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Abstract

In situ incubations with radiomanganese, ®-*Mn<II)t 
with azide-poisoned controls were employed to determine 
the importance of microbially mediated Mn(II) oxidation 
in the water column of an oligotrophic arctic lake. 
Azide inhibited the Mn(II) oxidation rate <V) by 50 to 
90 X in all incubations from May to August indicating 
microbial catalysis was important throughout the thaw 
season. In May, water temperature was 2° C and Mn(II) 
was present at 300 nM from spring runoff, the V was 0.7 
nM Mn/h. The maximum V (1.3 nM/h) occurred in June 
when water temperature was 10° C and Mn(II) 
concentration was 200 nM. The July Mn<II) 
concentration (20 nM) limited V (0.3 nM/h). By August 
water column Mn(II) was undetectable. Effects of 
eutrophication on Mn cycling were examined in 
limnocorrals. Eutrophication led to greater organic 
sedimentation and to relatively reducing sediment 
conditions. This enhanced the Mn(II) flux from the 
sediment, increasing both water column Mn(II) 
concentration and V.
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Introduction

Microbial manganese-oxidizing activity in natural 
environments was first reported in the early 1900's 
(Beijerinck, 1913), and has been considered to be 
important in nature because of the abundance of 
manganese-oxidizing bacteria- Manganese-oxidizing 
bacteria are almost ubiquitous in nature, occurring in 
marine systems, freshwater, water surface layers, 
sediments, soils, and aquaducts (Ghiorse, 1984). 
Manganese-oxidizing organisms include- various 
heterotrophic bacteria, algae, fungi, actiomycetes, and 
protozoa(Ghiorse, 1984). However, direct evidence for 
microbial manganese-oxidizing activity in nature has 
only recently been demonstrated (Chapnick et al., 1982, 
Emerson et al., 1982, Rosson et al., 1984, Tebo et al., 
1984, Tebo and Emerson, 1985A, B, and Tipping et al., 
1984).

The relationship between manganese-oxidizing
bacteria and Mn(II) oxidation in nature remains
unclear. Causal relationships are very difficult to
prove owing to the complexity of natural systems. Some
of the methods used to demonstrate microbial
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involvement in chemical reactions are observation of a 
reaction rate maxima at an optimal temperature or 
reactant concentration, or the judicious use of a 
poisoned control (Brock, 1978, Rosson et al., 1984). 
The appropriate poison must not interfere with the 
reaction under investigation yet must be effective 
against: the microbial agents involved.

The general goals of this study were tos

<1) determine if Mn<II) oxidation was microbially 
mediated in an arctic environment,

(2) add to the knowledge of Mn cycling in a chemically 
well characterized system,

(3) examine the effects of eutrophication on the Mn 
cycle in an oligotrophic lake.

Manganese exists in nature as reduced, soluble 
Mn(II) or as oxidized insoluble Manganese oxide (MnOx). 
Manganese oxides exist in nature as amorphous solids 
with apparent oxidation states between +3 and +4. In 
pH solutions of less than 5, Mn(II) is 
thermodynamically favored, but is stable in solution
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when pH is less than 8, unless a catalyst speeds up the 
reaction (Deim and Stumm, 1984). Above pH 8 Mn<II> 
oxidation occurs autocatalytically (Stumro and Morgan, 
1981). Manganese oxide is amphoteric, and scavenges
cations of Co, Ni, Cu, and Mn.

Manganese is an essential trace element and 
activator for many different enzymes, such as 
isocitrate dehydrogenase and malic enzyme. It is 
required for 02 production in photosynthesis (Ehrlich, 
1981). Manganese oxidation may be an energy source for 
some autotrophic and heterotrophic bacteria, (Ehrlich, 
1981, Ghiorse, 1984).

Three known microbially mediated mechanisms for 
Mn(II) oxidation (Ehrlich, 1981) are a

(1) Mn(II) + 1/2 02 + H20 m MnOx + 2H+

This reaction is used to shunt electrons through a
cytochrome system. The enzyme system can be
constitutive or inducible. Free Mn(II) ions can be
oxidized by this mechanism# It requires relatively
high Mn(II) concentrations of around 20 uM. These
conditions are most often found in soil or freshwater



environment,. This wou!d be a likely mechanism for 
lin(II) oxidation in Toolik Lake sediments where Mn<II> 
concentrations can reach 200 uM (Cornwell, 1983). The 
standard free energy change for the reaction is -16.3 
kcal/mol, which may be enough energy to generate 1 or 2 
moles of adenosine triphosphate (ATP).

(2> Mn(II) + HaOa M MnOx + 2H+

This reaction is carried out by metabolically produced 
peroxide. It may be a detoxification mechanism and 
does not produce metabolically useful energy, though 
the standard free energy for the reaction is' —24 
kcal/mol.

<3a) Mn(II) + Mn(0x) * Mn(II)MnOx

(3b) Mn (11) MnOx + 1/2 03 + H20 « 2Mn0x + 2H+

The net reaction for (3) is the same as reaction (1) 
and its standard free energy is the same. Reaction 
(3a) is fast relative to (3b) and may be autocatalytic. 
Reaction (3b) is microbially mediated and rate 
limiting. It is used to shunt electrons to a 
cytochrome system as in reaction (1), but Mn(II) must



first be prebound to a surface. This mechanism works 
at Mn(II) concentrations of about 40 nM, which is much 
lower than that required for reaction <1>. The Toolik 
Lake water column has suitable Mn(II) concentrations 
for this mechanism to apply. Metabolically useful 
energy may also be obtained from this reaction*

Study Area

Toolik Lake <68° 38' N; 149° 38' W) is a deep
arctic-tundra lake with an elevation of 720 m above sea 
level. It is located 20 km north of the Brooks ftange 
in the Alaskan arctic. Its mean depth is 7 m and the 
maximum depth is 25 m. The lake surface area is 1.5 
km2, and the watershed surface area is 65 km2. The 
watershed is dominated by tussock tundra. The lake is 
ice covered from late September until late June. The 
thaw season is 100 to 140 days long (Brown and Berg, 
1980). Ice thickness ranges from 1 to 1.4 m. Stream 
flow starts in mid-May and continues until 
mid-September. The water from the main inlet supplies 
about 70 % of the total water input to Toolik Lake 
(Whalen and Cornwell, 1985). Direct precipitation to 
the lake is only about 2 % of the stream input rates,



and evaporative loss is only about 1 X of the stream 
input. It is dimictic, mixing completely after ice-out 
and just before freeze-up. The mean yearly air 
temperature is -10° C (Brown and Berg, 1980). The 
average temperature in July and August is greater than 
10° C. The mean annual precipitation is about 20 cm.

Toolik Lake Water Column Chemistry

Calcium is the dominant cation making up 75 X of 
the positive charge. Bicarbonate is the major anion 
making- up most of the negative charge. Alkalinity is 
about 0.4 meq l“x. The pH ranges from 6.5 to 7.2 
(Cornwell, 1983).

Stream budgets, sediment traps, and sediment 
burial rates were used to estimate Mn, Fe, and P 
retention in Toolik Lake (Cornwell, 1983, 1985). All 3 
methods provided similar rates. The lake retained 55 X 
of the entering Mn. Concentrations of TFe and Fed I) 
are usually lower in the lake water and the outlet than 
in the inlet, suggesting Toolik Lake retains Fe 
(Cornwell, 1983). Watershed export rates are low for 
all elements with the lowest cation export rates on 
record (Cornwell, 1983), perhaps because of little
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chemical weathering.

After the first 10 d of spring runoff, the outlet 
Particulate Mn <PMn) exceeds the inlet PMn 
concentration indicative of Mn(II) oxidation in the 
Toolik Lake water column. Dissolved oxygen profiles 
show that the bottom .water remains oxic over the whole 
year. This results in an almost total lack of a 
chemocline even during the August peak in thermal 
stratification. Slight differences between the 
mid—depth Mn(II) and Fed I) concentrations and bottom 
water concentrations suggest that sediments are not a 
great' source of metals to the Toolik Lake water column 
(Cornwell, 1983).

In 1980 the water column total Fe (TFe) increased 
from 0.43 uM in mid-May to 1.19 uM in July and 
decreased to 0.53 uM by October (Cornwell, 1983). 
Changes in particulate Fe (PFe) accounted for most of 
the seasonal changes in TFe concentration (Cornwell, 
1983).

