPENDIX B TABLE 8

S M I T H  LAKE  1964

C H L O R O PH Y LL  A 
( M I C R O G R A M S  / L I T E R )

Ufcr I H
(M) APR 28 MAY 01 MAY 05 MAY 12
0 . 0 • • • •
1 . 0 0 1 1 . 8 0 1 0 . 0 0 1 2 . 0 0 1 7 . 0
2 . 0 • • • •

MAY 18 MAY 25 MAY 27 JUN 02
0 . 0 • • • 0 0 3 . 3
1 . 0 0 1 6 . 4 0 0 7 . 2 0 0 4 . 5 0 0 6 . 8
2 . 0 0 3 4 . 9 0 2 0 . 3 0 1 6 . 5 0 1 2 . 4
2 . 5 0 4 8 . 4 0 6 5 . 9 0 2 7 . 9 0 1 6 . 7

JUN 08 JUN 09 JUN 10 JUN 12
0 . 0 0 2 2 . 6 0 4 6 . 3 0 1 7 . 1 1 3 2 . 3
1 . 0 0 1 0 . 7 0 2 8 . 6 0 3 4 . 7 0 1 9 . 4
2 . 0 0 1 0 . 1 0 1 5 . 2 0 0 6 . 8 •

JUN 15 JUN 16 JUN 18 JUN 23
0 . 0 0 6 2 . 9 0 3 6 . 9 0 2 9 . 3 0 0 5 . 8
1 . 0 0 5 1 . 8 0 3 2 . 0 0 0 7 . 4 0 0 7 . 1
2 . 0 0 0 9 . 2 0 0 5 . 5 0 0 6 . 4 0 1 2 . 2

JUN 25 JUN 30 J U L  07 JUL  13
0 . 0 0 0 5 . 3 0 0 7 . 7 0 0 3 . 2 0 0 5 . 7
1 . 0 0 0 5 . 5 0 0 8 . 2 0 0 4 . 6 0 0 2 . 8
2 . 0 0 0 2 . 9 0 0 3 . 2 0 0 2 . 2 0 0 3 . 1

JUL 21 JUL 28 AUG 04 AUG 11
0 . 0 0 0 2 . 3 0 0 3 . 4 0 0 4 . 5 0 0 4 . 7
1 . 0 0 0 1 . 9 0 0 3 . 4 0 0 2 . 7 0 0 3 . 8
2 . 0 0 0 1 . 5 0 0 2 . 8 0 0 4 . 0 0*02.5

AUG 18 S E P  10 S E P  22 OCT 06
0 . 0 0 0 4 . 0 0 1 4 . 0 0 1 0 . 3 0 1 1 . 7
1 . 0 0 0 3 . 3 0 1 3 . 6 0 0 5 . 0 0 1 1 . 0
2 . 0 0 0 2 . 2 0 0 5 . 0 0 0 3 . 6 0 0 7 . 0
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APPENDIX B TABLE 9

S M I T H  LAKE

D I S S O L V E D  I N O R G A N I C  P HOS P HO R US  
( M I C R O G R A M  ATOMS /  L I T E R )

DEPTH  
( M) S E P  25

1963  

OCT 03 OCT 06 OCT 09
0 . 0 • • 1 . 3 7 0 .  24
1 . 0 4 . 5 7 0 . 6 3 • 0 . 7 5
2 . 0 1 . 7 8 1 . 0 9 • •

OCT 10 OCT 17 OCT 23 OCT 25
0 . 0 0 . 3 1 0 . 3 5 0 . 4 1 •
0 . 5 0 . 5 6 • • 0 . 5 2
1 . 0 0 . 5 7 • • 0 . 7 9

0 . 0
1 . 0
2 . 0

NOV 11 
1 . 4 2  
0 . 7 4  

•

DEC 04  
1 . 1 7

1 . 5 0

JAN 03

19 64  

FEB 03 F E B  19 F EB  26
0 . 0 • • • •
1 . 0 1 . 8 6 2 . 5 8 3 . 1 5 •
1 . 5 • 2 . 6 4 • •
2 . 5 3 . 5 2 2 . 7 4 3 . 5 8 4 . 5 8

MAR 18 MAR 24 APR 07 APR  1
0 . 0 • • • •
1 . 0 4 . 2 2 • • 3 . 3 3
2 . 0 • • 4 . 5 4 •
2 . 5 5 . 6 0 4 . 0 1 • 6 . 0 3
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A P P E N D I X B T A B L E  9 C O N T I N U E D

