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ABSTRACT

The rates of denitrification for an ice covered subarctic lake were measured by 

nitrogen-15 tracer techniques and the results compared to the measured decrease of nitrate 

in the lake during the same period. The effects of nitrate, glucose, acetate and phosphate 

concentration on the rate of denitrification were also investigated. Good agreement was 

found between the rate of denitrification and the loss of nitrate. The average rate of 

denitrification for the period measured was 5 jug N/fi-dav which is in good agreement with 

rates determined for other subarctic and temperate lakes and semi-tropical marine 

environments. Glucose, acetate and phosphate were found to enhance the rates of 

denitrification.
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INTRODUCTION

One of the most important parameters upon which the biota of a lake are dependent is 

the nutrient fluxes that occur within it. Nitrogen, carbon and phosphorous are considered to 

be the most important of these nutrients based on their high concentration in cellular 

material relative to other elements. The species and concentration of these nutrients, along 

with other chemical and physical parameters, are determining factors in the productivity of 

lakes. When viewed from the point of productivity, control of phosphorous and nitrogen 

can be considered the more important of the three. Carbon may become limiting for 

primary productivity in a few special cases. One might then say that phosphorous and 

nitrogen limitations are controlling factors in the eutrophication process. This study will 

concern itself with one of the ways by which nitrogen can be removed from the nutrient 

pool.

When one follows the nitrogen cycle of a lake (Ruttner, 1963) one sees a flux of 

unfixed nitrogen into the nutrient pool by the process of nitrogen fixation. Some of this 

nitrogen is incorporated into cellular material, but considerable quantities are leaked into 

the environment as ammoma and dissolved organic nitrogen. An additional source of 

ammonia in the lake is ammonification of nitrogenous organics in the lake water and the 

sediments. Fixed nitrogen may be brought into the system by inflows as particulate matter, 

dissolved organic nitrogen, ammonia or nitrate.

This ammonia may then be used by other biological organisms as a nitrogen source or 

be oxidized through nitrite to nitrate for energy by the process of nitrification. If the cycle 

were to stop at this point considerable amounts of nitrate could build up in the nutrient 

pool. Nitrate utilization by phytoplankton recycles the nitrogen to the particulate fraction, 

but during the winter, phytoplankton growth stops or is severely attenuated and nitrate can 

build up. With high amounts of nitrate present eutrophication could conceivably proceed at 

a faster than “ normal”  rate.
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The oxidative processes of a lake may promote conditions under which the nitrate can 

be removed from the nutrient pool. As the carbon and nitrogen of the lake are being 

oxidized, oxygen is being removed from the water. I f  ice cover or a strong thermocline 

exists as an effective oxygen barrier, the waters of the lake may become anoxic. At oxygen 

concentrations below approximately 0.27 mg/8 (Goering, 1968) nitrate can be biologically 

converted to N2 by the process of denitrification, thereby removing the nitrate from the 

nutrient pool.

Denitrification is a dissimilatorv process of nitrate reduction meaning that the nitrate is 

not used as a source of cellular nitrogen. The nitrate is used as an electron acceptor in the 

absence of oxygen during the oxidation of organic carbon for energy, the two primary end 

products being CO9 and N9. The free energy relationships developed by McKinney and 

Conway (1957) show that nitrate may follow oxygen as an electron receptor in respiratory 

processes. When acetate is used as the carbon source the AF of oxygen and nitrate are -202.6 

and -187.0 k cal/moie acetate respectively.

In an effort to assess die importance of denitrification in the aquatic biogeochemical 

cycle of nitrogen, experiments have been conducted on two dissimilar lakes: one, a naturally 

eutrophic subarctic lake, by Goering and V. A. DugJaie (1966) and the second on a 

temperate polluted lake by Bresonik and Lee (1968), and Keeney, et al. (1971).

The work of Goering and Dugdale was done during the vrinter anoxic period in Smith 

Lake, Alaska. Rates measured in the water column and in water overlying sediment agreed 

with the rate of loss of nitrate in the water column. By spring breakup all die nitrate had 

disappeared from the water column and the loss could be accounted for by denitrification.

Brezonik and Lee investigated denitrification in Lake Mendota, Wisconsin, in an effort 

to determine the importance of this process relative to other nitrogen sinks for that lake. 

The work was done during die summer when die hypolimnion was anoxic. Eleven percent 

of the annual input of nitrogen into Lake Mendota was removed by the process of 

denitrification.

The principal objective of this study was to determine if denitrification did occur and 

to what degree it was significant in the nitrogen budget of a subarctic lake of slightly 

different character than Smith Lake. The changes in concentration of die three important



inorganic nitrogen species, NH^. and NOo , were followed through the winter period

and these changes were compared to rates of dcnitrification measured by the use of 

labeled nitrate. These rates were then compared 1o rfiles measured for both fresh water and 

marine systems to see if any correlations could be found.

Labeled nitrate had to be added to the samples at a concentration equal to the natural 

nitrate level so that the label could be detected in the dissolved N 2 fraction after 

denitrification. Because of this an experiment was conducted in an attempt to obtain 

information on the effect of increased nitrate concentration on the rate of denitrification.

Early experiments showed that denitriiicalion was removing only 20 to 50 per cent of 

the nitrate in the incubation vessels. An experiment was designed and conducted to 

determine if the concentration of utilizable organic substrate or phosphate could have 

become limiting in the system during long term incubations.

The Lake

The lake (Figs. 1 and 2) chosen for the study was Ace Lake, one of a pair of small, 

highly colored thcrmokurst lakes located about three miles west of College, Alaska. The 

surface area of the lake is 5.7 x 10^ m“  with a maximum depth of 8 m and a volume of 17.7 

x I04 m3. The lake is atypical of most lakes in the region in that spring circulation is 

confined to the surface and fall circulation is strongly attenuated near the bottom. Oxygen 

tends to be depleted below the surface during the entire year and hydrogen sulfide is evident 

in the anoxic layer, indicative of sulfate reduction. Nutrient levels are higher than those 

normally found in other lakes in the region, but do show' some depletion during summer. 

Nitrate in the. deep water appears to remain at fairly constant levels during the spring and 

summer wi th a sharp increase during fall circulation and early winter. During late win ter and 

early spring the nitrate concentration declines. Because of the anoxic conditions it was 

hypothesized that part o f the nitrate loss may be a result of denitrification. A more 

thorough limnolotdcal description of Ace Lake may be found in Alexander and Barsdale 

(1971).

3



Figure 1. Aerial photo of Ace and Deuce Lakes, (from Alexander and Barsdate, 1971)
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Figure 2. Map of Ace and Deuce Lakes, (from Alexander and Barsdate, 1971)
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METHODS

Direct measurements of denitrification were made by using the nitrogen-15 tracer 

method of Goering and V. A. Dugdale (1966) with some modifications. Samples were 

collected from under the ice and as near the oxygen discontinuity layer as possible with 

either a 0.52 Frautschy bottle or a I M  Gemware bottle. The water samples were transferred 

to sterile 300 ml BOD bottles and the stoppers replaced to minimize atmospheric 

contamination. The bottles were returned to the laboratory and innoculated with 

nitrogen-15 labeled potassium nitrate (97.8 atom percent ^ N )  under an atmosphere of 

CO2. The bottles were then placed in a dark box and incubated at 5°C. When incubation 

was completed the sample was poisoned by the addition of 2 ppm by weight HgC^ under 

an atmosphere of CO 9 . The samples were stored at 5°C until mass spectrographic 

examination. Samples were not run in duplicate, therefore variability between samples could 

not be determined.