High concentrations of Mn(II), >0.125uM, in the 
water just below the spring ice indicate stream and 
direct runoff are important sources of Mn for Toolik



Lake. May Mn<II> concentrations are the highest, with 
decreasing concentrations with time. Particulate Mn 
has maximum values in early July.

Toolik Lake Nutrient Cycling

Budgets for C, N, and P were made from data 
collected during 1977-1981(Whalen and Cornwell, 1985). 
Annual organic carbon, JM, and P loads to the lake were 
8557, 290, and 4.6 mmol-m*"2. Nutrient retention is 
poor compared to other oligotrophic systems due to 
short water renewal times (0.5 y). Only 10, 20, and 30 
V. of the annual organic carbon, N, and P input to 
Toolik Lake was retained (Whalen and Cornwell, 1985). 
The short water renewal time may also limit the amount 
of water column nutrient recycling available for 
phytoplankton production in the lake. Nutrient 
recycling in the watercolumn was calculated to supply 
only about 50, and 75 3C of the N and P necessary for 
the measured primary productivity. Sediment C, N, and 
P accumulation rates were about 220, 21, 1.8 mmol
m~ssy~'xm Remineralized P from the sediment was not a 
source to the water column because of adsorption onto 
iron oxides (FeOx) in the oxidizing surface layer in 
the sediments (Cornwell, 1983).
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Salute and particulate concentration* in the inlet 
stream were generally elevated at the beginning of flow 
in mid-May and decreased as the thaw season progressed. 
They remained relatively unaffected by variation in 
stream flow rates. The high concentrations of disolved 
and particulate organic material in the inflowing water 
originated from the tussock vegetation which almost 
completely covers the drainage basin (Whalen and 
Cornwell, 1985).

Particulate P in 1980 ranged from 0.03 to 0.18 uM. 
Dissolved P ranged from 0.09 to 0.59 uM (Cornwell, 
1983). Dissolved organic carbon ranged between 267 and 
783 uM. Particulate organic carbon ranged between 8 to
57 uM. Particulate nitrogen ranged between 1 to 6 uM.
Dissolved inorganic nitrogen ranged between 0.4 to 3.5 
uM. Dissolved organic nitrogen ranged between 11 to 30 
uM (Whalen, and Cornwell, 1985).

The temporal loading pattern affects the nutrient 
availability for primary production in Toolik Lake. 
Inlet streams were the major source of nutrients to the 
lake. Up to 30 7. of the N and P inputs to the lake
occurred during the first 10 days of stream flow. At
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this time low temperature and snow covered ice limited 
primary productivity. From June to August the flux of 
particulate C, N, and P to sediment traps closely 
followed seasonal phytoplankton dynamics. Nitrogen and 
especially P were pref erential ly removed from the 
material falling out of the trophogenic zone (Whalen 
and Cornwell, 1985).

Vertical profiles in the sediment showed that 50 3C 
of the organic carbon and 55 JC of the N originally 
deposited was remineralized within the top 10 cm of the 
sediment. Whole lake C and N remineralization rates 
were determined to be 110 and 11.5 mmol • nr-̂ -y-1 for 
Toolik Lake (Whalen and Cornwell, 1985). The N 
remineralization rate is 10 to 100 times lower than 
that found in temperate systems (Fenchel and Blackburn, 
1979). Any P remineralized in the sediments is 
completely retained onto the FeOx crusts in the
surficial sedimenmt (Whalen and Cornwell, 1985).

Toolik Lake Sediment Geochemistry

Toolik Lake has one of the most oxic sedimentary 
environments found in any lake because of its low 
sedimentation rate and low input of metabolizable
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organic matter (Cornwell, 1983, 1985). The highly
oxidizing nature of the sediments prohibits nutrient 
and metal regeneration to the watercolumn. The 
sediments are termed "post oxic" because sulfate 
oxidation does not occur (Berner, 1981). Manganese and 
Fe concentrations can exceed 20 X and 25 X weight per 
volume in oxide crusts. Interstitial Mn(II) and Fe(II) 
can exceed 200 uM (Cornell, 1983). The metal oxide 
crusts accumulate Ba, Co, Ca, Ni, 2z*Ra and carbonate, 
due to metal oxide migration and scavenging in 
surficial sediments (Cornwell, 1983). Sediment 
inorganic P migrates with Fe forming P enriched zones 
in the sediment.

Toolik Lake sediment metal oxide crusts behave in 
accordance with a steady state diagenetic model with 
terms included for diffusion, reduction and oxidation 
(Cornwell, 1983). Metal oxide burial rates are 
equivalent to metal oxide reduction rates, rates of 
upward diffusion of reduced soluble Fed I) and Mndl) 
ions, and FedI) and Mndl) oxidation rates in the 
sediments. About 12 % of the Mn and 2 X of the active 
Fe are retained in the sediments as diagenetically 
formed oxides, the rest is buried under reducing 
conditions.
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The formation of MnOx and FeOx crusts in Toolik 
Lake can be explained by a combination of high stream 
inputs of Mn<II) and Fe<II)f low sedimentation rates, 
low organic matter oxidation rates in the sediment 
(Cornwell, 1983) and the sequence of electron acceptors 
used by sediment bacteria to oxidize organic material 
(Froelich et al. , 1979).. Oxidants are consumed in
order of decreasing energy production per mole of 
oxidized organic carbon. The order of oxidant 
preference is oxygen > MnOx - nitrate > FeOx > sufate. 
Toolik Lake sediments have extremely low nitrate 
concentrations so nitrate reduction is not important 
(K1ingensmith, 1981). Sulfate reduction does not occur 
in Toolik sediments because there is more than enough 
FeOx to oxidize any organic material present (Cornwell, 
1983). This leaves oxygen, MnOx and FeOx as the only 
major oxidants in Toolik Lake sediments. Manganese 
oxide crust formation occurs where oxygen is still 
present and is used as the major oxidant. When the 
oxygen is depleted, MnOx is used as the primary 
oxidant. Following MnOx depletion, FeOx is utilized as 
the primary oxidant. If the system is in steady state, 
crust dissolution is balanced by upward Mn(II) or 
Fe(II) diffusion and subsequent oxidation. If 
conditions are not oxidizing enough in the sediment,
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Mn(II) and Fe(II) may reach the water column before 
undergoing oxidation.

Littoral zone sediments have higher concentrations 
of organic material than profundal sediments (Cornwell, 
1983). Epibenthic diatoms, mosses and Nitella are 
found in the littoral zone sediments.- Littoral zone 
sediments have less than 1 X Mn content while profundal 
sediments have up to 17 Y. Mn content (Cornwell, 1983). 
This may be due to increased sedimentation of PMn at 
depth or to greater diagenetic loss of Mn from the more 
reducing littoral sediments via Mn(II) diffusion
(Cornwell, 1983).



Materials and Methods

Water Column Samples

All water samples were taken with a pre-rinsed Van 
Dorn sampler. Unfiltered samples <TMn) and filtered 
samples <Mn(II)) were done in duplicate. Twenty to 40 
ml samples of lake water were removed from a Van Dorn 
using plastic syringes and put into trace metal clean 
60 ml Nalgene bottles. Lake water sampled for Mn(II) 
was filtered through unwashed 0.2 u Nucleopore filters 
held in Millipore filter holders. The syringes, filter 
holders, and sample battles were trace metal cleaned by 
soaking in 10% HC1 and rinsing 3 times in double 
deionized water (DDW). Samples were preserved by the 
addition of 50 ul of Ultrex nitric acid prior to 
freezing or refrigeration. Manganese analyses were 
made using a Perkin-Elmer 4000 Atomic Absorption 
Spectrophotometer with a HSA 400 graphite furnace. 
Samples were injected at least 3 times until the 
standard deviation was 3—55C. This was passible except 
for same of the more dilute samples and for some TMn 
samples with higher variability due to heterogenous
distribution of particulates.
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Oxygen sample bottles were flushed at least twice 
to avoid atmospheric contamination- They were 
immediately preserved with KOH-NaI reagent and titrated 
as soon as possible using a modified Winkler method 
(Carpenter, 1965).

An Orion Research Specific Ion Meter model 404 and 
a combination electrode no. 91-02 were used to measure 
pH. The electrode was kept ionically equilibrated in 
lake water when not in use. Readings were taken every 
10 seconds until the electrode stabilized.

Bacteria samples for acridine orange direct counts 
(AODC's) were preserved in 60 ml Nalgene bottles with 
formaldehyde (final concentration 2%) and refrigerated 
until counted. Samples were filtered and stained with 
acridine orange (Daley and Hobbie, 1975) just prior to 
examination under a Ziess microscope set up for UV 
microscopy.