DEPTH
( M ) APR 21 APR 28 MAY 05 MAY 12
0 . 0 • • • •
1 . 0 3 . 3 0 3 . 4 6 3 . 5 3 4 . 8 3
2 . 5 5 . 2 4 • 4 . 0 7 5 . 6 8

MAY 18 MAY 23 MAY 27 MAY 30
0 . 0 • • • 2 .  18
0 . 5 • • • 2 . 1 0
1 . 0 3 . 3 6 4 . 4 0 3 . 4 3 1 . 7 1
1 . 5 • • • 1 . 7 8
2 . 0 • 2 . 9 8 0 . 9 3 3 . 5 4
2 . 5 4 . 2 4 # • 3 . 9 7
3 . 0 • 5 . 2 4 6 . 3 4 •

JUN 01 JUN 02 JUN 08 JUN 09
0 . 0 1 . 9 1 2 . 1 6 1 . 6 3 1 . 8 4
1 . 0 2 . 8 6 • 1 . 5 2 1 . 3 2
1 . 5 2 . 3 1 2 . 7 6 • •
2 . 0 • 2 . 9 4 2 . 4 8 3 . 5 3
2 . 5 3 . 3 0 3 . 8 9 • •

JUN 10 JUN 12 JUN 15 JUN 16
0 . 0 2 . 0 4 0 . 3 0 0 . 2 1 0 . 5 8
1 . 0 2 . 0 2 1 . 0 4 0 . 6 4 0 . 2 5
2 . 0 2 . 8 4 3 . 0 1 2 . 7 7 2 . 1 5

JUN 23 JUN 25 JUN 30 J U L  01
0 . 0 0 . 7 2 0 . 4 4 0 . 2 5 •
1 . 0 0 . 9 5 0 . 4 5 0 . 3 1 0 . 2 0
2 . 0 2 . 5 9 0 . 3 7 1 . 2 0 2 . 5 5
2 . 5

0 . 0
1 . 0
2 . 0

•

JUL  27  
•

0 . 1 8
•

2 . 1 2

AUG 04  
0 . 3 7  
0 . 6 3  
1 . 5 2

• •



APPENDIX B TABLE 10

S M I T H  LAKE

D I S S O L V E D  O R G A N I C  P H O S P HO RU S  
( M I C R O G R A M  ATOMS / L I T E R )

1964

DEPTH
(M) FEB 03 FEB  19 F EB  26
0 * 0  . • •
1 . 0  1 . 8 7  1 . 6 9
1 . 5  1 . 7 6
2 .0  . . .
2 . 5  2 . 2 2  2 . 3 2  1 . 7 4

APR 07 APR 14 APR 21
0 . 0  . . .
1 . 0  . 1 . 1 5  2 . 0 5
2 . 0  2 . 0 0
2 . 5  . 1 . 7 1  2 . 7 9

MAY 05 MAY 12 MAY 18
0 . 0  . . .
1 . 0  . 1 . 4 4  1 . 8 4
2 .0  . . .
2 . 5  2 . 5 9  . 0 . 8 7
3 .0  . • .

MAY 27 MAY 30 JUN 01
0 . 0  . 0 . 7  2
0 . 5  . 1 . 4 1  .
1 . 0  2 . 0 9  1 . 6 3  3 . 2 4
1 . 5  . 1 . 3 2  1 . 5 1
2 .0  . 2 . 1 2
2 . 5  . 6 . 0 1  2 . 7 0
3 . 0  2 . 8 1  . .

JUN 09 JUN 10 JUN 12
0 . 0  2 . 0 8  . 0 . 7 6
1 . 0  0 . 4 0  0 . 9 6  1 . 4 5
2 . 0  8 . 1 8  0 . 9 1  , 1 . 4 4  .

