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Abstruct 

Rates of microbial reduction of 02, Fe 3+, Mn”+, NO,-, and SOE-, and total generation of 
COP and CH, were measured in the hypolimnia of three Canadian Shield lakes. Methano- 
genesis accounted for 72-806 of anoxic carbon generation, while sulfate reduction contrib- 
uted 16-20%. The remainder of anoxic carbon generation (28%) originated from all of the 
other processes combined (nitrate, iron, and manganese reduction). 

In lakes affected by acid deposition, inputs of sulfate and nitrate will increase, and it is 
expected that reducing power normally going to methane production will be diverted to 
nitrate and sulfate reduction. The last two reduction reactions can result in alkalinity pro- 
duction, whereas methane production does not. A model was developed to predict the sig- 
nificance of hypolimnetic alkalinity production which could result from these reactions in 
lakes with known hypolimnetic reducing power (methane production). The model showed 
that the hypolimnia of two ELA lakes which have been made eutrophic artificially could 
potentially produce enough persistent alkalinity to neutralize “typical” acid deposition, while 
a lake that was not eutrophic could not. Besides trophic state, other factors important in 
determining a lake’s capability for hypolimnetic alkalinity production were watershed area : 
surface area ratio. the watershed retentions of H+, SOd2-, N03-, and NH4+, and the degree 
of precipitation of FeS in the sediment. 

Atmospheric acid deposition delivers 
elevated levels of nitrate and sulfate ions, 
as well as hydrogen ions, to lake basins 
(Likens et al. 1977; Dillon et al. 1978), In 
lakes and soil, both of these anions may 
be reduced by bacteria which use them 
as electron acceptors in anoxic environ- 
ments or by photosynthetic organisms 
which use them as nutrients. These re- 
duction reactions result in the production 
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of alkalinity, i.e. they supplement geolog- 
ical sources of alkalinity and thus con- 
tribute to the acid-neutralizing ability of 
an ecosystem (Berner et al. 1970; Schind- 
ler et al. 1980; Hemond 1980; Goldman 
and Brewer 1980; Cook 1981). In lakes 
with low sources of mineral alkalinity, 
such as the Canadian Shield lakes, bio- 
logically produced alkalinity may be one 
of the few sources of neutralization. Al- 
though this phenomenon of biologically 
produced alkalinity is well documented, 
it remains to be shown whether it could 
be significant in low alkalinity lakes in 
offsetting the acidity of anthropogenic at- 
mospheric deposition. 

Bacterial nitrate and sulfate reduction 
require anoxic or near-anoxic conditions 
and oxidizable organic substrate. Other 
bacterial reactions which can occur un- 
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Table 1. Oxidative reactions for organic material of the Redfield composition (equations from Froelich 
et al. 1979). 

(-LO),,, NUT,, W,POJ + 1380, + 106C0, -t 16HN0, + H,PO, + 122H,O (1) 
CO&O2 = 0.77 

(C&O),,, (NH,),, (H,POJ + 236Mn0, + 472H’ - 236Mn2+ -t 106C0, + 8N, + H,PO, + 366H,O (2) 
C02:Mn2+ = 0.45 

WLO),,, (NH,)~, WJ’OJ + 84.8HN(h 4 106C0, + 42.4N, + 16NH, + H,PO, + 148.4H,O (3) 
COa:NOs- = 1.25 

(CH,O),,, (NH,),,; (H:,PO,) + 424FeOOH + 848H+ -+ 424Fe2+ + 106C0, + 16NH, + H,PO, + 
7&I-1,0 

C02:Fe2’ = 0.25 
(4) 

(CH,O),,,,; (NH& (H:,PO,) + 106H+ + 53SOd2- + lO6CO2 + 16NII:i + 53ZH2S + H,POd + lO6H2O (5) 
co2:so42- = 2 

(CH,O),,,, N-M,o WJ’OJ + 53C0, + 53CI1, + 16NH3 + I13POd (6) 
CO2:CH, = 1 

der anoxic conditions and which use or- 
ganic substrate are iron and manganese 
reduction, and methanogenesis (Table 1). 
These anoxic reactions have often been 
studied individually, but very few data 
are available on the relative importance 
of each reaction to total organic carbon 
oxidation. Because there is only a finite 
amount of organic substrate available in 
a lake, these various anoxic reactions are 
competitive: an increase in one can be 
expected to occur at the expense of 
another. The relative importance of each 
activity should be a function of the con- 
centrations of reactants and products at a 
given moment, and any other environ- 
mental conditions that might favor one 
group over another, e.g. pH. Some of 
these bacterial reactions do not result in 
alkalinity production (e.g. methanogene- 
sis), and, of those that do, the alkalinity 
may or may not be long lasting in the lake 
environment. Therefore, it is instructive 
to know the relative importance of these 
activities in freshwaters and also the po- 
tential for changes as the inputs of sul- 
fate, nitrate, and hydrogen ions are in- 
creased. 

The most obvious potential for change 
in anoxic bacterial activities as acid de- 
position increases is a shift from meth- 
anogenesis (Table 1, Eq. 6) to nitrate and 
sulfate reduction. Methane is produced 
in many lakes (Rudd and Taylor 1980), 

and methane release accounted for 3748% 
of the carbon regenerated from organic 
sediment input in five lakes with anaer- 
obic hypolimnia (Kelly and Chynoweth 
1981). The addition of nitrate or sulfate 
to a methanogenic system results in a shift 
of electron flow away from the produc- 
tion of methane to the reduction of nitrate 
or sulfate (Balderston and Payne 1976; 
Bryant et al. 1977; Winfrey and Zeikus 
1977; Knowles 1979; Mountfort et al. 
1980). It has also been shown that anoxic 
methane oxidation can occur, linked to 
reduction of sulfate or other electron ac- 
ceptors such as iron or manganese, al- 
though the importance of this in fresh- 
water systems seems to be small (Zehnder 
and Brock 1980). In either case, the net 
effect on the system is the same. Methane 
production has been measured in quite a 
few lakes (e.g. Rudd and Hamilton 1978; 
Strayer and Tiedje 1978; Kelly and Chy- 
noweth 1980; Falton et al. 1980). How- 
ever, such measurements have never 
been compared to the quantities of ni- 
trate and sulfate delivered to lakes by acid 
deposition and the potential for change 
in anoxic bacterial communities. In ad- 
dition, the quantities of nitrate and sul- 
fate reduction which commonly occur in 
freshwater lakes are not well document- 
ed. 