Colony Forming Units (CFU's) and manganese 
-oxidizing CFU's (MnCFU's) were plated out in 
triplicate at various dilutions on nutrient media 
containing Mn(II) (Chapnick et al. , 1982) and incubated



21 days at room temperature. Plates were counted for 
CFU's, then benzidine reagent (which turns blue in the 
presence of MnOx) was added. Colonies that turned blue 
were scored as MnCFU's.

Electron Microscopy

Samples were taken through a hole cut in the ice 
on May 29 1984 with a DDW-rinsed, lake water— rinsed Van 
Dorn water sampler. They were immediately preserved in 
a solution of 2.1% glutaraldehyde and 0.017% M 
cacodylate in 60 ml Nalgene bottles. Samples were kept 
refrigerated until 2 ml sub-samples were drawn with 
single-use Plastipak syringes and forced through 12.5 
mm diameter, 0.2 u Nucleopore filters. The filters 
were dehydrated with 50 to 100% ethanol and critical 
point dried in a C02 atmosphere. They were then cut 
and affixed to aluminun stubs with stick-ons and Au-Pb 
coated. They were viewed and photographed on a JE0L 
JSM-35 Scanning Microscope at the Geophysical Institute 
at UAF. The X ray spectra were obtained using a Kevex 
Quantex-Ray/ux7000 system.
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Water Column Mn(II) Oxidation Rate Assumptions

The Mn<II> oxidation in Toolik Lake was assumed to 
be a first order reaction, depending only on the 
concentration of Mn<II). Oxygen concentration remains 
relatively constant in Toolik Lake so it was omitted 
from the equation. The concentration of Mn<II) 
adsorbed to particulates was not known so dissolved 
Mn<II> concentration was used instead of adsorbed 
Mn(ll) which would have been more accurate if equation 
<3> descibes the actual mechanism of Mn<II) oxidation 
in Toolik Lake. With these assumptions the Mn(II) 
oxidation reaction was simplified tos

Mn(II) ■ MnOx + H+

The equation used for calculating the first order 
Mn(II) oxidation rates wass

<5> V m dCMnOx 3/dt

This implies that the rate depends only on the
Mn<II) concentration. It neglects temperature, pH, and
MnOx scavenging effects. These have been shown to be
important in other studies (Stumm and Morgan, 1981).
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Here they would show up as greater Mn(II) oxidation 
rates as optimal temperature, pH, or MnOx scavenging 
ef-facts are approached.

Appearance of S4*Mn on 0.2 u Cu rinsed filter 
(a^Mn0x) multiplied by the initial Mn(II) concentration 
and divided by incubation time was used to measure 
dCMn0x3/dt. Rapid equilibration between the added 
s^Mn (II) and the Mn(II) already present is required for 
correct oxidation rate measurements. Removal rates of 
Mn(II) and S4Mn(II) were the same in salt water 
incubations after 22 hours (Tebo and Emerson, 1985 A).
The use of s*Mn<II) was required to measure the small 
changes in concentration.

=^Mn Calculations

Disintegrations per minute (DPM) for a sample were 
calculated from equation 6s

(6) DPM/sample H (CPMJ/te1-0 X E)

where:
CPM ^counts per minute for the decay of “ M̂n,
L * (half-life of =*Mn - 312 d) X Ln2,
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D - number of days from a reference date,
E = counting efficiency for that sample geometery.

=*MnOx was calculated from equation 7i

<7> y.s*MnQx = 100 (DPMom ) / (DPMto* + DPM-i,-*)

where:

DPMom * average DPM/ml of filtered sample from 1 or 2 
s*Mn0x samples taken from the incubation bottle,
DPWto* i average DPM/ml of 2 unfiltered samples taken 
from the incubation bottle,
DPM«„r-* * DPM/ml bottle volume contained in an HC1 
rinse of the incubation bottle.

The **Mn<II) oxidation rate was integrated over 
cumulative incubation time with equation 8s

y»n
<8> ^  C=^Mn0x<v>-=*Mn0x <v-1> J/Ct <v>-t <v-i> 1

y=l

where:
n » number of samples in the incubation,
“^MnOx<v> “ **Mn0x present in sample y <X),
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a*MnOx <v-i> * **MnOx present in sample y-1 (%), 
t<v> =» time of sample y <h), 
t<v-i> * time of sample y-1 (h).

Mn<11) oxidation rates (V's) from in situ s*Mn(II) 
incubations were integrated over cumulative incubation 
time using equation 9i

<9) V - CMn(II)3o X 100 X S*V

wheres
CMn(II)3o * initial Mn(II) concentration (nM),

— S4Hn(II) oxidation rate caculated from Equation 
8 (%/h).

Turnover Time was calculated from equation 10s 

<10) T = 100/a*V

where:
= the ®*Mn(II) oxidation rate in an untreated 

incubation calculated from Equation 8 (%/h).

The effect of azide on Mn(II) oxidation was shown 
with an Activity Ratio (AR) shown in equation 11s



(11) AR *

wherei

58 “^Mndl) oxidation rate in an azide
treated incubation as calculated from Equation 8 (5£/h),

* the s<*Mn(II) oxidation rate in an untreated 
incubation as calculated from Eqution 8 (%/h).

s*Mn(II) Incubations

The May 14, 1984 incubation was carried out in the 
lab in Fairbanks. Sub-surface water was taken from a 
hole cut in the ice on May 12, shipped and stored in an 
acid-rinsed, lake water-rinsed Nalgene container. The 
water was kept cool until the incubation began on May 
14. Three hundred ml glass incubation bottles with 
ground glass stoppers were trace metal cleaned, then 
equilibrated with lake water for a few hours just
before adding incubation lake water. Treatments
included 10 mM NaCl, 10 mM NaNs (azide), and 20 uM
carbonylcyanide-p-chlorophenylhydrazone (CCCP)
additions just prior to **Mn(II) addition.
Radiomanganese, as “^MnCla, was obtained from New
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England Nuclear. The ^Mn(II) stock solution was 
diluted and adjusted to pH 3.0. Final =*̂ Mn incubation 
activity was 2000 DPM/ml. Twenty ml sub-samples were 
removed from the incubation bottles for total =*Mn, 
^Mn(II), and =~Mn0x. Oxidized =~Mn was defined as the 
=*Mn retained on 0.2 u Nucleopore filters after a 10 mM 
Cu(II) rinse. The excess Cu(II) removed adsorbed 
Mn(II) from binding sites on particulates. This
technique did not measure MnOx directly, but it was the 
best method available (Kepkay et al., 1984). Unlike in 
situ incubations these bottles were not sacrificed 
until the final sample time.

In Situ S4Mn(II) Incubations

Toolik Lake water for shallow (O.Sm) incubations 
was collected in a 10% HC1 rinsed, lake water— rinsed, 
20 1 Nalgene container. Deeper incubation lake water
<3 and 12 m) was collected by a DDW-rinsed, lake
water-rinsed Van Dorn and emptied into a 20 1 Nalgene 
container. Incubation bottles were HC1-soaked, 
DDW-rinsed, then equilibrated with lake water for a few
hours. They were then rinsed and filled with lake
water removed from depth.
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One® all the bottles were filled with incubation 
lake water, additions were made to treated incubation 
bottles. For azide treatments, 10 mM azide was added. 
For elevated Mn<II> treatments, Mn<II> was added. Then 
=*Mn<II) was added to all bottles, the bottles were 
mixed and immediately placed at depth. Remaining 
incubation water was sampled for initial Mn(II), TMn, 
02, pH, AODC's, CFU's, and MnCFU's. All additions to 
and sampling from the time zero incubation bottles were 
done shortly after the incubation was initiated in the 
other bottles.

Incubation bottles were removed from the lake and 
kept at in situ temperature in the dark no longer than 
1/2 hour before they were sacrificed. Twenty ml 
samples were removed with trace metal clean plastic 
syringes and placed into 60 ml Nalgene bottles. 
Samples for total s*Mn, and =*Mn0x were taken from each 
bottle. Ultrex nitric acid was added to total s^Mn 
samples before freezing or refrigeration. Filters 
containing =4Mn0x or particulate SSfJj <Ps*Mn) were 
placed in plastic petris dishes, taped in place, and 
kept frozen until counted. After the other samples 
were taken, the incubation bottle was washed with 10% 
HC1 and a portion kept to determine how much SJ*Mn was



Radiomanganese samples were counted on a Princeton 
Gamma-Tech model RG-11B/C gamma ray detector connected 
to a Canaberra series 40 multichannel analyser with a 
high voltage supply, model 4261. Counting efficiency 
was determined for each sample geometry using standards 
of stock =*Mn<II>.