Figure 3 shows the manifold system used to strip the dissolved nitrogen gas from the 

water sample. The manifold was first flushed with CO2 (Coleman grade), stopcock C %vas 

closed, a high vacuum drawn on the manifold, and then stopcocks A andB wrere closed. A 

pressure of approximately 8 psi w;as placed on the gas stripper with CO9 and 5 to 10 ml of 

the sample were added by syringe through the septum at the top. Stopcock C was opened 

and the gases allowed to flow through an acetone-solid CO2 bath where water vapor was 

removed. The gas pressure reached equilibrium in about 1.2 minutes, at which time 

stopcock C wras closed and B was opened for fifteen seconds. CO2 was frozen out in the 

liquid nitrogen bath. Stopcock B wras closed and A  was opened, allowing the sample to be 

Toeppler pumped into a Bendix Time-of-Flight Model 17-210 mass spectrometer or into a 

gas sample bulb for later analysis on an AEI Model MS-20 mass spectrometer.

The fraction of total nitrogen gas evolved from 1,C*N labeled NO^ during incubation 

was calculated by the method of Hauck and Bouldin (1961). Their method considers die 

situation in which the N 9 molecules originate from more than one source (original dissolved 

N2 and N2 released from nitrate) and no common intermediate, where isotopic pooling can 

occur, is formed.

4



Figure 3. Gas stripper and high vacuum manifold tor preparation of mass spectrometer 

samples. A, B, and C-stopeocks, D liquid nitrogen trap, E-acetone-dry ice 

trap, F-gas stripper.
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The rate of nitrate uptake by the particulate fraction was measured by the method of 

Dugdale and Dugdale (1965).

Analyses for labeled ammonia were made by distilling the samples under vacuum 

at pH 9.2 and then converting the ammonia to N2 by reaction with a hypobromide solution 

(Alexander, 1971).

Samples for ammonia, nitrate, nitrite, phosphate, silicate and particulate nitrogen were 

collected in the same manner as the samples for denitrification. The lake was sampled 

monthly when possible and at 1 m intervals below the ice to the bottom. All samples were 

collected from the same location.

Nitrate was measured by the method of Strickland and Parsons (1960) as modified by 

Billaud (1968) for highly colored waters. Nitrite was measured by the method of Strickland 

and Parsons (1960) and ammonia by that of Solorzano (1969). Silicate and phosphate wrere 

run on a Technicon auto-analyzer by the methods of Grasshoff (1964) and Strickland and 

Parsons (1968) respectively. Particulate nitrogen was measured with a Coleman Nitrogen 

Analyzer, oxygen by the Alsterberg modification of the Winkler method and N2 by the 

method of Swinnerton, et al. (1962). The presence of H2S was noted by smell.
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RESULTS—PHYSICAL AND CHEMICAL

A  knowledge of the physical and chemical parameters of a lake are necessary to the 

understanding of the biological processes that occur within it.

Thermal Regime

Temperature data are presented in Table 1, Appendix A. No data are available for 1971 

as the thermister was malfunctioning during this period. Temperature profiles were typical 

of those found in the winter for other high latitude lakes (Hutchinson, 1957). During the 

fall, with the onset of cold weather, the waters cool and the lake passes through an 

isothermal stage, becoming inversely stratified as winter sets in. The typical winter thermal 

structure under the ice was as follows: temperatures near 0°C at the ice boundary with a 

rapid increase to near 2°C at 1.0 m then a gradual increase to near 4°C at the bottom. The 

temperature at the mud-water interface was always at or slightly above 4.0°C indicating that 

there may be a thermal flux from the bottom as a result of decomposition (Hutchinson, 

1957). With the disappearance of ice cover in late spring the surface layer is warmed and a 

strong thermocline develops inhibiting any spring mixing process.

Dissolved Oxygen

Dissolved oxygen data are presented in Table 2, Appendix A. Figures 4 through 10 

present the data in graph form for the winter-spring 1970-71. During ice-free periods oxygen 

was always present in the surface waters, becoming depleted at depth. In the spring the zone 

of low oxygen concentration begins at 3 to 4 m while in the fall the area is deeper, being at 

about 6 to 7 m. With the formation of ice the flux of oxygen into the lake was stopped and 

a gradual depletion occurred. The lake became partially anoxic, with the exception of a 

small layer near the ice, by mid-April.

Dissolved Nitrogen Gas 

Dissolved nitrogen gas data are presented in Table 3, Appendix A. Only one profile and 

two spot determinations were made during 1971 as the method did not prove to be very 

precise, the average error being ±0.38 mg N/£. The values were found to be near saturation 

according to the tables of Weiss (1970).

6



Figure 4. Depth profiles for NOg-N, NC^-N, NH^-N and O2 in Ace Lake, 3 November

1970.
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Figure 5. Depth profiles for NOg-N, NC^-N, NHJ-N and O2 in Ace Lake, 26 

November 1970.
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Figure 6. Depth profiles for NOg-N, NO^-N, NH4-N and 02 in Aee Lake, 4 February 

1971.
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Figure 7. Depth profiles for NOg-N, NO2 -N, NH^-N and O2 in Ace Lake, 4 March 

1971.
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Figure 8. Depth profiles for NOg-N, NO2 -N, NH^-N and O2 in Ace Lake, 23 March 

1971.
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Figure 9. Depth profiles for NOg'-N, NO2 -N, NH^-N and Og in Ace Lake, 13 April

1971.



10

p g - A T  N03- N/L  

20  30 40  50  60

ACE LAKE 13 APRIL 1971

N02- N / L



Figure 10. Depth profiles for NOij-N, NC^-N, NH^-N and O2 in Ace Lake, 20 May 

1971.
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Ammonia

Ammonia data arc presented in Table 4, Appendix A. Figures 4 through 10 present the 

winter-spring 1970-71 data in graph form. No values for ammonia were obtained for the 

ice-free situation. Ammonia concentrations for the first two meters under the ice were in 

the 1 to 10 Mg-at NHt-N/£ range. Concentration increased with depth with bottom values in 

the 100 to 200 Mg-at NH^-N/fi range, a maximum of 208 Mg-at NH4-N/8 being reached on 23 

March 1971.

A  gradual reduction of ammonia was observed through the winter season in the upper 

oxic waters. This is probably a result o f nitrification, the process by which ammonia is 

oxidized to nitrate as an energy source. As the oxygen concentration decreased below 1.0 

mg 02/8) ammonia increased in the water column. This increase may be the result of two 

processes: the deamination of proteins by proteolitic bacteria in the water column and the 

leaching of ammonia from the sediments. The leaching process may be enhanced by passage 

of dissolved gases through the sediments into the water column (Reeburgh, 1967).