The two main purposes of this work 
were to provide comprehensive measure- 
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ments of the relative importance of the 
many different kinds of anoxic bacterial 
activities in several different lakes and to 
quantify the response of anoxic bacterial 
communities to elevated nitrate and sul- 
fate concentrations associated with acid 
deposition, including the significance of 
this response to the acid-neutralizing ca- 
pacity of a lake. 

F. A. J. Armstrong, R. J. Flett, R. Hess- 
lein, and P. Campbell provided criti- 
cisms and encouragement during the 
preparation of this paper. The ELA sam- 
pling crews and analytical staff headed 
by J. Penny and J, Prokopowich pro- 
duced the DIC, 02, H,S, and NO,- data. 
Sulfate, iron, and manganese samples 
were analyzed at the Freshwater Insti- 
tute chemistry laboratory. 

Methods 
Three ELA lakes (227,226N, and 223) 

were used for this study. Lake 227 
(2 max = 10 m) was made eutrophic exper- 
imentally in 1969 by adding P and N 
(Schindler and Fee 1974). It received 14 
mmol P~rn-~ as H,P04 and 450 mmol N. 
m 2 as NaNO, each year from 1969 until 
1975. In 1975, N additions were changed 
to 160 mmol.m-2 with P loading remain- 
ing the same, The hypolimnion is anoxic 
(>4 m) during stratification. Lake 226N 
(2 max = 14 m) was made eutrophic exper- 
imentally in 1973 by adding P, N, and 
organic carbon fertilizer (Schindler 1974) 
and has received 10 mmol P*rnp2 as 
H,P04, 129 mmol N-m-” as NaNO,, and 
288 mmol Cm mW2 as sucrose each year 
since 1975. Additions were only slightly 
different before 1975. Lake 226N be- 
comes anoxic below 5 m during summer 
stratification. Lake 223 (Z,,,, = 14 m) has 
been acidified experimentally since 1976 
(Schindler et al. 1980). It received 373 
mmol H,S0,*m-2 in 1976, 196 mmol*m-2 
in 1977, 228 mmol mm-” in 1978, and 190 
mmol em-2 in 1979, causing the epilim- 
netic pH to drop from 6.7 to 5.6. Lake 223 
is anoxic below 12 m during stratification. 

Hypolimnetic water samples were col- 
lected at l-2-m intervals with a peristal- 
tic pump. Samples were analyzed for to- 
tal dissolved inorganic carbon, oxygen, 

sulfate, sulfide, iron, and manganese ac- 
cording to the methods of Stainton et al. 
( 1977). Methane concentration was de- 
termined as by Rudd et al. (1974). 

Reduction rates of oxygen, sulfate, and 
nitrate were assumed to be eaual to total 
loss of each chemical species from the 
hypolimnetic water column during sum- 
mer stratification. There was no photo- 
synthesis and very little oxygen at the 
depths used. Reduction of iron and man- 
ganese was estimated as the increase of 
total dissolved iron and manganese in the 
water column. The reduced species of 
these elements are quite soluble and the 
oxidized species veiy insoluble (Stumm 
and Morgan 1981). Methane and carbon -_ 
dioxide production rates also were mea- 
sured as release to the hypolimnetic water 
column. Not all of the reduced products 
are released into the water column, how- 
ever; some portion remains “stored” in 
the porewater. The degree to which these 
release measurements may underesti- 
mate true production rates is probably 
small, due to the small volume of pore- 
water available for storage. An exception 
is Fe2+ which is also stored in the sedi- 
ments as FeS. FeS formation was esti- 
mated as the difference between SOd2- 
loss and H2S return to the water column, 
and the iron reduction rates were correct- 
ed accordingly. 

Hypolimnetic accumulation or loss of 
each chemical species was measured be- 
low 4 m in Lake 227 and below 5 m in 
226N. Corrections for loss or gain by ver- 
tical diffusion across the 4- and 5-m planes 
were not significant because these depths 
were within the metalimnion where ver- 
tical diffusion rates are extremely low 
(5 x 10e4 cm2*s1: Quay et al. 1980). 

Because the anoxic zone of Lake 223 
began 3 m below the bottom of the ther- 
mocline, vertical diffusion corrections 
were necessary and were made from 

where F is flux rate in mol. crnm2* s-l, D is 
average eddy diffusion coefficient in cm2 * 
s-l (D = 2 x low3 for 11-12 m, Lake 223: 
Quay 1977), and dC/dX is concentration 
gradient in mol. cm+* cm-l. 
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To relate the magnitude of these chem- 
ical changes to the relative importance of 
the various types of anoxic bacterial re- 
action, we computed the amount of or- 
ganic carbon potentially mineralized by 
each reaction. For 02, S04”-, N03-, Fe”+, 
and Mn”+ reduction, the amount of car- 
bon mineralized was taken from the mea- 
sured amount of electron acceptor re- 
duced and the amount of CO, produced 
as predicted by the stoichiometry of the 
oxidation of organic material (Table 1). In 
methanogenesis, both CH4 and CO, are 
the carbon-containing end products (Eq. 
6: Table 1). For this reaction, the meth- 
anogenic CO2 was taken to be the amount 
left after subtracting the CO, generated 
by all other reactions from the total. 

There are some known reactions where 
reduction of an anoxic electron acceptor 
is linked to an inorganic oxidation, e.g. 
nitrate reduction with sulfide oxidation. 
However, the most abundant reduced 
species available in these lakes is carbon, 
and the occurrence of these anoxic inor- 
ganic oxidations is not detectable by a 
mass balance approach. Until otherwise 
shown, we are concluding that these re- 
actions are minor. 

It should be noted that not all of these 
reduction reactions are necessarily catn- 
lyzed by bacteria. For example, iron and 
manganese reduction can occur either bi- 
ologically or chemically (Brock 1966). 
However, the electrons responsible for all 
the reduction reactions in sediments must 
be generated by microbial oxidation of 
organic material, as there is no other 
source of reducing power, 

Results 
Most of the changes in hypolimnetic 

masses of DIC, CH,, Fe2+, Mn’+, S042-, 
NOs-, H2S, and NH,+ for Lakes 223,226N, 
and 227 during summer stratification were 
linear with time throughout the measure- 
ment period (Figs. 1-3, Table 2). NO,- 
and 02, which were depleted early in the 
season, were exceptions. The shapes of 
the concentration profiles indicated that 
the major reaction site for all of these 
species was the sediment, as shown prc- 
viously for CH,, DIC, and NH,+ (Hes- 

slein 1980). It should be noted that these 
are mean rates for the whole hypolim- 
nion and do not represent a true picture 
of concurrent reactions in a particular 
square meter of sediment. For example, 
sulfate was depleted more rapidly in 
deeper water because of the smaller ratio 
of water volume to sediment area. Be- 
cause of this depletion, sulfate reduction 
rates deep in the hypolimnion may be- 
come very low late in summer compared 
to those in sediment in shallower water. 