Eutrophication Experiments

In order to test predicted effects of nutrient 
loading in an arctic oligotrophic lake, nutrients were 
added to limnocorrals in Toolik Lake in 1984. 
Limnocorrals are large plastic enclosures, 5 m in 
diameter, 5.5 m deep, that extend from the lake surface 
to the lake bottom. The limnocorral experiments are 
part of a larger program to determine the effects of 
increased land use by man in Northern Alaska. One 
stress under consideration is the removal of lake 
trout, the top predator, by overfishing. The other 
stress considered is the increased nutrient loading of 
streams and lakes from construction of roads, 
pipelines, and towns.

A 10X normal nutrient load treatment was done by
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adding 0.2 mol ammonia/day and 0.015 mol phosphate/day 
to a limnocorral. This was started on July S. 
Incubation water for the high nutrient =~Mn<II> 
incubation was taken from the limnocorral on August 8.

A limnocorral with 2X normal nutrient loading with 
nutrient additions 1/10 of that above was also started 
on July 5. Incubation water was taken from the 2X 
nutrient limnocorral on August 15 for a SAMn<II> 
incubation.



26

Results

Toolik Lake Distribution of Bacteria, Mn, and 02

May 1984 profiles were taken from under the ice 
near the inlet. June, July, and August profiles were 
taken from the center of the lake in open water. The 
seasonal distribution of bacteria obtained by AODC's, 
CFU's, and MnCFU's in the water column during 1984 are 
shown in Figure 1. The distribution of water column Mn 
bracketing the experimental season is shown in Table 1. 
Seasonal oxygen profiles are shown in Table 2. A 
detailed description of the Toolik Lake water column 
chemistry can be found in Cornwell, 1983 and Whalen and 
Cornwell, 1985.

Electron Microscope Results

Plates 1 and 2 show SEM photos. Plate 1 shows 
particles containing Mn found at 3 m on May 26, 1984. 
The Energy Dispersion Spectra (EDS) of several hundred 
bacteria and particulates were examined. Only those 
shown in Plate 1 contained Fe or Mn. Plate 2 contains 
a photo of more typical bacteria and particulates, none 
of which contain Mn or Fe. Diatoms and phytoplankton



Log Bacteria Numbers 
0 7 0 7 0 7

May 26, 1984 Jun^ 26, 1984 August 19, 1984

Figure 1- 1984 Distribution of Bacteria in Toolik Lake. The May
profile was taken from under the ice near the main inlet during spring 
runoff. The June and August profiles were taken in open water from the 
middle of the lake. The bars on the graph measure from the baseline.
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Table 1. 1984 Seasonal Distribution of Toolik Lake
Water Column Mn. The May profile was taken from under
the ice near the inlet during spring runoff in shallow 
<9 m) water. The June and August profiles were taken
in open water _from the middle of the lake. The May
profile was taken from mid-lake. TMn is the 
concentration of Mn in unfiltered samples and Mn(II) is
the Mn concentraton in 0.2 u filtered samples.
date: May 26 June 25 August If
depth TMn Mn <11) TMn Mn <11) TMn Mn < I!
4m) <nM> <nM) <nM)
0.5 297 646 262 199 93 *

3 787 739 237 144 101 4
8 878 859 224 135 93 0

12 230 142 94 0

15 297 168 104 4
* * not determined
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Table 2. 1984 Seasonal Distribution of Dissolved
Oxygen in Toolik Lake. The May profile was taken
during spring runoff near the main inlet. The June, 
July, and August profiles were taken in open water from 
the middle of the lake.

dates May 26 June 28* July 11* Aug. 14*
depth______ '_____ COxygen3____
<m) (uM) (uM) (uM) <uM>
0 326 331 290 305
3 317 343 305 305
5 362 351 303 305
7 294 343 323 306
10 332 307 292
13 328 295 274
16 322 302 271
18 316 292 261

* 6. Kipphut and M. Cheek, unpublished data, 1984
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Plate 1. SEM Photograph* of Mn and Fe Particles -from 
Toolik Lake. Samples were taken from 3 m through a 
hole in the ice on May 29, 1984. Particle 1 (Plates 
1A, 2A)f Particle 2 (Plate IB) f and Particle 3 (Plate 
1C) contain EDS detectable Mn. Particle 4 (Plate ID) 
contains EDS detectable Mn and Fe. Plate 2 shows the 
EDS for these particles.
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Plate 2. SEM Photograph* and EDS of particles from 
Toolik Lake. Plate 2A shows a close up of Particle i*. 
Plate 2B shows a more typical field of bacteria «nd 
particles, none of which have Mn. Plate 2C is the EDS 
for particle 1> Plate 2D is the EDS for Particle 2. 
Plate 2E is the EDS for Particle 4. Notes the vertical 
scales in 2C and 2D are 8X that of 2E.



of which contain Mn or Fe. Diatoms and phytoplankton 
had no detecatable Mn or Fe. Neither Mn nor Fe were 
detected using EDS in samples from 0.3 m and 8 m, but 
scope time was limited. The EDS for particles 
containing Mn and Fe are shown in Plate 2.

Toolik Lake a^Mn<II) Incubation Conditions

Incubation water was taken ■from several locations 
over the course of the experimental season. The 
incubation water taken at a depth of 3 m from a hole in 
the ice_near the main inlet on May 12 and 29, 1984.
The June 29, 3 m and the July 9, 1984 12 m incubation 
water was taken from the middle of Toolik Lake. The 
August 17, 1984 0.5 m incubation water was taken from a 
relatively sheltered bay where the limnocorrals were 
located. The August 8, 1984 incubation water was taken 
from a limnocorral that had received 10X normal 
nutrient loading for several weeks. The August 15, 
1984 incubation water was taken from a limnocorral that 
had received 2X normal nutrient loading for several 
weeks.

Tables 3 and 4 list incubation pH and temperature, 
and initial values of Qss TMn, Mn(II), CFU's, and
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Table 3. Chemistry and Bacteria Numbers for Toolik 
Lake Water In Situ Incubations. The May 1984 
incubation was done under the ice near the main inlet. 
The June and July 1984 incubations were done in open 
water in the middle of the lake. The Aug. 1984 
incubation was done in a shallow bay near the 
1imnocorrals.
date depth PH o2 temp. TMn Mn(1 1) P F I I ' c r M n P fT I 1 t =

<m> <uM> (°C) <nM) <#/ml)
5/29 3 6.85 317 2 350 270 1x10° 3x10*
6/29 3 7.15 343 10 200 98 2x 103 7x10=
7/9 12 6.17 310 6 200 21 1x10* 3x10*
8/17 0.5 7.21 305 11 130 0 9xlOa 1x10=

I
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Table 4. Chemistry and Bacteria Numbers for Eutrophied 
Toolik Lake Water In Situ Incubations. The August 8, 
1984 water was taken from a limnocorral that had 
recieved 2X normal ambient nutrient loading for several 
weeks. The August 15, 1984 water was taken from a
limnocorral that received 10X nutrient loading for 
several weeks. Water for both treatments were from 0.5 
m. Ambient conditions can be seen for August 17 (Table 
3).
date nutrients pH Pa temp. TMn Mn(II) CFU's MnCFU's 

(uM) (°C) (nM) (#/ml)
8/15 2X 7.39 315 11 170 26 3x10s 3x10*
8/8 10X 10.05 335 11 250 200 5x10= 9x10*
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MnCFU * a for the in situ ^MnUI) incubations. Table 3 

shows the seasonal data. Table 4 shows the data for 
eutrophied conditions. Incubation pH is the average pH 
from the untreated incubation bottles. Standard 
deviation over the course of the incubation ranged 
between 0.02 and 0.11 pH units. The average pH in the 
azide incubations tended to be 0.2 pH units higher than 
in the untreated incubations. Temperature remained 
within 1° C of the initial value during the
incubations. Oxygen concentrations remained within 15% 
of initial values during the incubations, even after 9 

days. Two and 4 day incubations had oxygen
concentrations within 5% of initial values.