Nitrate

Nitrate data are presented in Table 5, Appendix A. Figures 4 through 10 present the 

winter-spring 1970-71 data in graph form. Of all the inorganic nutrient species measured, 

nitrate concentration showed the greatest variability in space and time. These fluctuations 

seem to be intimately tied to the changes in dissolved oxygen concentration. Nitrate in the 

water column increased as the dissolved oxygen concentration decreased, with the highest 

nitrate concentration occurring when the water becomes anoxic (Fig. 11). Nitrate then 

began decreasing, reaching its lowest concentration at spring breakup. Total nitrate for the 

lake was 13.8 kg NO3 -N on 26 November 1971, reaching a high of 67.7 kg NO3 -N on 4 

March 1971, then decreased to 1.8 kg NO^T-N on 20 May 1971.

Vertical profiles of nitrate for the winter-spring 1970-71 show a decrease in nitrate 

with depth with the exception of the 3 November 1970 profile (Fig. 4). Nitrate in the upper 

water column was high, probably a result of nitrification in the oxic layer. The gradient w;as 

steep becoming minimal just below the. oxygen discontinuity layer. This minimum may be a 

result of denitrification (occurring in the anoxic zone). A  secondary nitrate maximum 

occurs at or near the mud-wrater interface. This could be a result of dense Deuce Lake water 

that has entered Ace Lake and sunk to the bottom (.Alexander and Barsdate, 1971).



Figure 1 1 . Changes in total 02, NOg and NO2 with time for Ace Lake during the winter 

spring 1970-71.
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Nitrite

Nitrite data are presented in Table 6, Appendix A. Figures 4 through 10 present the 

winter-spring 1970-71 data in griiph form. Nitrite concentration was low in the early winter, 

increasing to a maximum in the early spring and dropping to low levels by late spring. 

Vertical profiles show an increase with depth and an inverse relationship with nitrate when 

the two are plotted against each other (Fig. 12 ). Nitrite maxima develop near the oxygen 

discontinuity and after nitrate begins to disappear. This is to be expected as nitrite is the 

first intermediate in the dentrification process (Renner and Becker, 1970).

Particulate Nitrogen

Particulate nitrogen data are presented in Table 7, Appendix A. Values ranged from a 

low of 26 jug N/2 at 0 m on 4 February 1971 to a high of 2,744 /ig N/C at 3 m on 4 March 

1971. Concentration increased with depth ’with a secondary maximum occurring at 

intermediate depths in early spring. These secondary maxima were the result of a large 

number of zooplankton that appealed near the oxygen discontinuity during February and 

March. Zooplankton were absent from the wrater column by 23 March.

Phosphate

Phosphate data are presented in Table 8, Appendix A. Concentrations of dissolved 

inorganic phosphate wrere lowr and variable throughout the wrater column during most of the 

winter season. An increase is seen in March with a high of 5.4 ,ug-at PO^-P/2 near the 

bottom. No data are available for April and May.

Silica

Silica data are presented in Table 9, Appendix A. Silica remained fairly constant 

throughout the study period with a slight increase occurring in February and March. 

Concentration increased with depth, ranging from a low of 31 Mg-at Si/52 at the surface to a 

high of 153 pg-at Si/2 at the bottom. No data are available for April and May.

Hydrogen Sulfide

A  strong odor of hydrogen sulfide was present in all samples below the oxygen 

discontinuity layer. No direct measurements of HoS were made.

Physical Data

Data on weather, snow and ice conditions are presented in Table 10, Appendix A.
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Figure 12. Changes in NO2 as a function of NO3 for Ace Lake during the winter-spring 

1970-71.
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RESULTS-EXPERIMENTAL 

On 17 February 1970 a preliminary denitrifieatibn experiment was begun to determine 

if denitrification could be detected in Ace Lake and if so what rates one could expect to 

find, A  water sample was taken from a depth of 3.0 m. No oxygen could be detected. The 

original nitrate level was 153 jug NOg~-N/£ to which was added 1250 Mg ^ N O g  -N/£ as KNOg 

(97.8 atom percent ^ N ).  Incubation periods were for 3, 5, 9 and 13 days.

Computation of d (fraction of total N 2 evolved) using the expressions of Hauck and 

Bouldin (1961) indicated that N2 was formed by the process of denitrifieation. The fraction 

of total dissolved nitrogen evolved from denitrification (d) is plotted in Figure 13. To 

calculate the weight of nitrogen evolved it was necessary to know the weight of dissolved N2 

originally present in the sample. Since dissolved N2 was not measured it was necessary to 

assume that the lake was saturated with respect to nitrogen. The value of 21.2 mg N2/£ at in 

situ temperature was used (Weiss, 1970). The measured rate of denitrification for the first 

three days was 95 Mg N/£*day. The rates for 9 days and 13 days were 35 and 28 Mg N/£* day 

respectively (Table 1). The mass spectrometer trace for day 5 had a poor base line and had 

to be discarded.

Table 1 -  Experimental resu lts  fo r  17 February 1970

Total N0~ Incubation d 
Time

Total ^  
Evolved

Rate % Substrate 
Denitrified

UgN/i. Days PgN/£ ygN/?„‘ day

1403 3 0.0133 285 95 7
9 0.0147 316 35 22

13 0.0168 361 28 26

An additional denitrification experiment was run on 23 March 1971 to monitor the 

rate of denitrification at more closely spaced time intervals. For this experiment water from 

2.0 m was used, which had an oxygen content of 0.04 mg/£, a N2 concentration of 21.0 

mg/£ and a nitrate concentration of 134 Mg N/£. Each sample was inoculated with 250 Mg/ ̂  

labeled nitrate-N and incubated for periods of 1, 2, 6, 8, 11 and 12 days. Results of the 

experiments are shown in Table 2.

property of
A4 m  « c k & l ib r a r y



Figure 13. Fraction of total N2 evolved from labeled nitrate for the experiment of 
17 February 1970.
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Table 2 - Experimental results for 23 March 1971

Total N03 Incubation d 
Time

Total N 
Evolved

Rate % Substrate 
Denitrified

VgN/2. Davs ygN/P. ygN/2.*day

384 1 0.0005 10 10 3
2 0.0012 25 12 6
6 0.0013 27 4 7
8 0.0017 36 4 9

11 0.0026 55 5 14
12 0.0051 107 9 29

This experiment did not result in the high rate of denitrification measured in the 17 

February 1970 experiment. The initial rate was 10 Mg N/£* day and held near this level with 

a decline between days 6 and 1 1 . What is surprising is the good agreement between the 

results of the experiments of February 1970 and March 1971 when expressed as the 

percentage of substrate denitrified.

Because labeled nitrate was added in amounts equal to or greater than the original 

nitrate concentration it was necessary to cheek the effect of increased nitrate concentration 

on the rate of denitrification. Water was collected from 4.0 m on 4 February 1971 and 

placed in special 1 .0£ incubation vessels that allowed one to strip the original N2 from the 

sample (Clasby and Alexander, 1971). Dissolved oxygen was undetectable and nitrate was 

49 Mg N/£. Three of the vessels were innoculated with 75, 150 and 225 Mg ^NOg-N/fi. 

Subsamples were analyzed on the mass spectrometer at 6 to 24 hour intervals for a four day 

period.