The total change in quantity of each 
species measured was computed for an 
84-day period from mid-June to mid-Sep- 
tember (Table 3), In all three lakes, DIC 
and CH, changed the most, followed by 
ammonium, sulfate, and iron in varying 
order. An exception was oxygen in 226N, 
which showed a fairly large change due 
to its high concentration in the hypolim- 
nion at the beginning of June. 

Anoxic metabolism predominated in the 
hypolimnia of all three lakes, with oxy- 
gen reduction accounting for only 22,2.5, 
and 5.1% of total carbon metabolism in 
Lakes 226N, 227, and 223 (Table 4). In all 
three lakes, methanogenesis was the pre- 
dominant anoxic microbial activity, ac- 
counting for 72-82% of total anoxic car- 
bon mineralization. Sulfate reduction was 
the next most prevalent (16-20%), fol- 
lowed by iron, nitrate, and manganese re- 
duction, with all three of these amount- 
ing to <2-B% of the totals in these lakes. 

To further characterize the hypolim- 
netic metabolism in these lakes, we com- 
pared total CO, production, anoxic CO, 
production (CO, from all processes ex- 
cept 0, reduction), and methanogenic 
CO2 production to methane produc- 
tion (CO,:CH4: Table 5). Also, for Lake 
226N, we made these calculations using 
three different depths as the upper level 
(5, 7, and 10 m), These data showed that 
COY production was more important than 
methane production in the upper depths, 
largely because of the presence of oxygen 
between 5 and 7 m at the beginning of 
summer. Selection of the various upper 
levels did not greatly affect the calculat- 
ed ratios of anoxic CO,:CH, or methano- 
genie CO,: CH,. 
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Table 2. Rates of change of dissolved hypolimnetic species during 1979 summer stratification. 

Linear fit, level 
Interval A of significance 

Species (No. of days) (mmol.m-2.d 1) (%) 

02 

so,2- 

FC2+ 
Mn’+ 
NO,- 

DIC 
CH, 
NIL+ 
CH,S 

02 

so, 
Fe’+ 
Mn”+ 
NO:,- 

DIC 
CH,a 

02 

SO,‘- 
Fe2+ 

Mn2+ 
NO,- 

DIC 
CH, 
NH,’ 
XII,!3 

27 Jun-20 Aug (54) 
21 Aug-19 Sep (29) 
25 Jun-23 Jul(28) 
24 Jul-17 Sep (55) 
27 Jun-19 Sep (84) 
27 Jun-19 Sep (84) 
27 Jun-20 Aug (56) 
21 Aug-19 Sep (27) 
27 Jun-19 Sep (84) 
27 Jun-19 Sep (84) 
27 Jun-19 Sep (84) 
12 Jun-17 Sep (100) 

19 Jun-17 Jul(28) 
18 Jul-11 Sep (85) 
19 Jun-12 Sep (85) 
19 Jun-12 Sep (85) 
19 Jun-11 Sep (84) 
19 Jun-17 Jul(28) 
18 Jul-11 Sep (56) 
19 Jun-11 Sep (84) 
19 Jun-11 Sep (84) 
19 Jun-11 Sep (84) 
21 Jun-12 Sep (83) 

18 Jun-16 Jul(28) 
17 Jul-10 Sep (55) 
18 Jun-10 Sep (84) 
18 Jun-13 Aug (56) 
14 Aug-10 Sep (28) 
18 Jun-10 Scp (84) 
18 Jun-13 Aug (56) 
14 Aug-10 Sep (28) 
18 Jun-10 Sep (84) 
18 Jun-10 Sep (84) 
18 Jun-10 Sep (84) 
4 Jun-10 Sep (98) 

Lake 226N >5 m 
-5.9kO.27 

0 
- 1.7 
-0.52 
-I- 1.120.07 

0.14+0.04 
-0.6420.09 

0 
-t8.1+-1.2 
-t-5.0&0.67 
+1.1-t-0.11 

0.34+0.02 

Lake 227 >4 m 
-1.2 

0 
-0.97LO.15 
+0.60+0.15 
+0.043-cO.O08 
-0.040 

0 
+7.4+-O-28 
+5.0*0.53 
+ 1.720.07 

0.38-t-0.06 

I,ake 223 > 12 m 
- 1.2 
-0.45 
- 1.040.02 
+2.4+0.10 
+0.8 
+0.13&0.01 
-0.004+0.0002 

0 
+7.6&0.37 
+3.2+0.13 
+0.65+-0.01 
+0.097+0.02 

1 
- 
* 
1 
1 
5 

n.s. 
- 
5 

1 
1 

* 
- 

n.s. 
5 
* 
- 
1 

1 

* 

* Only two points. 
t Vertical differential correction. 

Discussion 
Sequence of reduction processes-It is 

generally accepted that under standard 
conditions there is a sequence to the re- 
duction processes, proceeding from 0, 
reduction to methanogenesis (Table 1). A 
sequence in reduction processes was ob- 
served in these ELA lakes to some extent 
because reduction of 0, and NO,- ceased 
before the end of the stratification period; 
however, all of the reactions proceeded 
simultaneously and usually linearly (Figs. 

l-3, Table 2). This is probably caused 
primarily by spatial heterogeneity within 
the hypolimnion, and by the fact that the 
reactions were not occurring at standard 
concentrations. 

Relative importance of‘ the different 
types of reactions--In any lake the rela- 
tive predominance of each type of hypo- 
limnetic bacterial activity should be a 
function of the relative concentration of 
each different electron acceptor (O,, 
NOS-, etc.), the organic loading to the 
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Jul Aw Sw 

Fig. 1. Mass per unit area below 5 m in Lake 
226N during summer 1979 of DIC, CH,, O,, NH,+, 
NO, , SO,“-, H,S, Fe’+, and Mn’+. 

0 
30- -c- 

w------ ’ ‘DIC 

Y 
L. 227 
Below 4m 

E 20- 

z 

E IO- 22 . LA 4 
\CHaq 

Jun 

Fig. 2. As Fig. 1, but below 4 m in Lake 227. 
NO,- was too low to be shown. 