Changes in CFU's and MnCFU's for untreated and 
azide poisoned incubations from June 29 are shown in 
Table 5. The 10X nutrient incubation from August 8 

showed no increase or decrease in CFU's after 2 days, 
however MnCFU's had doubled. After 2 days the azide
incubation had 5X less CFU's and 3X less MnCFU's than
found originally.

In situ ®^Mn(II) Oxidation

The seasonal changes s*Mn<II) oxidation over time
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Table 5, Changes in CFU's and MnCFU's during an In 
Situ Incubation. Toolik Lake water was taken from 3 m 
on June 29, 1984 and incubated in situ for 4 to 6 days. 
Dark incubations were done in dark incubation bottles. 
Azide incubations were done with addition of 10 mM 
azide.
days o 4 6

treatment CFU's MnCFU's CFU's MnCFU's CFU's MnCFU's
<#/ml)

untreated 2xl03 7xl0z 1x10* 5xl03 5x10* 1x10*
azide 1x10* 2x10= 4x10= 3x10*
dark 2x10* 2xl03 7x10* 5x10®
dark + azide 5xl03 3x10* lxlO3 5x10=
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is shown in Figure 2. Where duplicate bottles were 
sacrificed, average values are shown. The average 
standard deviation for a*MnOx from duplicate battles 
was 12%. Figure 3 shows the partitioning of °*Mn(II) 
into Pa*Mn and =*MnOx over time. The effect of Mn(II) 
addition on a4Mn(II) oxidation over time is shown in 
Figure 4. Figure 5 shows a*Mn(II) oxidation over time 
under eutrophied conditions.

Mn(II) Oxidation Rates, Turnover Times, and 
Activity Ratios

A summary of seasonal V's (Equation 9), Mn(Il) 
Turnover Times (Equation 10), and AR's (Equation 11) 
are shown in Table 6. Those for incubations with 
augmented Mn(II) and for eutrophied lake water are 
shown in Tables 7 and 8. All values are shown + their 
standard deviation.
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Figure 2. ®*Mn(II) Oxidation from In Situ incubations. 
The May 14 incubations were done in Fairbanks at in 
situ temperature. The other incubations were done in 
situ in Toolik Lake. Note changes in scale. Initial 
incubation conditions are shown in Table 3.

KEY
O * untreated 
#  - dark
x - dark + 10 mM NaCl

O  = 10 mM azide 
^  a dark + 10 mM azide 
P  - dark + 20 uM CCCP
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Incubation Time (h)

Figure 3. Partitioning of ®^Mn(II> Particulate “‘•Mn 
and s^MnOx over time. Toolik Lake water was taken from 
0.5 m on August 17f 1984 and incubated in situ.

KEY
0  * “‘♦MnOx in an untreated incubation 
^  « s*MnOx in a 10 mM azide incubation 

m p*^Mn in an untreated incubation 
^  = p=*Mn in a 10 mM azide incubation
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Figure 4. The Effect of Mn(II) Additions on **Mn<II) 
Oxidation. Water was taken from the center of Toolik 
La^e on July 9, 1984 from 12 m and incubated in situ. 
Initial conditions are shown in Table 3. Figure 2 D 
shows s*Mn(II) oxidation under ambient conditions for 
July 9. Note changes in scale.

KEY
x * 0.6 uM Mn (1 1) addition Q  * no poison
y m 6.0 uM Mn(II) addition
z * 60 uM Mn(II) addition 0  “ + 10 azide
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Figure 5. Effects of Eutrophication on s*Mn(II> 
Oxidation. Water was taken from limnocorrals which had 
received 2X and 10X ambient nutrient loading for 
several weeks and incubated in situ with s*Mn(II). The 
2X nutrient treatment was incubated on August 15v 1984. 
The 10X nutrient treatmentwas incubated on August 8, 
1984 . Figure 2 E shows B*Mn<II) oxidation for ambient 
conditions in August. Note the changes in scale.

KEY
0  * untreated ** 10 mM azide
0  - dark ^  * dark + 10 mM azide
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Table 6. Seasonal Mn(II) Oxidation Rates, Turnover
Times and Activity Ratios from In Situ s^Mn(II) 
Incubations. They were done in Toolik Lake during the 
1984 thaw season. The Mn(II) oxidation rates (V), 
Turnover Times, and Activity Ratios (AR), were 
integrated over cumulative incubation time (time). 
Incubation conditions are shown in Table 3.
Incubation time_____ V____ Turnover Time____ AR____

(h) (nM Mn/h) (d)
5/29 3 m 6 0.45 + 0.03 25 + 0.5 0.94 + 0.115 0.69 + 0.04 17 + 0.1 0.41 + 0.004
6/29 3 m 9 1.3 + 0.04 3.1+ 0.04 0.45 + 0.0144 0.78 + 0.03 5.2+ 0.06 0. 13 + . 0.006108 0.51 + 0.02 8.0+ 0.01 0.02 + 0.005185 0.73 0.02 5.6+ 0.06 0.01 + 0.002

6/29 3 m 17 1.3 + 0.04 3.1+ 0.03 0.25 + 0.006(dark) 49 0.60 + 0.02 6.8+ 0.1 0.16 + 0.01
118 0.41 + 0.01 9.9+ 0.2 0.06 + 0.01
195 0.56 + 0.02 7.1+ 0.09 0.03 + 0.004

7/9 12 m 6 0.31 + 0.03 2.8+ 0.06 0.79 + 0.03
26 0.12 + 0.01 7.3+ 0.2 0.38 + 0.03
73 0.09 + 0.01 10. + 0.2 0.23 0.02

8/17 0.5 m 3 0.00 + 0.00 13+1
8 0.00 + 0.00 25+0.8 0.41 + 0.02
17 0.00 + 0.00 31 + 0.6 0.12 + 0.01
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Table 7. Effects of Increased Mn(II) Concentration on 
Mn(II) Oxidation Rates, Turnover Times, and Activity 
Ratios. Water was taken from the middle of Toolik Lake 
from 12 m on July 9, 1984 and incubated in situ with 
a*Mn<II>. The Mn(II) oxidation rate (V), Turnover 
Times, and Activity Ratios (AR), were integrated over 
cumulative incubation time (time). Incubation
conditions are shown in Table 3.
Mn(II) time V Turnover Time AR
(uM) (h) (nM Mn/h) (h)
0.02 27 0.12 + 0.01 7.3 + 0.2 0.38 + 0.03
0.6 31 0.64 + 0.03 40 + 2 *

73 * * 0.023+ 0.002

6.0 31 0.74 + 0.1 340 + 50 *
80 0.92 + 0.1 270 + 20 0.027+ 0.005

60 31 . 0.75 + 0.8 3400 + 4000 *
93 22 + 3 110 + 10 0.00 + 0.01

* = not determined
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Table 8. Effects of Eutrophication on Mn(II) Oxidation 
Rates, Turnover Times, and Activity Ratios. 
Limnocorrals were given 2X and 10X ambient nutrient 
loading for several weeks prior to in situ incubations 
with a"*Mn(II). The ambient nutrient incubation was 
dons on August 17, 1984 using lake water. The 2X
nutrient incubation was done on August 15, 1984. The
10X nutrient incubation was done on August 8, 1984. 
Mn(II) oxidation rates (V), Turnover Times, and 
Activity Ratios (AR), were integrated over cumulative 
incubation time (time).
nutrient time V Turnover Time ARloading

<h) (nM Mn/h) (h)
ambient 3 0.0 + 0.0 13+1 0.12  + 0.01

2X 3 3.8 + 2
7 2.9 + 1

0.2 + 0.003 0.37 + 0.01

10X 7 1.1 + 0,4 7.7+ 0.8
36 0.7 + 0.2 12 + 0.6

1.4 + 0.2
1.4 + 0.1

* m not determined



Discussion

Seasonal Distribution of Mn, 02, and Bacteria

In 1984 the seasonal distribution of Mn in Toolik 
Lake (Table 1) was similar to that found previously 
(Cornwell, 1983). Spring runoff early in the season
leads to high concentrations of Mn(II). With cessation 
of Spring runoff, which is the major source of Mn(II), 
the water column Mn(II) concentration drops off rapidly 
and the ratio of Mn(II) to TMn also decreases. Oxygen 
profiles (Table 2) illustrate the strongly oxidizing 
conditions in the water column. The water column 
remains oxic year round and reducing conditions are not 
found until several cm under the sediment-water 
interface (Cornwell, 1983). Thus, conditions in the 
water column favor Mn(II) oxidation.