No denitrification was detected during this period. At this time the Bendix mass 

spectrometer became inoperative. A  system was then developed to run the samples on the 

AEI mass spectrometer. The results are shown in Table 3. Incubation time was 37 days.

Table 3 - Experimental results for 4 Febrtiary 1971

Total NO^ Dissolved d Total Rate % Substrate
, N0 Evolved DenitrifiedAdded___________________ 2 _______________________ ________________________

PgN/£_____ iigN/it________UgN/ft_____________  ygN/£ ugN/£«day________

75 124 2.7
150 199 2.0 0.0397 82 2 41
225 278 2.1 0.0448 99 3 35



No denitrification could be detected in the incubator to which 75 jug ^  NOgVN/£ had 

been added. This is probably a result of the mass spectrometer not being able to detect very 

small quantities of mass 30 N 9 in a large volume of mass 28 N 2 when small samples are 

used. The atom percent ^°N for the sample was 0.372, wrhich is close to the natural 

abundance of 0.366. The rates of denitrification for the samples to which 150 and 225 

/ug^N0g-N/£ were added were 2 and 3 jug N/C‘ day respectively. The indication is that at 

these levels of nitrate the rate of denitrification is not appreciably affected by nitrate 

concentration.

.As an additional check it was decided to rerun the experiment. Water was collected 

from 1.0 m 011 13 April 1971 and placed in 300 ml BOD bottles. Labeled nitrate was added 

at levels of 250, 400 and 500 jug ^NOg-N/C. Initial nitrate concentration was 113 jug 

NO3 -N/C and 24.4 mg N^/# while oxygen was undetectable. Results are listed in Table 4.
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Table 4 - Experimental results for 13 April 1971

15wr-ftc>3 Total
N°3

Incubation
Time

d Total N2 
Evolved

Rate % Substrate 
Denitrified

ygN/£ vgN/.e Days ugN/£ ygN/£*day

250 363 7 0.0003 7 1 2
16 0.0022 54 3 15

400 513 7 0.0003 7 1 2
12 0.0012 29 2 6
16 0.0014 34 2 7

500 613 7 0.0013 31 5 5
12 0.0012 29 2 5
16 0.0025 61 4 10

The results of the above experiment were not conclusive as to the effect of nitrate 

concentration on the rate of denitrification because the variability of the determinations 

wras not evaluated. The data do show that die rates were low, which agrees with the findings 

of Hart, et al. (1965), that N2 production in the presence of NOg is low and relatively 

constant.

An investigation of the literature indicated that little work had been done on the effect 

of varied nitrate concentrations on the rate of denitrification. From work done with the
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denitrifying enzyme system (Hart, et al. 1965; Payne and Riley, 1969; Showe and DeMoss, 

1968) and rate studies (Goering and Cline, 1970; Goering and V. A. Dugdale, 1966) one 

may make some inferences as to the effect of nitrate on denitrification rates. In tire studies 

mentioned above the rates remained fairly constant during the period of measurement 

although in some cases the nitrate concentration changed greatly during the experiment. I f  

one were to use water that was both anoxic and contained nitrate, as was done in these 

experiments, it could be assumed that the nitrate reductase had been previously induced 

(Showe and DeMoss, 1968) and that no lag period would be seen. Hart, (1965) has 

shown that with nitrate present gas production is constant and at a low rate. One would not 

expect to see a change in the rate of denitrification until nitrate falls below a level where it 

represses nitrite reduction. Payne and Riley (1969) have shown that at levers above 5 pmoles 

NOg" the conversion of NO to N2O is suppressed.

In the previous experiments it was noted that the percent of substrate denitrified was 

quite low, generally in the range of 5 to 25 percent. A  low percent might be expected, as 

labeled substrate is added in amounts equal to or greater than ambient levels. The system is 

being stressed and the low recovery rates are an expression of that stress. It was decided that 

the stress points were probably the limited nutrient supplies and that they should be 

identified so that this information could be applied to the in situ situation if the need arose. 

As carbon sources and phosphate were the most likely substances to become limiting it was 

decided to test the response of denitrification rates to their addition.

Water was collected from 5.0 m on 20 May 1971. Nitrate level was 38 ,ug N/£ and 

dissolved oxygen was undetectable. All samples were innoculated with 500 pg ^NOg-N/'C 

and incubated for 20 days, at which time one sample was poisoned with HgCU- This sample 

was used to determine a basal rate. At this time lpM each glucose, acetate, P04~, acetate 

plus P04=  and glucose plus P04=  were added to individual samples. One sample had no 

additions made to it and served as a control. After 8 days incubation these remaining 

samples were poisoned with HgClo. The results of the experiment are listed below in Table 

5.
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Table 5 - Experimental results for 20 May 1971

Nutrients Incubation d Total ^  Rate* % Substrate
Added Time Evolved Denitrified
1 yM Davs UgN/Jt ygN/£*day

20 0.0104 226 11 42
28 0.0120 261 4 49

Glucose 28 0.0186 408 23 76
Acetate 28 0.0144 314 11 58
PV 28 0.0172 376 19 70
Acetate + PO, 28 0.0171 374 18 70
Glucose + PO.- 28 0.0207 455 29 85

*Rates were computed on the rate of increase of total evolved N0 between 
days 20 and 28.

The addition of glucose with phosphate provided the greatest stimulus to the rate of 

denitrification. The rate with glucose alone was greater than for phosphate and acetate v/ith 

phosphate, while acetate was the least stimulatory (Fig. 14).

The addition of glucose resulted in a higher rate of denitrification than with the 

addition of acetate because of the greater free energy yield of glucose in the denitrification 

reaction: —645.5 kcal per mole glucose (Painter, 1970) vs. —187.0 kcal per mole acetate 

(McKinney and Conway, 1957). The results suggest that organic carbon and phosphate are 

potentially limiting substrates in the denitrification process in Ace Lake.

Analyses of the particulate fractions from the experiments of 23 March, 13 April and 

20 May 1971 showed that the rates of nitrate uptake by the particulate fraction were less 

than 0.1 pg N/E*day.

Conversion of nitrate to ammonia was low. An atom percent excess ^IST of 0.78 over 

the control was measured for the 12 day incubation sample of 13 April 1971 to which 500 

Mg ^NOsjT-N/C had been added. The atom percent excess times the ammonia

concentration gave an estimate of 0.1 Mg N/P.*dav being converted to ammonia from nitrate. 

This rate is an order of magnitude less than the rate of conversion of N 2.



Figure 14. Rates of denitrification for enrichments with glucose, acetate and phosphate.
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DISCUSSION

The experimental results shown above indicate that the process of denitrification 

occurs in Ace Lake. Both nitrite and nitrogen gas are produced from nitrate in sequential 

order and initiation of production is controlled by oxygen concentration. After 

denitrification has commenced organic carbon source and phosphate may limit the extent of 

the reaction. The production of N2 represents a loss of nitrogen from the nutrient pool of 

the lake. This N 2 can only be recycled by nitrogen fixation, which is not likely to occur 

because of the liigh ammonia concentration in those areas of the lake where one would 

expect nitrogen fixing bacteria to be present.