0 LL 

CH4 

Jun J15 2, Sw 

1 +/ 
I2 

8 

0 
I I I 

Jun All?! Sep 

Fig. 3. As Fig. 1, but below 12 m in Lake 223. 
NO,,- was too low to be shown. 

sediments, and the duration of anoxic 
conditions following a circulation event- 
0, and NO,- reduction would be more 
prevalent just after complete circulation 
than late in summer. In the three lakes 
discussed here, the relative importance 
of each anoxic activity in summer 1979 
was fairly constant from lake to lake (Ta- 
ble 4). Before acidification of Lake 223 
(before 1976), rates of sulfate reduction 
were lower than in 1979 (Cook 1981). 
Spring circulation concentrations of SOi2- 
have been increased from the preacidifi- 
cation value of 40 pm01 . liter-l to 115 
(Cook 1981; Cook and Schindler in press). 
Thus, although CH, production was not 
measured before 1979, it probably played 
a larger role in anoxic metabolism in Lake 
223 before acidification. - 

Few data are available on the entire 
spectrum of anoxic bacterial activities in 
other lakes, but there are several com- 
parisons of methane production with sed- 
iment organic carbon input. In five me- 
sotrophic to eutrophic lakes with anoxic 
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Table 3. Total changes of hypolimnetic dis- 
solved chemical species in lakes 226N, 227, and 223 
during 1979 summer stratification (84 days). 

A (mmol. m -*)* 

Species 226N 227 223 

02 --320_+ 15 -34 -59 
Mn”+ + 1243.1 +3.6+0.6 +1lr1 
NO,- -36+5 -1.1 -0.36 
Fe”+ +92&0.6 +50-+ 13 + 157k-56 
so,2 - -76k 17 -822 13 -84-t-2 
CH,S +28+2 +32&5 +8.1&2 
NH,+ +92+9.2 + 140+6 +55+-O-8 
WI, +480+60 +420*24 +270& 11 
DIC +680-c 100 +620?45 +640&31 

Est. 
FeSt 48 50 76 
C:N$ 13 7.4 17 

* Values given arc 2 1 SD of the slope where linear regressions were 
possible and appropriate. 

t Assumes that for each mole Sod2 reduced and not returned as 
X&S, 1 mole of FeS was formed in sediments. 

$ Ratio of total C generation (CO, + CII,) to NH,, k generation. 

hypolimnia, methane release is linearly 
related to organic carbon input, with 36- 
58% of the input returned as methane 
(Kelly and Chynoweth 1981). These lakes 
include Mendota (Fallon et al. 1980), 
which has relatively high SOa concen- 
trations (260 prnol. liter-l at fall circula- 
tion: Winfrey and Zeikus 1977), and 227, 
which is relatively low in SO,,“- (about 40 
,umol* liter ‘). Lake Mendota also has a 
higher organic input to the sediments 
(67.5 mmol C*rnP2* d-l in summer 1977: 
Fallon et al. 1980) than Lake 227 (21 mmol 
C-m- 2. d-l in summer 1970 and 1971: 
Schindler et al. 1973). This information 
gives some idea of the common magni- 
tude of methanogenesis in the anoxic 

Table 5. Ratios of CCOp, anoxic COa, and meth- 
anogenic CO, production to CH, production. 

L,akc ZC01:CH4 
Anoxic 

CO,:CH, 
Methanogenic 

CO,:CH, 

226N >5 m 1.4-cO.4 0.90?0.4 0.4420.24 
>7m 1.0-10.4 0.85kO.4 0.5520.17 

>lO m 0.7kO.3 0.70a0.3 0.46-cO.17 

227 >4 m 1.5kO.2 1.4a0.2 l.O+-0.15 

223 >12 m 2.4kO.3 2.2r0.3 1.420.15 

portion of various lakes. Determination 
of the relative importance of the other an- 
oxic activities requires data from a wider 
variety of lakes. 

In addition to variations in the preva- 
lence of each type of anoxic activity, the 
variation in the ratios of CO,:CH, from 
methanogenesis (Table 5) is another way 
in which lakes or time periods seem to 
differ in anoxic bacterial metabolism. 
Methanogenic breakdown of a molecule 
containing the ratio of elements shown in 
Table 1 (Froelich et al. 1979) predicts an 
overall ratio for CO,:CH, of 1. This is 
about the same as the ELA average, but 
the measured range was from 0.4 to 1.4 
(Table 5). The 226N ratio was the most 
different from 1, but this same lake in 
1978 showed a ratio of about 1.1 (C. Kelly 
and D. Schindler unpubl.). Thus, 1979 
may have been an unusual year. This 
brings up the question of whether the el- 
emental (C, H, 0) composition of avail- 
able organic substrates varies from that 
assumed in Table 1. Some evidence for 
this was seen in the variation of the C:N 

Table 4. Relative carbon-mineralizing activity of different hypolimnetic bacterial reactions during 1979 
summer stratification. 
- 

Reactions 
C end 

products 

Associated C mineralization 
(mmol.atoms C.m-“) % of anoxic C metabolism 

226N 227 223 226N 227 223 

0, reduction* co, 25ok i2 26 45 - - - 
Mn”’ reduction* co, 5.4-11.4 1.620.3 5 0.6 0.2 0.6 
NO,- reduction* co2 4526 1.4 0.45 5.0 0.1 0.05 
Fe”+ reduction* co2 2320.15 13+3 392 14 2.5 1.3 4.6 
SO,“- reduction* co, 150+34 160+26 168+4 
01, procluctiont CO, + CH, 6902 160 840+45 630&30 :“5 :z :i 

* Calculated using stoichiometry of equations in Table 1. 
t Methanogenic CO, = total CO, - CO, from all other reactions; total carbon mineralized mcthanogcnically = CLI, + mcthanogenic CO,. 
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ratio of degradation products (CO,+ CH,: 
NH,+.) in the three lakes-7.4, 13, and 17 
in 227, 226N and 223 (Table 3). Despite 
this, the anoxic CO,:CH, ratios now 
available have a mean value (1.0 + 0.37) 
that is the same as the predicted ratio. 