All bacteria present are enumerated using AODC's
whether they are actively metabolizing or not. Hobbie
et al., 1983 reported AODC's of 0.1 to 3.1 x 10*
cells/ml. The AODC's from this study (Figure 1) were
slightly higher than found previously, but numbers and
trends were in reasonable agreement. High AODC's were

45
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found in the runoff water from tundra streams (Hobbie
et al.f 1983), Higher AQDC's are found earlier in the
year, likely from the input of terrestrial bacteria and 
from the higher productivity enabled by nutrients from 
spring runoff.

More abundant CFU's were found from under the ice 
in May near the inlet during spring runoff than later 
in the season from the middle of the lake (Figure 1).
This may indicate the presence of a large number of
metabolizing bacteria, or that the bacteria may be 
suited to the higher nutrient concentration in the lake 
water and thus better able to grow on the nutrient 
media. Only living organisms capable of growing on the 
nutrient media are included in the CFU numbers. This 
excludes an unknown but likely large proportion of 
bacteria not suited to conditions provided by the 
media. Bacteria actively metabolizing in the 
nutrient—poor lake water may be out-competed by 
organisms with higher nutrient tolerance, better suited 
to nutrient uptake and growth on the nutrient agar.

More MnCFU's are also found in May from under the 
ice near the inlet during spring runoff than at the 
other locations later on. This coincides with higher



Mn(II) concentration as well as the higher nutrient 
concentration. The presence of high numbers of MnCFU's 
may not represent a greater number of Mn-oxidizing 
bacteria in general, but a greater number of 
Mn-ox i di z i ng bacteria that are nutrient-tolerant. 
Though MnCFU's can not be used to quantify the total 
number of Mn-oxidizing bacteria, it was interesting to 
note their changes in abudance.

Nutrient media may inhibit some Mn—oxidizing 
bacteriaf which only oxidize Mn<II) in low nutrient 
conditions (Ghiorse, 1984)a To examine the effect of 
added nutrient to agar containing Mn(II) on CFU's and 
MnCFU's, a comparison was made on May 26 1984 between 
the 2 incubation conditions. After 21 days there were 
slightly more CFU's and MnCFU's on the nutrient media. 
Perhaps a longer incubation period would have produced 
higher numbers of MnCFU's on the no nutrient addition 
media.

When CFU's and MnCFU's were monitored over the 
course of an untreated incubation they remained the 
same or increased (Table 5). MnCFU's from 
azide-treated incubations were generally 10X less 
abundant than from untreated incubations. Growth on
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plates from azide-treated incubation water might have 
ccurred when cells not actively metabolizing in the 
lake water, were not affected by the azide. When these 
bacteria started metabolizing on nutrient agar the 
azide may have been too dilute to be effective.

SEM and EDS Analysis of Mn Particles

SEM and EDS analysis was performed on Toolik Lake 
water column samples taken in May. Out of several 
hundred particles and bacteria examined, only those 
shown on Plate 1 showed observable Mn or Fe. Particles 
1,2, and 3 {Plate 1) contained relatively high amounts 
of Mn. The EDS for Particle 3 (data not shown) was' 
similar to those of Particles 1 and 2. Particle 4 

appears to be a cluster containing EDS detectable Fe 
and Mn. Particle 1 has a Metallogen ium-like 
appearance. It has characteristic fibrils and surface 
structure suggestive of an organic matrix. 
Metal logen ium may not be a bacterium (Ghiorse, 19S4) 
but an association of organic material and Mn. 
Acridine Orange, a dye used to stain nucleic acid, does 
not stain Hetalogenium indicating nucleic acid is not 
present. When enumerating AODC's, no Metalogenium-1ike 
oraganisms were seen. All particulates shown in Plate
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1 had surface structure suggestive of an organic 
polymer. They were larger than typical bacteria found 
in the lake (Plate 2). They may be inert particles, 
Par"ticles with surface Mn—oxidizing bacteria, large
Mn-oxidizing bacteria, or fungal spores. None of the
observed algae or diatoms were associated with EDS 
detectable Mn.

In Situ S4Mn(II) Incubations

The results (Figure 2) from the a*Mn(II> 
incubations indicate that living microorganisms
catalyze Mn(II) oxidation throughout the entire sampled 
season. The highest V's (Table 6) occurred during the 
first 4 to 6 hours of the incubation. This early
period was emphasized because at this time incubation 
conditions most closely approached actual lake 
conditions. Longer incubation times resulted in 
greater changes in Mn(II) concentrations, microbial 
populations, metabolites, and other bottle effects 
caused by seperating the incubation water from the rest 
of the lake.

Of many poisons tested (Rosson et al., 1984), only 
azide was an effective microbial inhibitor without
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interfering with Mn chemistry in salt water. The May 
14, 10 mM NaCl incubation was designed to test whether 
an increase in ionic strength caused by azide addition 
had an effect on Mn<II) oxidation. There did not 
appear to be any difference between the unpoisoned and 
the NaCl treatments (Figure 2 A) suggesting the 
increased ionic strength caused by azide addition did 
not affect Mn(II) oxidation in lake water at pH 7.

The metabolic inhibitor CCCP was added (Figure 2 
A) to see if it inhibited Mn(II) oxidation. The sudden 
increase in ^MnOx immediately after its addition 
suggested it complexed with a*Mn(II), precluding its 
further use.

Manganese-oxidizing bacteria are known to colonize 
surfaces (Kepkay and Nealson, 1982). This was not a 
problem in Toolik Lake in situ incubations because 
usually less than 25C of the recovered a*Mn was from the 
inside bottle surface. For these reasons the shorter 
incubation times were used when discussing in situ 
Mn(II) oxidation rates and turnover times.

Initial, shorter incubation had higher AR's than 
later, longer incubation periods. Activity Ratio's



significatly less than 1.0 indicate microbially
mediated Mn<II> oxidation occurred. (Table 6). Early 
high AR's may have been an artifact since afterwards 
they decreased or did not increase further. This may 
have been due to side effects of cell death such as 
cell lysis or incomplete microbial inhibition.

Bacteria were implicated in catalyzing Mn(II) 
oxidation in the Toolik Lake water column by two main 
observationsa low AR's and negative evidence for algal 
involvement in the process. The only AR that was not 
significantly different from 1.0, indicative of no 
biological mediation, was during the first 6 hours of 
May 29 incubation (Table 6), however longer incubation 
times indicated biological activity was required for 
the observed V. After 24 hours, AR's were all between 
0.21 and 0.45 (Table 6). The low AR's (significantly 
less than 1.0) indicate biological mediation was 
important for in situ Mn(II) oxidation. Dark and light 
incubations (Figures 2,5) showed no differences in 
s*Mn(II) oxidation, indicating photosynthesis was
required for the observed Mn(II) oxidation. The 
absense of detectible Mn associated with algal cells 
using SEM and EDS (data not shown) provided other 
indirect evidence algae were not important catalysts of



52

Mn(II) oxidation. This poison sensitive Mn(II) 
oxidation was likely catalyzed by Mn-oxidizing 
bacteria.

Accumulation of a4Mn(II) onto the particulate 
fraction was always greater than ®*Mn(II) oxidation 
(Figure 3). This is consistent with the two—step 
mechanism of microbially mediated Mn(II) oxidation 
(Equation 3) where Mn(II) must first adsorb to 
particulates before it can be oxidized.

Photo-reduction of MnOx involving humic acids was 
found to be~ important in salt water incubations (Sunda 
et al, 1983). Differences in a4Mn(II) binding between 
light and dark incubations in other arctic lakes was 
attributed to photo-reduction (Barsdate and Matson, 
1966). This present study did not reveal differences 
between dark and light treatments on S4Mn(II) oxidation 
in the water column in Toolik Lake. Other light and 
dark incubations did not show a photo-reduction effect 
(Laxen, 1984), which was attributed to a low 
concentration of humic material, even though it was in 
the same concentration range as found by Sunda, (1983). 
In situ =*Mn(II) incubations from Toolik Lake water in 
1983 showed 10 to 20% greater a^Mn(II) oxidation in
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dark treatments than in light treatments <data not 
shown), however when these bottles were removed from 
the lake they were exposed to full light levels for 10 

to 20 minutes prior to sampling which may have 
increased any photo-reduction effect.