Confirmation of the denitrification process can be found by the application of the 

equations of Hauck, et al (1958) to the nitrogen isotope distribution in the N2 phase. One 

set of equations (case 1 ) represents the isotope distribution if the denitrifying bacteria act 

only as a biological catalyst and all the evolved N 9 comes from nitrate. The case 2 equations 

represent the isotopic distribution of the evolved N2 if one nitrogen comes from nitrate and 

one from some other source such as cellular material. The two sets of equations can be 

solved for d, the fraction of N 9 evolved into a nitrogen atmosphere during incubation. Three 

values of d are obtained frorn each set o f equations and the variance of these values from the 

mean determine if the case used is applicable to the results obtained by mass spectrometry. 

Table 6 is an example of typical d values found for both cases in the experimental work 

done in this study.

Table 6 - d values from the experiment of 23 March 1971 

Incubation
Time d d*

Days Case 1 Case 2

1 0.0005 0.0007
0.0006 0.0003
0.0005 0.0840

6 0.0013 0.0019
0.0016 0.0009
0.0010 0.1739

12 0.0051 0.0070
0.0050 0.0027
0.0051 0.8913
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The large variance between d; values indicates that the N2 formed did not come from 

NOg plus some other nitrogen source such as organic nitrogen, ammonia or nitrite. The 

small variance in the d values indicates that the Ng evolved during incubation was formed 

exclusively from nitrate by the process of denitrifieaiion.

The only known nonenzymatic reaction that can produce N2 in natural waters is the 

Van Slyke reaction whereby a-amino groups or ammonia react with nitrite at low pH. 

Brezonik and Lee (1966) have found that the nonenzymatic production o f N2 occurs only 

at a pH less than 3. pH data for Ace Lake for February through April 1969 show a range 

from pH 7.09 to 7.32 (Alexander, unpublished data). Additional data for the anoxic zone in 

April and May 1968 show a pH range of 6.70 to 7.05 (Barsdate, 1969). At these pH ranges 

it is unlikely that a Van Slyke reaction would occur in Ace Lake.

The liquid nitrogen trap used during these studies freezes out the oxides of nitrogen; 

thus the evolution of NoO, a possible end product of denitrification, could not be 

determined. Goering and V. A. Dugdale (1966) found no evidence of NO or N2O production 

during denitrification. Wijler and Delwiehe (1954) reported that above pH 7.3 N 2O was 

readsorbed and converted to N^- NT0 production as an end product is significant only below 

pH 7. Barbaree and Payne (1967) found NT2 to be the primary end product of denitrification 

by the marine bacterium Pseudomonas perfectomarinus.

It is very difficult at times to relate experimental results obtained in the laboratory to 

the real world. I f  one is unable to incubate in situ then one should try to approximate those 

conditions as closely as possible. For this reason samples were incubated at 5°C, which was 

within 1 °  to 4°C of the in situ temperature. This was to lessen any effect ot increased 

temperature on the rate of denitrification.

Perhaps the most difficult problem to overcome in these types of experiments is the 

bottle effect. This is the increase in surface area available for bacterial attachment and 

growth when a sample is placed in a bottle. Zobell and Anderson (1936) have shown that a 

rapid increase in bacteria occurs when sea water is placed in glass bottles. This increase could 

result in artificially high rates of denitrifieation. Simon and Oppenheimer (1968) showed 

that for water containing particulate matter bottle volume had no effect on bacterial 

population, but the population did change significantly after a period of 8 hours. Their

15



incubation temperature was 17°C, which could allow higher generation times than the 5°C 

incubation temperature used for these experiments.

The in situ dissolved nitrogen plays an important part in the calculation of the rate of 

denitrification. An over-estimate would result in a high rate. N2 measurements conducted 

on the lake have shown that the lake water was near saturation and that solubility tables 

could be utilized to estimate values without greatly biasing the results. When in situ 

temperature data were not available, the 5°C saturation value was used for N2 . The use ot 

this value would result in a slightly lower denitrification rate than if an in situ temperature 

of 4° to 1 °C had been assumed.

Studies of the pathway of denitrification and the enzyemes involved have show n that 

high concentrations of nitrate and nitrite will decrease the rate of production of ^ O fro m  

NO (Payne and Riley, 1969; Renner and Becker, 1970). The addition of high concentrations 

of nitrate as N O g-^ N  to the Ace Lake samples may have had a similar effect by keeping the 

rate of denitrifieation at a minimal level, which would result in an under-estimation of the 

rates of denitrification. The results of the Ace Lake eperiments, however, do tend to show 

that as the nitrate concentration in the samples decreased as a result of loss through 

denilrification, the rales of denitrification remained low, but fairly constant.

It is hoped that any errors in the positive or higher direction, as a result of increased 

bacterial growth, incubation temperature and N2 estimation, would be balanced by errors in 

the negative direction resulting from enzyme inhibition by nitrate. It is practically 

impossible to assess the magnitude of the various errors with any degree of validity. We must 

proceed on the assumption that a close approximation of the in situ rates is being made.

To determine the importance of denitrification in the nitrogen cycle of an environment 

one must discover if any correlation exists between the measured rates and the changes in 

concentration of the inorganic nitrogen constituents of that environment. To facilitate this 

correlation a planimeter was used on the Ace Lake map and volumes calculated for 1.0 

meter intervals (Barsdate, unpublished data). The nitrate values for each sampling period of 

the winter-spring 1970-71 were used in conjunction with the volume data to determine the 

total nitrate concentrations for the lake.

1 6
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Table 7 - Total nitrate concentrations for Ace Lake

Date gm-at NO^-N

26 Nov 71 
4 Feb 71 
4 Mar 71 

23 Mar 71 
13 Apr 71 
20 May 71

3,079.5 
4,799,0 
1,489.9

980.7

692.2
124.6

The lake reached a high total nitrate concentration of 67.2 kg NOg -N on 4 March 1971 

dropping to a low of 1.8 kg NOg*-N on 20 May 1971 (Table 7). This represents a loss of 

527.7 jug NOg-N/fi over a period of 77 days for a rate of loss of 7 Mg NOg-N/£*day. The 

average of 18 measured rates o f denitrification over that period of time was 5 Mg N/£*day. 

The two rates are in good agreement with each other. Some 97.4% of the bulk nitrate was 

lost from the lake during the spring and 73 .0% of this loss can be attributed to 

denitrification.

Total concentration for ammonia increased for the period 26 November 1970 to 20 

May 1971 by the amount of 223.3 Mg NH^-N/S, giving a rate of increase of 1 Mg 

NH^«N/£*day. Conversion of nitrate to ammonia was on the order of 0.1 Mg N/£* day; thus 

most of the ammonia must have come from another source such as ammonification.

Uptake of nitrate by the particulate fraction was negligible when compared to 

denitrification.