Knowledge of the mean and variability 
of the methanogenic CO,:CH, ratio could 
be useful in at least two ways. First, in 
highly alkaline lakes, hypolimnetic CO, 
production by bacteria is difficult to mea- 
sure directly because chemical dissolu- 
tion of sediment carbonates may obscure 
biological production. In these lakes, CH, 
production could be measured and then 
CO, production could be estimated from 
the methanogenic CO,:CH, ratio, plus the 
loss and accumulation of the various oth- 
er CO,-producing reactants and products. 
Second, when rate of organic input to 
sediments is known and the proportion 
of total carbon metabolism going to CH, 
rather than to CO, has been more firmly 
established, this information will be use- 
ful in predicting the response of different 
lakes to acid deposition. This is because 
CH, production is the amount of carbon 
metabolism which could be shifted to ni- 
trate or sulfate (or both) reduction. Here we 
measured CH, production rates directly 
and have used these data as predictors of 
the response of lakes to acid deposition. 
This is discussed in detail below. 

Lake buffering by anoxic microbial 
processes -Schindler et al. (1980) and 
Cook (1981) demonstrated that sulfate re- 
duction coupled with FeS precipitation 
in the hypolimnion of artificially acidi- 
fied Lake 223 increased the alkalinity and 
provided a source of neutralization for in- 
coming hydrogen ions, The most com- 
mon chemical species contributing to al- 
kalinity in freshwater are 

alk = 2COls2- + HCO,- - I-I+ 
+ 2S2- + IIS- + NH, (7) 

where all units are in moles. Silicates, bo- 
rates, phosphates, and organic bases may 
also contribute to alkalinity, but usually 
only to a very small degree (Stumm and 
Morgan 1981). Also, at neutral or acid pH 
values, COs2-, S2-, and NH, are insignif- 
icant, so Eq. 7, for practical purposes, can 
be reduced to 

alk = HCO,- - H+ + HS. (8) 

Production of CO, alone does not affect 
alkalinity, because its reaction with water 
adds equal amounts of H-k and HCO,-. 
Nitrate reduction increases alkalinity by 
removing one equivalent of H+ with each 
equivalent of NO,- (Eq. 3). Sulfate re- 
duction also increases alkalinity in the 
same way (Eq. 5). Some of the H,S pro- 
duced can dissociate to HS and H+, but 
since each H+ is now balanced by an HS-, 
the alkalinity gain remains equal to the 
SO,“- loss, in equivalents. A general way 
of looking at all the changes that occur is 
to say that the net change of all positive 
and negative ions must be zero. Equation 
9 expresses this for those ions undergo- 
ing significant changes in the hypolim- 
nion during summer stratification: 

0 = 2AFe2+ + 2AMn2+ + ANH4+ 
+ AH+ - AHCO,- - ANO,- 
- ASOd2- - AHS-. (9) 

Rearranging this gives 

AHC03- - AH+ + AHS- 
= 2AFe2+ + 2AMn2’ + ANH4+ 

- AN03- - 2ASod2- (10) 

where all units are in moles. Combining 
Eq. 8 and 10 gives 

Aalk = 2AFe2’ + 2AMn2’ + ANH4+ 
- ANOs- - 2ASOd2+. (11) 

The usefulness and validity of this ap- 
proach has been demonstrated for the hy- 
polimnion of Lake 223 by Cook (1981), 
who showed that the change in alkalinity 
predicted by the changes in ions shown 
in Eq. 10 is very similar to the change in 
alkalinity measured. 

Much of the alkalinity produced by 
these reactions during stratification is not 
permanent. At fall overturn, when the 
water is circulated and oxygenated, Fez+ 
and Mn”+ are rapidly oxidized and pre- 
cipitated. NH,+ is more slowly oxidized 
to NO,- in oxic zones during winter, and 
then may be reduced again as winter an- 
oxia develops (D. W. Schindler unpubl,). 
Thus, although Fe2+, Mn2+, and NH,+ 
production may be important during 
stratification, their oxidation at overturn 
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results in no permanent increase in alka- 
linity on an annual basis. 

Bacterial denitrification (Eq. 3: Table 
1) results in permanent alkalinity since 
the N, gas produced can escape to the 
atmosphere. Refixation of this N, by algae 
would be unlikely in lakes receiving large 
quantities of nitrate in acid precipi- 
tation, due to an unfavorably high N:P 
ratio (Flett et al. 1980). N, is not the only 
possible end product of denitrification. 
Under various conditions, including low 
pH and high NOsp, denitrification some- 
times results in the formation of N,O 
rather than N, (Firestone et al. 1980). N,O 
may be further reduced or may escape to 
the atmosphere if it reaches surface 
waters. In a study of denitrification in 
Lake 227 water and sediments (Chan and 
Campbell 1980), N, was the principal 
product, with very little production of 
N,O. 

Sulfate reduction leads to permanent 
increases in alkalinity in the water only 
if the sulfide produced is permanently 
precipitated. XH2S in the water oxidizes 
rapidly during fall circuIation. During 
summer stratification, varying amounts of 
reduced sulfate are returned to the water 
column as dissolved sulfide-37% in 
226N, 39% in 227, and only 10% in 223 
(Table 3). The solubility of the sulfide is 
controlled by dissolved iron concentra- 
tions. The concentrations of both Fe2+ and 
CH,S reach similar values in all three 
lakes, which become saturated with re- 
spect to FeS at the lower depths (Cook 
1981). However, the hypolimnion of Lake 
223 has a low ratio of water volume to 
sediment area compared to the other two 
lakes. Thus, the total amount of dissolved 
sulfide which the hypolimnetic water can 
hold per unit area of sediment is lower, 
and a higher proportion of the total sul- 
fide is precipitated. This morphometric 
relationship is important in predicting fu- 
ture potentials for FeS formation. The 
supply rate of iron from the watershed 
may also become important as sediment 
iron becomes sequestered as FeS. 

Once FeS has formed, its permanence 
depends on whether it is oxidized at fall 
or spring overturn, Sulfur budgets for 
Lake 223 (1976-1980) show large net an- 

nual losses of S to the sediments (Schind- 
ler and Turner in press). Because the pri- 
mary S input to Lake 223 sediments is via 
S0,2- reduction (Cook and Schindler in 
press), this net annual loss is good evi- 
dence for FeS permanence. The relation- 
ship of permanent FeS to the gross amount 
formed each year is yet to be determined. 