The Toolik Lake Mn Cycle

The annual Mn cycle in Toolik Lake is summarized 
in Figure 6. This relates Mn fluxes determined from 
this study to one of the most complete Mn budgets in 
the literature (Cornwell, 1983). Stream input and 
output PMn and Mn(II) fluxes were determined from 
stream flow and PMn and Mn(II) concentrations found in 
the inlet and outlet streams. Sediment traps were used 
to measure the PMn sedimentation flux. The PMn-Mn(II) 
fluxes in the sediment were calculated from a 
steady-state model that assumes that Mn(II) oxidation 
is equal to MnOx reduction in the system. The Mn
burial flux is based on the 21°Pb sedimentation rate
and sediment Mn concentration profiles.

The Mndl) flux from the sediment was measured
using plexiglass chambers open only to the sediment (G.
Kipphut, unpublished data, 1984). The 1984 in situ
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FiSure M6‘ Toolik Lake Mn Cycle. The water column in 
situ Mn(II) oxidation rate from this study was 
seasonally averaged and shown as the Mn(II) to 
Part culate PMn <PMn) flux. Water column inflow and 
outflow Mn<II) and PMn fluxes were determined from 
stream Mn concentration and stream flow rates 
(Cornwell, 1983). The atmospheric flux was determined 
from precipitation samples (Cornwell, 1983). 
Sedimentation of PMn was measured in sediment traps 
(Cornwell, 1983). The sediment to water column Mn(II) 
flux was measured using plexiglass chambers open only 
to the sediment (G. Kipphut, 1984, unpublished data). 
Sediment Mn(II) oxidation and MnOx reduction fluxes 
were determined from a steady state model and assumed 
to be equal in the system (Cornwell, 1983). The Mn 
burial flux was determined with Mn concentration 
profiles and the 21°Pb sedimentation rate (Cornwell, 1983).

Mn (mmol -m~2-y“1)

ATMOSPHERE 0.04
A■ Lake «
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Mn<II> oxidation rate was calculated as a seasonally 
average flux and shown as the water column Mn(II) to 
PMn flux. Active Mn(II) oxidation was assumed to occur 
in only 3 months of the year. This is a reasonable 
assumptions because August Mndl) oxidation rates are 
negligible due to Mndl) limitation, and Mndl) is not 
replenished until the following May during spring thaw 
and runoff.

Water column PMn production for 1981 was 2.9 
mM-m_2-y“* calculated from mass balance data (Cornwell, 
1983, Figure 6). Particulate Mn sedimentation was 
added to PMn outflow and PMn inflow was subtracted- to 
give PMn production. The water column Mndl) oxidation 
from the 1984 in situ incubations, shown as the Mndl) 
to PMn flux (Figure 6), was 3X greater than the 1981 
mass balance PMn production. This may be quite 
reasonable considering the differences in techniques, 
time scales, and study years.

Mass balance PMn production is a net or long term 
measure of Mndl) removal, whereas the in situ S4Mn(II) 
incubations provide a measure of gross initial 
oxidation. Net PMn production may be more useful for 
looking at long term averages of Mndl) removal in the
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water column but may overlook details in short term Mn 
cycling and changes in oxidation state, which can be 
provided by **Mn(II) incubations. The difference 
between the two fluxes may indicate short time scale Mn 
recycling occurs in the water column of Toolik Lake. 
Photoreduction of MnOx could be a source of recycled 
Mn <11).

Toolik Lake sediment unlike less oxidizing 
sediments, does not provide a major source of Mn(II) to 
the water column. The low Mn(II) flux from the 
sediment (Figure 6), combined with the short water 
residence time may increase the importance of Mn 
recycling in the water column of Toolik Lake. The 
importance of recycled elements in the water column is 
also seen for nutrient recycling. There are extremely 
low nutrient regeneration fluxes from the sediment and 
relatively high nutrient regeneration fluxes in the 
watercolumn (Cornwell and Whalen, 1985). Toolik Lake 
watercolumn nutrient and Mn cycles are both relatively 
uncoupled from the sediments compared to systems with 
less oxidizing sediments.
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Seasonal Changes in Mn(II) Concentration 
and Oxidation Rates

In May the Toolik Lake water column had a high 
Mn<II> concentration and a moderate V. The Mn<II) 
concentration is high because of the high Mn(II) input 
from spring runoff. The May 29 incubation was done
under the ice at 2° C. It had the highest ambient
Mn(II) concentration and the second highest untreated 
lake water V (Table 6). It is likely that the low 
temperature reduced microbial activity somewhat. Since 
azide effectively inhibited Mn(II) oxidation (Figure 2, 
Table 6), manganese-oxidizing bacteria were active but 
with reduced activity due to the low temperature
regime.

The highest V measured under ambient conditions in 
the water column occurred in June when temperatures had 
warmed from 2° to 10° C and the Mn(II) concentration 
was still relatively high. During this period, peak 
values of **C primary productivity, and sediment trap 
fluxes of Fe, Mn and P occur in Toolik Lake (Cornwell, 
19S3, Whalen and Cornwell, 1985). These high 
sedimentation fluxes are correlated with an increase in
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biological activity allowed by the higher temperatures 
and the presence of nutrients remaining from spring 
runoff.

By August the Toolik Lake water column had 
negligible Mn(II) present which limited Mn(II) 
oxidation.. The Mn(II) added in the spring had been 
removed from the water column and oxidizing conditions 
prevent Mn(II) remobilization from the sediments. 
August Mn<1 1) turnover times in short term incubation 
intervals were 13 to 25 hours (Table 6) which were 
longer than Mn(II) turnover times in June and equal to 
Mn(II) turnover times in May though the Mn(II) 
concentrations were at least 100X greater in May and 
June. Manganese-oxidizing bacteria were still active, 
as evidenced by low AR's but were Mn(II) limited, which 
resulted in a low V.

In Situ a4Mn(II) Incubations in Toolik Lake 
and Other Study Sites

Summer incubation conditions and V's for Toolik 
Lake, Esthwaite Water (EW), Rostherne Mere (RM), Lake 
Oneida, Saanich Inlet, and other arctic lakes are shown 
in Table 9. In situ S4Mn(II) incubation results from
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Table 9, Background Chemistry and Mn<II> Oxidation 
Rates from s*Mn(II) Incubations at Various Study Sites* 
Only incubations In Toolik Lake and Saanich Inlet were 
done in situ. The Alaska incubations (Barsdate and 
Matson, 1966) were for 24 hours. Toolik Lake Mn<II) 
oxidation rates (V) (this study) were from initial
incubation times. Lake Oneida V's (Chapnick et al., 
1982) were from the first 10 hours. Esthwaite Water 
(EW) and Rostherne Mere (RM) (Tipping, 1984)
incubations were 48 to 72 hours. The Saanich Inlet
incubations (Tebo and Emerson, 1985A, B) were 3 hours.
Study temp. Oxygen CMn(II)3 pH V

(~C) (uM) (nM) (nM/hy
Alaska 16-60 0-0.7*
Toolik 6—12 310-340 0-270 6.7-7.3 0-1.3
Saanich 9 15 10-3,000 7.4 0-11

Onei da 17-23 103-275 500-1,200 8-8.4 10-20*
EW 5-19 <10-400 200-28,000 7-8 0-120

RM 7-16 <10-300 0-18,000 7-8 0-345
* These are overestimates of V since Mn(II) binding 
rather than Mn(II) oxidation was measured in these 
studies.



Toolik Lake agree with those determined in other arctic 
lakes (Barsdate and Matson, 1966). However , they
measured a*MndI) removal rather than Mn(II) oxidation, 
thus V may be overestimated.

Toolik Lake is among the lowest in temperature 
regime, has the.highest oxygen concentration, and the 
lowest Mn(II) concentrations when compared to the 
temperate study sites. The supply of Mndl) to the 
water column may be the major limiting factor in Toolik 
Lake and the other arctic lakes since they have the 
lowest Mndl) concentrations and oxidation rates of any 
of the systems studied. Oxygen and microbial binding 
sites were limiting in Saanich Inlet <Tebo and Emerson, 
1985 A,B). The highest Mn<II) oxidation rates were 
measured in Lake Oneida, EM, and RM. Combinations of 
high Mndl) and oxygen concentrations may have been 
responsible.

The only studies which examine the effects of 
increased Mndl) concentration on in situ V's were done 
in Saanich Inlet, Lake Oneida, and Toolik Lake. The 
maximum Mndl) oxidation rate <Vm*„) in Lake Oneida was 
30 nM/h in June and 200 nM/h in August (Chapnick et
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al., 1982). The Vm«M in Saanich Inlet was between 4.4 
and 12.1 nM/h <Tebo and Emerson, 1985A, B)I The
in Toolik Lake during July was 0.7 nM/h (Table 7).