The techniques employed in this study were not able to determine all the nitrate losses 

from the lake. Of the total nitrate lost approximately 73.0% was a result of denitrification 

and 1.5% ended up in the ammonia fraction. The ammonia could have resulted from 

fixation of labeled N 9 or from labeled nitrate that had been assimilated as a nitrogen source 

with loss of ammonia as an intermediate or deamination of the end product amino acids. As 

only a small portion of the label could be found in the particulate or ammonia fraction, 

then one might think that the dissolved organic nitrogen fraction may be of some import.
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It is possible that in a heterogeneous microbial population, which one might expect to 

find in a lake, that nitrate might be assimilated into the organic fraction and upon lysis be 

released into the water as dissolved organic nitrogen (DON). This DON could represent the 

25.5% of the nitrate that was lost from the lake. V. A. Dugdale (1965) found significant 

labeling of the DON fraction in Smith Lake during nitrogen fixation experiments when 

akinete differentiation was taking place in Anabaena.

Denitrification rates obtained from this study are found to be in good agreement with 

rates obtained by similar means for two other lakes, one subarctic and the other temperate. 

Goering and V. A. Dugdale (1966) obtained a rate of 15 Mg N/C-day at 1.0 m in Smith Lake, 

Alaska. Smith Lake was ice covered at the time and has physical and chemical characteristics 

similar to those of Ace Lake. Denitrification in Smith Lake was found to deplete the waters 

of nitrate before spring breakup occurred. Summer denitrification rates for Lake Mendota, 

Wisconsin were obtained by Brezonik and Lee (1968) and showed a range from 26 to 8.4 Mg 

N/S’ day. While denitrification could account for only 11% of the total nitrogen input into 

Lake Mendota it did result in the loss of approximately 50% of the total nitrate.

What is perhaps most significant about the above studies is that the range o f rates ot 

denitriiieation found in Ace, Smith, and Mendota Lakes are all very similar. This is not 

surprising if just Ace and Smith Lakes are considered, but it is surprising for Lake Mendota, 

which lies in the temperate zone. Summer temperatures in the hypolimnion of Lake 

Mendota are in the range of 12 to 14°C (Neess and Burge, 1956), some 10°C above Ace and 

Smith Lake winter temperatures. Denitrification rates for sub-tropical and temperate marine 

environments have also been measured and are in the range of those found for the fresh 

water habitat. Goering and R. C. Dugdale (1966) measured rates of 12 to 18 Mg N/fi*day for 

an island bay in the equatorial Pacific Ocean. For the oxygen minimum layer of the eastern 

tropical Pacific Ocean, Goering (1968) reported rates of 12 to 240 Mg N/fi*day. These rates 

may be abnormally high as the samples were incubated at 2 to 4 times in situ temperature. 

It is of interest to note that rates of denitriiieation do not vary as greatly as the physical and 

chemical nature of environments in which they have been measured.

The rates at which denitrification proceeds in the environments that have been studied 

seem to be sufficient to strip the water column of ail preformed nitrate. This would indicate
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that in the natural environment such nutrients as phosphate and organic carbon are at levels 

high enough to maintain the process. If more nitrate were to be adveetedinto the region of 

denitrification it would be reasonable to assume that other nutrients would also be advected 

at the same time. The enrichment studies did show, however, that denitrifieation is not 

operating at full potential and can be increased with the addition of nutrients.

This ability to artificially produce high rates of denitrifieation at low temperatures is 

particularly significant when one considers the problem of nitrogen removal from sewage in 

cold environments. Johnson and Schroepfer (1964) and Mulbarger (1971) have presented 

methods by which highly nitrified mixed liquor from conventional activated sludge could be 

stripped of nitrogen by denitrifieation with the addition of raw sewage or methanol. 

Evidence that denitrifieation will proceed at high rates with the addition of organics at lowr 

temperature could allow one to remove nitrogen from sewage by sequentially nitrifying then 

denitrifying the activated sludge.
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CONCLUSIONS

1 . The denitrification process has been shown to occur in Ace Lake during the winter, 

and the magnitude of the measured rates are great enough to account for the measured loss 

of nitrate from the waters. The rates range from a high of 95 Mg N/£*day to a low of 1 Mg 

N/.C * day. 527.7 Mg NOg-N were lost from the water column o\er a 77 day period for a rate 

o f 7 Mg N/£*day. This rate is in close agreement with the average of 18 rates of 

denitrification measured over the same time period: 5 Mg N/£#day. Thus the major nitrate 

loss can be said to be a result of denitrification.

2. Glucose, acetate and phosphate were shown to increase rates of denitrification 

indicating that they could be potential limiting nutrients. Glucose and phosphate were more 

stimulatory than acetate.

3. The rates of conversion of nitrate to particulate nitrogen and ammonia were 

negligible when compared to the rates of denitrification.

4. Denitrification can proceed at high rates at low temperatures and when enriched 

with an energy source and phosphate. Thus denitrification could be used in secondary 

sewage treatment in cold climates to remove nitrogen and organic carbon from effluents.

2 0



LITERATURE CITED

Alexander, V. 1971. Relationships between turnover rates in the biological nitrogen cycle 

and algal productivity. In Dynamics of the nitrogen cycle in lakes. Final report to the 

Federal Water Quality Administration, Grant No. 16010 DDS.

Alexander, V. and R. J. Barsdate. 1971. Limnological studies of a subarctic lake system. In 

Dynamics of the nitrogen cycle in lakes. Final report to the Federal Water Quality 

Administration, Grant No. 16010 DDS.

Barbaree, J. M *:and W. J. Payne. 1967. Products of denitrifieation by a marine bacterium as 

revealed by gas chromatography. Mar. Biol., 1:136-139.

Barsdate, R. J. 1969. Pathways of trace elements in Arctic lake ecosystems. Progress report 

to Atomic Energy Commission, Contract No. SAN 31 OP-6.

Billaud, V. A. 1968. Nitrogen fixation and the utilization of other nitrogen sources in a 

subarctic lake. J. Fish. Res. Bd. Canada, 25:2101-2110.

Brezonik, P. L. and G. F. Lee. 1968. Denitrifieation as a nitrogen sink in Lake Mendota. 

Wis. Environmental Science and Technology, 2:120-125.

Brezonik, P. L. 1966. Sources of nitrogen in fermentation gases. Air and Water Pollution 

Int. J., 10:145-160.

Clasby, R. C. and V. Alexander. 1971. Rates of denitrifieation in the anoxic zone of a 

subarctic lake. In Dynamics of the nitrogen cycle in lakes. Final report to the Federal 

Water Quality Administration, Grant No, 16010 DDS.

21



Dugdale, V. A. 1965. Inorganic nitrogen metabolism and phytoplankton primary 

productivity' in a subarctic lake. Ph.D. Dissertation, University of Alaska.

Dugdale, V. A. and R. C. Dugdale. 1965. Nitrogen metabolism in lakes, III. Tracer studies of 

the assimilation of inorganic nitrogen sources. Limnol. Oceanog., 10:53-57.

Goering, J. J. 1968. Denitrification in the oxygen minimum layer of the eastern tropical 

Pacific Ocean. Deep-Sea Res., 15:157-164.