Because we are most interested here in 
the production of alkalinity which is per- 
sistent, the model presented below in- 
cludes only nitrate reduction, and sulfate 
reduction that does not lead to return of 
CH,S to the water is represented in the 
equations below as [ASOJ2- - CH,S]. The 
equation for persistent alkalinity forma- 
tion becomes 

Aalk = ANO:,- + 2[ASOd2+ - AXH,S]. 
(12) 

Model for estimation of acid deposi- 
tion-induced alkalinity production by 
hypolimnetic microbiul activities during 
summer stratification-As nitrate and 
sulfate inputs to a lake increase by acid 
deposition, the maximum quantities of 
these ions that can be reduced in the hy- 
polimnion will be a function of the re- 
ducing power available from the micro- 
bial oxidation of organic carbon. Sulfate 
and nitrate inhibit methane production by 
successfully competing for electrons 
which would otherwise contribute to the 
formation of methane (Balderston and 
Payne 1976; Bryant et al. 1977; Knowles 
1979). Thus, the reducing power avail- 
able for increased alkalinity production 
by sulfate and nitrate reduction is equal 
to the reducing power currently used for 
methane production. If we assume con- 
stant reducing power, supplied by inputs 
of organic material to the sediments, the 
average hypolimnetic SOd2- concentra- 
tions which would completely inhibit 
methane production in Lakes 226N, 227, 
and 223 are 94,140, and 270 pmol* liter-l. 
These are 2-3 times higher than present 
spring concentrations of SO,“- (Table 6). 
Concentrations in excess of these pre- 
sumably would not be reduced during 
stratification and would not contribute to 
alkalinity production. 

The above values for maximum reduc- 
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Table 6. 1979 spring circulation SOd2- and NO,-, 1979 SOd2- and IZH,S changes in hypolimnion, and 
hypothetical acid deposition for Lakes 226N, 227, and 223 (in peqmliter--‘). 

Lake 

Watershed Surface 
area* area 
@uJ (4) 

(X10” m”) 

Total 
vol 
(V,,) 

(xl08 
liters) 

Input from 
hypothetical annual 

acid dcpositiont 
1979 spring 1979 mean changes 
circ. concn. in hypolimnion NH, b, 

SO,‘-, NO,-, ASOd AZH,S H+, so,* -, NO,-, Hb, NO:,-, 

226N 40.2 8.3 4.7 80 8.2 34 13 19 66 8.1 11 5.3 
227 29.4 5.0 2.2 114 0.53 53 21 26 100 12 15 7.3 
223 135.2 27.3 19.5 204 0.87 187 18 15 53 7 8.4 4.2 

* Does not include lake surface. 
t Based on eastern Ontario precipitation content of 100 peq. liter-r H k and 80 peq. liter ’ SOd2- (Dillon ct al. 1978), 35 peqaliter-r NO9 and 

35 peq.litcr-r NII,F (P. Dillon pers. comm.). Annual ELA precipitation = 70.5 cm.yr-r (Ncwbury and Bcaty 1980). This = 7.1 X 10“ peq 
H+, 5.6 x 10” /zq SO,“-, 2.5 x IO1 peq NO,- and NH.,+ per m2. Watershed retention values for ELA were used and are in text. 

ible sulfate were calculated on the as- 
sumption that only sulfate would in- 
crease. However, acid deposition contains 
both sulfuric and nitric acid. Further, the 
amounts of NOs-, SOa2-, and H+ reaching 
a lake are modified during travel through 
the terrestrial catchment basin, so that 
runoff differs substantially in composi- 
tion from precipitation falling directly 
onto the lake surface. Using our current 
knowledge of watershed chemistry and 
microbial processes, we have constructed 
a model which estimates the potential for 
hypolimnetic alkalinity production dur- 
ing summer in response to increased acid 
deposition. The major inputs to the mod- 
el are current CH, production, lake area 
and volume, and watershed area. A first 
assumption of the model is that primary 
production (and therefore organic input 
to the sediments) will not change signif- 
icantly. No such change has been ob- 
served in Lake 223 as the epilimnetic pH 
has been lowered from 6.7 to 5.6 (Schind- 
ler et al. 1980; Schindler 1980). Calcula- 
tions are simplified as follows. 

-The annual inputs are entered as 
though they occur at the time of spring 
circulation. This assumption is valid for 
the hypolimnion because, after the onset 
of thermal stratification, inputs of sulfate 
and nitrate from outside the lake are 
largely confined to the epilimnion. In- 
puts via groundwater flow are not a factor 
in granitic ELA basins. 

-The hypolimnion is treated as a 
mixed box, without regard to effects aris- 

ing from varying concentration gradients; 
e.g. CH, production is expressed as a 
mean value (pm01 * liter-l) for the whole 
hypolimnion. 

-Only the period of summer stratifi- 
cation is treated; anoxia also develops in 
winter in all these lakes and should be 
included in future models when enough 
winter CH, production rates are avail- 
able. 

-Spring overturn is assumed to be 
complete. 

First, we calculated the inputs of H+, 
SOd2-, NOs-, and NH,+ with a “typical” 
eastern Ontario acid deposition compo- 
sition of 100 peq. liter-’ H+ and 80 of 
SOd2- (Dillon et al. 1978), 35 of NO,- and 
of NH,+ (P. Dillon pers. comm.), The vol- 
ume of rainfall was taken to be the ELA 
average of 70.5 cm. yr-l (Newbury and 
Beaty 1980). Watershed retention values 
which have been measured for the Raw- 
son Lake (ELA) watersheds are 90% for 
H+, - 15% for SOd2- (Schindler et al. 
1976), 83% for NOs-, and 96% for NH,+ 
(D. Schindler unpubl.). 

The overall equation for the “acid de- 
position” inputs is 

H.+i + SOd2-i + NOS-i + NHJ+i 
= [(A,)(O.lH+, + 1.15S042-, 

+ 0.17N03-, + O.O4NH,+,) 
+ (A,)( H+, + SOd2-, + NO,-, 

+ NHAJ~~VL (13) 

where H+i, SOd2-i, etc. are lake inputs in 
beq * liter-l H+ s os12+n. etc. are nrecini- 
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tation values in peqern-“, A, is watershed 
area in m2, A, is lake surface area in m2, 
and VI, is lake volume in liters. 

(sod”-i + NG-J 

P 

Second, the inputs in Eq. 13 are as- 
sumed to be equally distributed in the 
water at spring circulation. These input 
concentrations are then compared to the 
potential (P) for shifting hypolimnetic re- 
ducing power from methanogenesis to 
sulfate and nitrate reduction. In this shift, 
for each additional peq of SO,“- reduced 
there would be one less pmol of CH, pro- 
duced, and for each additional ,ueq of 
NO,. reduced there would be 1.5 less 
pm01 of CH, produced. 