The only studies which tried to relate V to MnCFU
abundance were done in Lake Oneida and Toolik Lake. No
correlation was found in either study. Both lakes had 
more abundant MnCFU's in June and fewer in August. 
Lake Oneida had 10* to 10s MnCFU 's/ml in June compared 
to Toolik with 10*/ml. Lake Oneida incubations had 
greater increases in MnCFU's than found in Toolik Lake 
incubations. This is reasonable since Toolik Lake 
incubations were done in situ at lower temperatures.

Eutrophied In Situ s*Mn(II) Incubations

The increased concentration of nutrients in the 
Toolik Lake limnocorrals had an observable effect on 
both Mn cycling and microbial activity. Water column 
Mn(II) oxidation and removal rates were greater under 
eutrophied conditions (Table 8), however the mechanism 
between the 2X nutrient and 10X nutrient treatments may 
have been different. The order of abundance for both 
CFU's and MnCFU's was 10X nutrients »  2X nutrients > 
ambient conditions (Tables 3,4). The same trend was
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found for microbial acetate incorporation (J.R. 
Vestal, Univ. of Cincinnati). This supports the use 
of CFU's as an indicator of relative heterotrophic 
activity.

The highest V was measured in the 2X nutrient 
limnocorral. The pH was neutral and the Mn(II)
concentration was high compared to ambient conditions 
in untreated lake water during August (Tables 3,4). 
Under these conditions Mn(II) oxidation appeared to be 
microbially mediated because the AR remained less than 
0.40. The rapid turnover time of 0.28 days means there 
should have been a steady supply of Mn(II). The most
likely source was the interstitial Mn(II) from the
sediments.

The Mn(II) oxidation rate in the 10X nutrient 
limnocorral was less than that measured in the 2X 
nutrient limnocorral. The pH in the 10X nutrient
limnocorral was over 10 due to removal of HCOs- by 
photosynthetic production. According to Stumm and 
Morgan (1981), for 200 nM Mn(II) at a pH of 10.1, the 
autocatalytic Mn(II) oxidation rate is 250 nM/h at 25° 
C. The limnocorral temperature was lower, 11° C, but 
its Mn(II) oxidation was 250X lower. At such a pH one
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would expect to find little or no Mn(II). As stated 
earlier, Mn(II) was defined as Mn present in 0.2 u 
filtered water. At pH's higher than 7.5, MnOx may be 
found in 0.15 u filtered fresh water <Laxen, 1984). If 
this is true then we underestimated the Mn(II) 
oxidation rate and overestimated the Mn(II) 
concentration in the 10X nutrient limnocorral since 
MnOx would not have been retained on 0.2 u filters.

Mn<II) oxidation was not inhibited by azide in the 
10X nutrient limnocorral water. Two different 
explainations may account for this. Autocatalytic 
Mn(II) oxidation occurs above pH 8 (Stumm and Morgan, 
1981). The pH in this treatment was over 10, thus 
autocatalytic Mn<II) oxidation would be expected. In 
vitro studies (Yonetani and Ray, 1965) indicate azide 
inhibition is weaker at higher pH. At pH 10 azide may 
not be an effective microbial inhibitor.

An activity ratio of greater than 1.0 in the 10X 
nutrient limnocorral incubations may have been due to 
azide interference in Mn chemistry at high pH. Azide 
is known to slightly enhance Mn<II) oxidation in 
sterile seawater incubations (Rossen et al, 1984). Its 
effect on Mn chemistry in high pH freshwater has not



been examined.

The trend observed in V's under various nutrient 
regimes was 2X nutrients > 10X nutrients >> ambient
nutrients. The trend observed in PMn sedimentation 
rates (Table 10) was 2X nutrients > ambient nutrients > 
10X nutrients. The PMn sedimentation rates may be 10 
to 100X lower than the Mn(II) oxidation rates because 
Mn(II) can adsorb onto particulates became oxidized, 
then remain suspended in the water column. The Mn(II) 
oxidation rates reflect a gross measurement and short 
term Mn cycling. Particulate Mn sedimentation as 
measured by sediment traps may reflect more of a net 
measurement and longer term Mn cycling.

Effects of Eutrophication on Toolik Lake Mn Cycling

By August, after 6 weeks of doubled nutrient 
loading, the effects of eutrophication on Mn cycling in 
Toolik Lake were apparent (Table 8). The concentration 
of Mn(II) in the watercolumn was greater due to 
enhanced Mn(II) regeneration from the sediments. 
Enhanced organic matter sedimentation and its 
subsequent oxidation led to an unmeasured decrease in 
redox conditions in the surficial sediment. The lower
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Table 10. Effects of Eutrophication on Mn Cycling in 
Toolik Lake. Water column Mn<II) oxidation rates (V) 
were from in situ S4Mn(II) incubations. Water column 
PMn sedimentation rates <PMn sed.) were measured using 
sediment traps. Sediment Mn<II) regeneration rates 
<Mn<II) regen.) were measured using plexiglass 
chambers open only to the sediment. All measurements 
were made in August 1984. Eutrophied treatments were 
done in limnocorrals which had received increased 
nutrient additions for several weeks. Ambient 
measurements were done in the lake near the 
1imnocorrals.
nutrient Mn(II) V PMn sed.* Mn(II) regen.*
treatment________________ - ___________________

<nM) <nM/h> <nM/h) <nM/h)
ambient 0 0 0.5 0.006-0.07
2X 26 3 0.9 0.05-0.1
10X 200 1 0.009 0.3-1

* G. Kipphut, unpublished data, 1984.
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redox conditions permitted Mn<II) to diffuse into the 
the water column at a faster rate. The increased 
supply of Mn(II) from the sediments into the water 
column led to increased microbial Mn(II) oxidation and 
PMn sedimentation from the water column, however a 
higher than normal Mn(II) concentration remained in the 
water column.

After 6 weeks of 10X nutrient loading the chemical 
and biological changes were even more pronounced. The 
high level of nutrient loading stimulated primary 
production the greatest. With even more orgnic 
material reaching the surficial sediment, more Mn(II) 
was released from the MnOx layer (Table 10). The high 
removal of bicarbonate by photosynthesis caused the pH 
to rise above 10. The observed higher Mn(II) 
concentration and lower Mn(II) oxidation rate (Table 
10) may be artifacts since MnOx may pass through 0.2 u 
filters when the pH that high. Even so, the water 
column TMn concentration in the 10X nutrient treatment 
was higher than found in the lower nutrient treatments 
for August (Tables 3, 4). The high pH should have
allowed autocatalytic Mn(II) oxidation, however the 
method used here may not have detected the actual 
Mn(II) oxidation rate.
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The abundance of MnCFU'* appeared to co-correlate 
with water column nutrient and Mn concentration from 
the eutrophication experiments (Table 4). Thi* was 
also reflected in the seasonal trends. Water column 
nutrient and Mn concentration are high early in the 
season (Whalen and Cornwell, 1985, Cornwell, 1983) as 
well as MnCFU abundance (Table 3). The Mn(II) 
oxidation rate did not correlate with MnCFU abundance 
as would have been expected if they were representitive 
of active Mn-oxidizing bacteria in the system.

Conclusions

Mndl) oxidation in Toolik Lake is microbially 
mediated as shown by the effectivess of azide poisoned 
controls.

Toolik Lake has the lowest measured in situ Mndl) 
oxidation rates which may be attributed to low 
temperature and Mndl) concentration.

Increased eutrophication can affect Mn cycling. 
Greater watered umn Mn concentrations and Mndl) 
oxidation rates were observed.
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Water column nutri.nt and Mn concentration 
co-correlated with MnCFU's. However th.r. wa. no 
correlation between Mn(II) oxidation rate, and MnCFU's.

The in situ Mn(II) oxidation flux from this study
was 3X greater than the mass balance PMn production
flux from Cornwell, 1983 in the Toolik Lake water 
column.

Toolik Lake in situ Mn<II> oxidation rates are in 
agreement in situ Mn removal rates found in other 
arctic lakes (Barsdate and Matson, 1966).

Toolik Lake manganese-oxidizing bacteria may be
Mn(II) limited by mid—summer.

The indentity of Mn particulates was not 
ascertained using SEM and EDS, however they appeared to 
have surfaces with organic polymers suggesting 
biological involvement. Neither algae nor diatoms were 
associated with EDS-detectable Mn.
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