Goering, J. J. and J. D. Cline. 1970. A  note on the denitrification in sea water. Limnol. 

Oceanog., 15:306-309.

Goering, J. J. and R. C. Dugdale. 1966. Denitrification rates in an island bay in the 

equatorial Pacific Ocean. Science, 154:505-506.

Goering, J. J. and V. A. Dugdale. 1966. Estimates of the rates of denitrification in a 

subarctic lake. Limnol. Oceanog., 11:113-117.

Grasshoff, K. 1964. On the determination of silica in sea water. Deep-Sea Res., 11:597-604.

Hart, L. T., A. D. Larson, and C. S. McCleskev. 1965. Denitrification by Corynebacterium 

nephridii.J. Bact, 89:1104-1108.

Hauck, R. D. and D, R. Bouldin. 1961. Distribution of isotopic nitrogen in nitrogen gas 

during denitrification. Nature, 191:871-872.

Hauck, R. D., S. W. Mels tad and P. E. Yankwich. 1958. Use of N-isotope distribution in 

nitrogen gas in the study of denitrification. Soil Science, 86:237-291.

2 2



Hutchinson, G. E. 1957. A  Treatise on Limnology, Vol. 2. John Wiley and Sons. 1015 p.

Johnson, W. K. and G. J. Schroepfer. 1964. Nitrogen removal by nitrification and 

dcnitrification. J. Water Pollution Control Federation, 36:1015-1036.

Keeney, D. R., R. L. Chen and D. A. Graetz. 1971. Importance of denitrification and nitrate 

reduction in sediments to the nitrogen budgets of lakes. Nature, 233:66-67.

McKinney, R. E. and R. A. Conway. 1957. Chemical oxygen in biological waste treatment. 

Sewage Ind. Wastes, 29:1097-1106.

Mulberger, M. C. 1971. Nitrification and denitrification in activated sludge systems. J. Water 

Pollution Control Federation, 43:2059-2070.

Neess, J. C. and W. W. Bunge, Jr. 1956. An unpublished manuscript of E. A. Birge on the 

temperature of Lake Mendota; Part I. Wise. Acad. Sei., Arts and Letters, 45:193-237.

Painter, II. A. 1970. A  review of literature on inorganic nitrogen metabolism in 

microorganisms. Water Research, 4:393-450.

Payne, W. J. and P. S. Riley. 1969. Suppression by nitrate of enzymatic reduction of nitric 

oxide. Proe. Soc. Exp. Biol. Med., 132:258-260.

Reeburgh, W. S. 1967. Measurements of gases in sediments. Ph.D. Dissertation, The John 

Hopkins University.

Renner, E. D. and G. E. Becker. 1970. Production of nitric oxide and nitrous oxide during 

denitrification by Corynebacterium nephridii. j. Bact. 101:821-826.

23



Ruttner, F. 1963. Fundamentals of Limnology, 34rd Ed. University of Toronto Press. 295

P-

Showe, H. K. and J. A. DeMoss. 1968. Localization and regulation of synthesis of nitrate 

reductase in Eschericha co/i. J. Bact., 95:1305-1313.

Simon, G. and C. H. Oppenheimer, 1968. Bacterial changes in sea water samples due to 

storage and volume. Zeitschrift fur Allg. Mikrobiologie, 8:209-214.

Solorzano, L. 1969. Determination of ammonia in natural waters by the phenolhypochlorite 

method. Limnol. Oceanog., 14:799-801.

Strickland, J. D. H. and T. R. Parsons. 1968. A manual of sea water analysis. Bull. Fish. Res. 

Bd. Canada, 165. 311 p.

Strickland, J. D. H. and T. R. Parsons. 1960. A manual of sea water analysis. Bull. Fish. Res. 

Bd. Canada, 125. 185 p.

Swinnerton, J. W., V. J. Linnenbom and C. H. Check. Determination of dissolved gases in 

aqueous solutions by gas chromatography. Anal. Chem.. 4:483-485.

Weiss, R. F. 1970. The solubility of nitrogen, oxygen and argon in water and sea water. 

Deep-Sea Res., 17:721 -735.

Wijler, J. and C. C. Delwiche. 1954. Investigations on the denitrifying process in soil. Plant 

Sod, 5:155-169.

Zobell, C. E. and D. Q. Anderson. 1936. Observations on the multiplication of bacteria in 

different volumes of stored sea water and the influence of oxy gen tension and solid 

surfaces. Biol. Bull., mar. biol. Lab., Woods Hole, 71:324-342.

24



APPENDIX A

25



Table 1. Ace Lake Temperatures (°C ) 1970-1971

Depth 1970 1971
n 19 Jan 26 Jan 17 Feb 11 Mar 20 Mav 10 Sep 24 Sep 3 Nov 4 Mar 23 Mar 13 Apr

0.0 1.4 0.8 0.3 0.7 10.6 10.1 5.3 1.1
0.5 2.6 0.7 1.5 9.8 9.7 5.2 1.9
1.0 2.8 2.4 2.5 2.3 8.2 9.1 5.2 2.8
1.5 3.0 3.0 6.6 8.9 5.3 3,5
2.0 3.2 3.4 3.2 3.2 5.2 8.8 5.2 3.6
2.5 3.2 3.2 5.0 8.8 5.2 3.8
3.0 3.8 3.7 3.4 3.3 4.7 8.8 5.2 3.8
3.5 3.7 3.4 4.6 8.6 5.2 3.8
4.0 3.9 3.8 3.8 3.5 4.4 8.2 5.2. 3.8
4.5 3.7 3.6 4.3 8.0 5.3 3.8
5.0 3.9 3.8 3.7 3.6 6.5 5.2 3.8
5.5 3.8 3.7 6.3 5.2 3.8
6.0 3.9 3.8 3.9 3.8 6.1 5.2 3.8
6.5 4.2 4.0 3.9 3.8 6.0 5.2 3.8
7.0 4,2 4.0 5.9 5.3 3.8
7.3 5.9 3.8
8.0 5.8 3.8
8.5 \ 3.9

0.6 0.6 0.4
1.4 0.9 1.2
1.9 1.9 1.7
1.9 2.5 2.1
2.2 2.6 2.4
2.4 2.7 2.5
2.7 2.8 2.6
2.8 2.8 2.6
2.8 2.8 2.7
2.8 2.8 2.8
2.9 3.0 2.8
3.0 3.0 2.9
3.1 3.2 3.0
3.2 3.3 3.1
3.4 3.9 3.2

toOn-



Table 2. Ace Lake Dissolved Oxygen (rng/A) 1970-1971

Depth 1970
m 26 Jan 17 Feb 11 Mar 20 May 24 S

0.0 2.1 1.6 0.9 9.1 6.8
0.5
1.0
1.5
2.0 4.3
2.5 0.4
3.0 6.4
3.5 0.0
4.0
4.5 0.4
5.0 0.0 0.0 0.0
5.5
6.0 1.2
6.5
7.0
7.5
8.0

3 Nov 26 Nov 4 Feb 4 Mar 23 Mar 13 Apr 20 May

7.6 5.7 2.1 0.7 0.2 0.3 8.1

7.7 5.6 1.9 0.8 0.1 0.0 7.8

7.1 5.1 1.6 0.6 0.0 0.0 1.7

6.8 3.8 0.7 0.0 0.0 0.0 0.1

7.1 3.3 0.0 0.0 0.0 0.0 0.0

3.6 1.7 0.0 0.0 0.0 0.0 0.0

1.2 0.6 0.0 0.0 0.0 0.0 0.0

0.6 0.0 0.0 0.0 0.0 0.0

0.0

to
•<1



Table 3.