+ (SOh2-, + NOS-c - =29] 

where SO 42--c and NOs-, are current spring 
circulation concentrations in Feq * liter- I, 
and all other symbols are as above. 

p _ (SO,“-i + 1.5CNOs-i) 
ACH4 (14) 

where P is the proportion of SOb2- and 
NO,- inputs that could potentially be re- 
duced in the hypolimnion, CNOS-i is 
NOs-i + NH,-+, (assumes that the incom- 
ing NH,+ will be oxidized on reaching 
the lake), and ACH, is mean hypolimnet- 
ic methane production during summer 
stratification in pm01 . liter-l. 

If the nitrate and sulfate concentrations 
do not exceed the maximum that can be 
reduced (i.e. P < l), then the additional 
input of these ions can be maximally uti- 
lized, and the potential for alkalinity pro- 
duction is expressed by 

Aalk .= (S042-t - XH2S + NOo-J 

. 7 Hfi + “+;’ b (15) 
L II 

where Aalk is change in alkalinity in peq. 
liter-‘, for whole lake volume; SO,“-, and 
NO,-, are total spring circulation concen- 
trations, including “normal” and acid in- 
puts, in peq. liter-l (equation assumes that 
all SOd2- and NO,,- in the hypolimnion 
will be reduced); ZH,S is expected re- 
turn of free sulfide to the water column 
(assumed to be the same as present day 
total return), in peqsliter -I; VI1 is anoxic 
hypolimnetic volume in liters; and V, is 
outflow volume in liters. 

If the nitrate and sulfate concentrations 
exceed the maximum that can be reduced 
(i.e. P > l), then the potential for alkalin- 
ity production is expressed as 

The results of the input calculations 
(Eq. 13) for Lakes 226N, 227, and 223 are 
expressed as hypothetical spring circu- 
lation values (Table 7). It should be not- 
ed that the H+ input potentially derived 
from NH,+ oxidation was very significant 
(Table 6). If NH,+ retention were to de- 
crease with greater NH,+ loading, then 
I-I+ input from this source would be much 
greater (retention at current loading levels 
is extremely high-96% in ELA wa- 
tersheds: D. Schindler unpubl.), This 
shows the importance of NH,+ inputs to 
lake acidification and of the watershed 
role in retaining these inputs. Inputs 
would be somewhat different for differ- 
ent types of watershed. For example, at 
Hubbard Brook, where loading rates have 
been much higher, the retention values 
measured are similar for H+ (QO%), SO,‘- 
(-40%), and NH,+ (88%) but much less 
for NO, (15%) (Likens et al. 1977). These 
data suggest that alkalinity production via 
NO,- reduction would be relatively more 
important at Hubbard Brook than at ELA. 
If an area such as ELA received much 
acid precipitation, watershed retention 
values for nitrogen might become more 
like those at Hubbard Brook. 

The net hypolimnetic alkalinity pro- 
duction, as calculated with the “mixed 
hypolimnion” model presented above, 
was +34 peq*liter-l for Lake 226N, +52 
for Lake 227, and - 18 for Lake 223 (Ta- 
ble 7). Of course the hypolimnion is not 
mixed during stratification, and a more 
accurate model can be made by including 
the effect of the gradients in the hypolim- 
nion. The nitrate gradient is not very im- 
portant because essentially all of the hy- 
polimnetic nitrate is reduced during 
summer stratification. However, sulfate 
tends to be completely depleted only at 
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Table 7. Estimation of hypolimnctic alkalinity production in Lakes 226N, 227, and 223 in response to 
increased H+, SOd2-, N03-, and NH,+ in rainfall. 

Anoxic 

Mean Net whole-lake 
hypolim- alk from 

netic hypolimnctic 
CH, prod. reductions* 

Lake 

hypo- 
limnetic 
vol W,,) 

(lo* liters) V,:V,, 

summer Hypothetical spring 
1979 circ. concn* Approx 

(10R2ters) 
(@mol. Mixed gradient 
liter-‘) EI+, SO,* , N03-, P model model 

226N 1.6 0.34 1.8 95 30 146 22 0.90 +34 -I-5.0 
227 0.80 0.36 0.86 137 41 214 20 0.94 +52 +10 
223 0.18 0.0092 2.5 291 23 257 12 0.24 -18 -18 

* In pcq.liter -I, 

the lower hypolimnetic depths. At upper 
depths, where there is less sediment area 
per unit volume of water, sulfate is much 
less depleted. Modeling of this is some- 
what complicated because each depth 
must be considered separately. Also, the 
rate of sulfate depletion should increase 
as concentrations increase (Cook and 
Schindler in press). An approximation can 
be made from the proportion of sulfate 
depleted in each hypolimnion during 
summer 1979 (Table 6): 43% of the total 
hypolimnetic sulfate in Lake 226N, 46% 
in 227 and 92% in 223. The higher per- 
centage of depletion in Lake 223 is due 
in part to a greater ratio of sediment area 
to water volume in this hypolimnion. In 
addition, as sulfate concentrations in Lake 
223 have been increased by additions of 
sulfuric acid, the residual sulfate concen- 
trations in the hypolimnion at the end of 
summer have been lower (fig. 2: Schind- 
ler et al. 1980), suggesting increasing ef- 
ficiency of removal. 

With this approximation of the concen- 
tration gradient effect, our best estimates 
of hypolimnetic alkalinity production 
from this model show that complete neu- 
tralization of the H+ inputs would occur 
in Lakes 226N and 227, but not in Lake 
223 (Table 7, last column). Even though 
the net alkalinity production estimates in 
Lakes 226N and 227 were small and ap- 
proximate, it should be remembered that 
only summer alkalinity production was 
included; the addition of winter reduc- 
tion processes would increase the pro- 
duction estimate. Anoxia also occurs in 

winter, and winter CH, production in 
Lake 227 is about equal to summer (Rudd 
and Hamilton 1978). Therefore, it may be 
possible for as much alkalinity produc- 
tion to occur in winter as in summer. Also, 
in winter, nitrate reduction may predom- 
inate over sulfate reduction (Sorensen et 
al. 1979) due to greater NO,- availability 
in the absence of algal activity. In con- 
trast, SO,“- reduction occurs at lower rates 
in Lake 223 in winter than in summer 
(Cook and Schindler in press). 