MAR 18 

1 . 9 0

2 . 4 3  

APR 28 

1 . 0 6

MAY 23 
•

2 . 0 4
2 . 3 9

•

2 . 14

JUN 02  
1 . 7 6

1 . 7 9
2 . 2 4
3 . 3 2

JUN 15 
0 . 6 6  
0 . 4 7  
1 . 1 5
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A P P E N D I X  B T A B L E  10 C O N T I N U E D

DEPTH
(M) JUN 16 JUN 23 JUN 25 JUN 30
0 . 0  2 . 4 4  0 . 6 6  0 . 8 2  0 . 6 2
1 . 0  3 . 5 0  0 . 6 9  0 . 9 1  0 . 5 6
2 . 0  . 0 . 6 3  0 . 4 8  0 . 4 9
2 . 5  . . 0 . 6 4

JUL  07
1 . 0  0 . 4 5



A P P E N D I X  B T A B L E  11 

S M I T H  L 4 K E  1963  

A L K A L I N I T Y
(MG / L I T E R C A C 0 3 )

DEPTH
( M) JUN 05 JUN 19 J UL  15 JUL  23
0 . 0 2 6 . 5 2 2 . 0 3 1 . 1 3 0 . 9
1 . 0 2 6 . 5 2 9 . 7 2 9 . 8 3 0 . 6
2 . 0 2 6 . 5 2 8 . 3 3 0 . 7 3 0 . 5

JUL  30 AUG 07 AUG 20 AUG 27
0 . 0 3 1 . 4 3 3 . 5 3 4 . 5 3 8 . 8
1 . 0 3 1 . 6 3 3 . 4 3 4 . 8 3 6 . 4
2 . 0 3 4 . 0 2 2 . 0 4 1 . 2 3 6 . 0

S E P  25 OCT 25 NOV 13 DEC 09
0 . 0 44 . 0 4 8 . 0 4 0 . 0 •
1 . 0 44  * 0 4 5 . 0 5 0 . 0 5 4 . 0
2 . 0 4 4 . 0 4 4 . 0 4 9 . 0 5 7 . 0
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APPENDIX B TABLE 12

S M I T H  L AK E  19 64  

A L K A L I N I T Y
(MG / L I T E R C A C 0 3 )

DEPTH
( M) JAN 03 FEB  03 F EB  19 MAR 18
0 . 0 • • • •
1 . 0 6 5 . 5 7 0 . 0 7 4 . 0 3 8 . 9
2 . 0 6 5 . 0 7 2 . 0 7 4 . 0 6 4 . 0

MAR 24 APR 08 APR 13 APR 20
0 . 0 • • • •
1 . 0 6 6 . 0 6 0 . 0 5 9 . 0 5 8 . 0
2 . 0 • t • 6 1 . 0

APR 28 MAY 05 MAY 12 MAY 18
0 . 0 • • • •
1 . 0 5 4 . 0 5 4 . 0 3 4 . 5 2 6 . 8
2 . 0 • 4 5 . 0 • 6 1 . 5

MAY 23 MAY 27 JUN 02 JUN 08
0 . 0 • • 1 8 . 0 2 7 . 0
1 . 0 1 4 . 0 1 3 . 5 2 3 . 0 2 7 . 5
2 . 0 5 2 . 0 • 4 0 . 0 4 3 . 1

JUN 10 JUN 12 JUN 18 JUN 23
0 . 0 2 5 . 0 3 5 . 0 2 7 . 0 3 0 . 0
1 . 0 2 3 . 0 2 6 . 0 2 7 . 7 2 9 . 0
2 . 0 4 2 . 0 4 3 . 0 3 4 . 3 4 0 . 0

JUN 30 JUL  07 J U L  13 J UL  02
0 . 0 2 8 . 5 3 0 . 0 2 8 . 0 3 0 . 0
1 . 0 2 9 . 0 • 2 8 . 1 3 1 . 0
2 . 0 3 1 . 0 3 4 . 5 2 8 . 0 2 9 . 0

JUL  28 AUG 04 AUG 11 AUG 18
0 . 0 3 0 . 0 3 7 . 1 2 5 . 0 3 1 . 0
1 . 0 2 8 . 5 3 2 . 9 2 8 . 5 3 1 . 0
2 . 0 3 2 . 8 3 5 . 0 2 7 . 0 3 1 . 0
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A P P E N D I X  B T A B L E  12 C O N T I N U E D

DEPTH  
( M) AUG 27 S E P  03 S E P  10
0 . 0 2 9 . 4 3 3 . 0 2 8 . 2
1 . 0 3 0 . 8 3 3 . 0 2 6 . 2
2 . 0 3 0 . 3 3 2 . 0 2 6 . 5

0 . 0
1 . 0
2 . 0

OCT 06  
3 6 . 0  
3 7 . 7  
3 2 . 9

S E P  22 
3 2 .  f 
31 .b  
3 2 . 3