Depth 4 Mar 23 Mar 13 Apr
m

0.0
1 .0
2.0
3.0
4.0
5.0
6.0
7.0
8.0

23.5
20.8
21.7
20.4
23.8
21.3
20.3
21.5

24.4
21.0

Ace Lake Dissolved Nj (mg/A) 1971



Table 4. Ace Lake Ammonia (yg-at NH^-N/A.) 1970-1971

Depth 1970 
 m 26 Jan 3 Nov

0 .0 .1 9 
1.0 8
2.0 8
3.0 9
4.0 12
5.0 25
6.0 52
7.0
8.0

1971
26 Nov 4 Feb 4 Mar

6 1 2
5 1 1
5 1 2
8 14 11

16 33 43
31 55 57
54 84 101
98 94 121

23 Mar 13 Apr 20 May

3 6 1
4 8 4

13 21 26
15 25 26
46 40 24
72 71 40

114 --- 77
208 183 119
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Table 5. Ace Lake Nicrate (ug-at NO"-N/A) 1970-1971

Depth 1970 
m 19 Jc

0.0 26.0 29.8   21.2 0.3
0.5
1.0
1.5
2.0 0.A
2.5 12.4
3.0
3.5 10.9
4.0
4.5 0.7
5.0 2.4 2.1 7.0 0.8
5.5
6.0
6.5
7.0
7.5
8.0

s: 26 Nov
1971 

4 Feb 4 Mar 23 Mar 13 Apr 20 May

0.5 6.0 54.8 94.7 21.5 11. 7 0.0

0.6 9.4 22.3 43.3 18.6 8.1 0.5

1.2 8.8 26.1 25.2 9.6 2.7 1.5

1.3 5.9 17.1 22.2 2.8 1.3 0.3

1.4 9.2 3.5 3.5 1.2 2.0 0.1

4.6 0.8 1.8 0.8 1.0 2.7

6.0 3.2 1.8 1.5 2.0 12.3 0.6

\ 1.2 3.2 7.7 3.4 2.4 1.0

0.2

co



Table 6. Ace Lake N it r ite  (yg-at NC^-N/i.) 1970-1971

Depth 1970
1 Nov 26 Nov

1971 
4 Feb 4 Mar 23 Mar 13 Apr 20 Mj

0.3 0.1 0.1 0.1 0.1 1.3 0.0

0.4 0.1 0.1 0.0 0.1 0.9 0.0

0.4 0.1 0.2 0.1 0.2 0.4 0.1

0.4 0.1 0.8 0.2 0.2 0.4 0.2

0.4 0.1 0.5 0.4 0.4 0.4 0.2

0.2 0.5 0.4 0.4 0.6 0.3

0.3 0.2 0.7 0.4 0.4 1.2 0.4

0.2 1.1 0.9 1.6 0.7 0.5

0.6

0.0 0.2 0.3 0.1 0.2
0.5
1.0
1.5
2.0 ’ 0.1
2.5 0.9
3.0
3.5 0.9
4.0
4.5 0.1
5.0 1.1 1.2 1.3 1.2
5.5
6.0
6.5
7.0
7.5
8.0

CO



Table 7. Ace Lake Particu late Nitrogen (ug N/Jl) 1970-1971

Depth 1970 
m 19 Ji

0.0 95 69 196 118 327
0.5
1.0
1.5
2.0 198
2.5 91
3.0
3.5 106
4.0
4.5 68
5.0 173 182 557 166
5.5
6.0
6.5
7.0
7.5
8.0

l Nov 26 Nov
1971 

4 Feb 4 Mar 23 Mar 13 Apr 20 Mi

31 73 26 220 107 85 129

73 162 46 239 99 123 113

91 141 84 1,843 262 110 209

47 47 557 2,744 264 135 142

69 76 402 253 142 123 129

89 121 237 210 197 109

132 128 229 214 280 131 129

V
\

358 475 469 ---- 276 142

164

CO:ts3:



Table 8. Ace Lake Phosphate (pg -at P0~-P/&) 1970-1971

Depth 1970 1971
n 19 Jan 26 Jan 17 Feb 11 Mar 20 May 3 Nov 26 Nov 4 Feb 4 Mar 23 Mar

0.0 0.5 0.6 --- --- 0.4 0.5 0.6 0.7 0.7 0.9
0.5
1.0 0.4 0.5 0.6 0.7 1.0
1.5
2.0 0.4 0.5 0.7 0.8 0.9
2.5 0.5
3.0 0.4 0.4 0.8 0.6 0.9
3.5 0.2
4.0 0.4 0.4 0.4 0.5 1.3
4.5
5.0 0.3 0.5 0.8 0.5 0.3 0.7 0.5 1.5
5.5
6.0 0.2 0.5 0.6 0.4 1.5
6.5
7.0 0.3 0.7 0.9 5.4
7.5
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Table 9. Ace Lake S ilic a te  (ug-at Si02-S i/£ ) 1970-1971

)epth
m

1970 
19 Jan 26 Jan 17 Feb 11 Mar 20 Hay 3 Nov 26 Nov

1971 
4 Feb 4 Mar 23 >

0.0 32 31 36 52 32 36 34 47 44 37
0.5
1.0 31 34 43 43 35
1.5
2.0

• 31 33 40 47 37
2.5
3.0

37
32 32 45 49 37

3.5
4.0

39
35 41 65 , 69 52

4.5
5.0 45 40 53 56 58 78 76 64
5.5
6.0 78 87 103 126 93
6.5
7.0 126 153 153 107
7.5



Table 10. Ace Lake Weather, Snow and Ice Data 1970-1971

Date Air Temp 
°C

Wind
Speed

Wind
Direction

Sky
Conditions

Snow
Depth

cm

Ice Thickness 
cm

19 Jan 70 -29 light --- cloudy 10
26 Jan 70 -18 ----- --- overcast 10
17 Feb 70 -12 calm --- clear 15
11 Mar 70 +13 calm --- clear 13
20 May 70 +16 light --- pt. cloudy none
03 Nov 70 0 calm --- pt. cloudy 5
26 Nov 70 -21 calm --- pt. cloudy 60
04 Feb 71 -32 calm --- clear —
04 Mar 71 -28 calm --- clear 68
23 Mar 71 -06 15 knots NE clear 65
13 Apr 71 +12 10 knots E overcast 55
20 May 71 +10 05 knots SE overcast none

*5 foot moat, some thaw holes in the ice.

100
100
100
92

none
15
35
80
100
90
100
50*

W:Oi