A factor not included in these models 
is the degree of completeness of spring 
circulation; we have assumed total mix- 
ing. Incomplete mixing would deliver less 
SOd2- and NO,- to the hypolimnion and 
decrease the potential for alkalinity pro- 
duction during that season. This happens 
occasionally at northern latitudes in con- 
tinental areas where stratification devel- 
ops soon after ice-out. For example, in 
Lake 226N from 1971 to 1979, total cir- 
culation (indicated by elevated NO,- 
concentrations at the lowest depth in 
May) was observed in 5 years, partial cir- 
culation in 2 years, and very little circu- 
lation in 1 year (D. Schindler unpubl.). 

The ratio of the watershed area to the 
surface area is important in determining 
the ratio of H-k:S0,2- which enters the 
lake, because H+ is retained in the wa- 
tershed to a much greater degree than 
SO,“-. If H+ and SO,‘- entered the lake 
in equal quantities, then hypolimnetic 
reduction reactions could not possibly 
neutralize the H+ because only part of the 
SO,‘- enters a reducing environment. The 
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best condition for adequate neutraliza- 
tion of H+ in the lake is a high ratio of 
AIUAS, resulting in high SO,“-:H+ ratios 
entering the lake. 

The ratio of the anoxic hypolimnetic 
volume to lake volume obviously greatly 
affects the neutralization capacity of hy- 
polimnetic alkalinity production. In Lake 
223, even though the reaction rates per 
square meter or per liter in the anoxic 
hypolimnion were very high, the alkalin- 
ity produced was almost insignificant 
when mixed into the whole lake volume 
(Table 7). Lake 223 is much less produc- 
tive than 226N and 227, and most of the 
organic carbon input to the sediments 
seems to concentrate in a small central 
basin. In general, the ratio of anoxic hy- 
polimnion to lake volume should be a 
function of total primary production (all 
other things being equal, such as mor- 
phometry, etc.). The high potential for 
hypolimnetic alkalinity production in the 
two ELA lakes that were made eutrophic 
artificially suggests that phosphorus ad- 
ditions could be expected to have an 
ameliorating effect on lakes affected by 
acid rain. Additions of P to two eastern 
Ontario lakes have resulted in increased 
primary productivity and alkalinity and 
reduced concentrations of NO; , possibly 
due to uptake by the algae of NO,- fol- 
lowed by burial, or denitrification in the 
sediments, or both (P. Dillon pers. comm.; 
Dillon et al. 1979). In Lake 227, which 
has been fertilized with both P and N 
since 1970, annual N loss (burial and de- 
nitrification) has been at least 24-70 
pm01 * liter L (D. Schindler unpubl., N, 
entering via fixation not included). If we 
assume that this loss is primarily from the 
NO; pool, this would result in 24-70 
peq. liter-1 annual increase in alkalinity. 
This is much greater than the alkalinity 
production predicted for all hypolimnetic 
reactions in Lake 227, including denitri- 
fication (Table 7). Thus, adding P should 
enhance alkalinity production by reac- 
tions in addition to hypolimnetic ones, 
probably primarily burial of algal N and 
epilimnetic denitrification. The relative 
importance of these two processes of 
NO:, removal is not known. When more 

is known about these, and when winter 
alkalinity production is added, the total 
potential for P-enhanced alkalinity pro- 
duction may be at least two times as great 
as that indicated by the summer hypolim- 
netic model presented here. 

Research that would improve the pre- 
dictability of microbial responses to acid 
deposition include determination of the 
magnitude of these reactions in epilim- 
netic sediments, the relative importance 
of permanent burial of N vs. denitrifica- 
tion and the effects of environmental 
changes (lowered pH, increased S042-, 
and NO; concentrations) on the nitrate 
and sulfate reduction processes. In most 
lakes the epilimnetic sediment area is 
much larger than the hypolimnetic area 
and reactions occurring in the epilimnion 
tend to be more important on a whole- 
lake basis. In the epilimnetic sediments of 
three ELA lakes, including acidified 223, 
both NO,- and SO,“- in porewaters are at 
lower concentrations than in the water col- 
umn, indicating reduction activity in the 
sediments (Rudd et al. unpubl.). How- 
ever, the rates of these activities have not 
yet been measured. Quantification of epi- 
limnetic sediment activities by mass bal- 
ance is usually difficult because the ratio 
of sediment area to water volume is small, 
meaning that the effect of sediment activ- 
ity on NO,- and SO,“- in the water is often 
small and within the error of measure- 
ment. This was not a problem in Lake 
114, a shallow mesotrophic lake where 
depletion of NO,- and SOd2- under win- 
ter ice has been observed at both oxic and 
anoxic depths (D. Schindler unpubl.). In 
Lake 223, the sulfuric acid added has not 
lowered the pH as quickly as predicted 
(Schindler et al. 1980). About half of the 
unexpected buffering in 1976 and 1977 
could be accounted for by “missing sul- 
fate,” and the greatest part of this sulfate 
was lost from epilimnetic and metalim- 
netic waters. The potential for epilim- 
netic microbial buffering should be fur- 
ther investigated, especially with respect 
to rates of activities and the factors de- 
termining these rates. 

It has been argued that rates of bacte- 
rial activity might decrease during lake 
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acidification (e.g. Hendrey et al. 1976). 
However, the effect of lowered pH on 
sediment sulfate and nitrate reducti’on is 
not established. Some experiments show 
that low pH can slow or inhibit both re-- 
actions (Connell and Patrick 1968; Mul- 
ler et al. 1980). Other experiments do not 
show inhibition (Bartlett et al. 1979; Gil- 
liam and Gambrel1 1978). Thus, there may 
be organisms in lake sediments which can 
perform these reactions at low pH. 

Anoxic hypolimnetic microbial pro- 
cesses are obviously not in themselves a 
“cure” for acidification. Lakes 226N and 
227 are highly productive through addi- 
tions of phosphorus, and the large blooms 
of algae which develop would not be con- 
sidered desirable lake management. 
However, we have considered quantita- 
tively here only anoxic bacterial process- 
es that occur in the summer hypolimnion. 
The winter period, epilimnetic algal and 

I bacterial activities, and other chemical or 
biological reactions may also contribute 
to neutralization. Thus, there may be in- 
termediate levels of productivity that 
could result in significant neutralization 
of acid deposition. The primary ques- 
tions about the feasibility of such. an 
approach to acid amelioration are the 
permanence and continuation of FeS pre- 
cipitation over many years and the total 
degree to which denitrification and bur- 
ial of N can be enhanced on an annual 
basis. 
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