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Introduction

Questions often arise concerning how a lake’s water quality has changed through time as a result of
watershed disturbances. In most cases there is little or no reliable long-term data. Questions often
asked are if the condition of the lake has changed, when did this occur, what were the causes, and
what were the historical condition of the lake? Paleoecology offers a way to address these issues.
The paleoecological approach depends upon the fact that lakes act as partial sediment traps for parti-
cles that are created within the lake or delivered from the watershed. The sediments of the lake en-
tomb a selection of fossil remains that are more or less resistant to bacterial decay or chemical disso-
lution. These remains include diatom frustules, cell walls of certain algal species, and subfossils from
aquatic plants. The chemical composition of the sediments may indicate the composition of particles
entering the lake as well as the past chemical environment of the lake itself. Using the fossil remains
found in the sediment, one can reconstruct changes in the lake ecosystem over any period of time

since the establishment of the lake.

Grindstone Lake is a 3111 acre lake located in Sawyer County. The maximum depth is 60 feet with a
mean depth of 30 feet. Two sediment cores were collected from the deepest area of the lake on 8
July 2004. The cores were collected with a gravity core with a plastic tube having an inside diameter
of 6.8 cm. The cores were sectioned into 1 cm intervals with the longest core being 48 cm. The core
was dated by the 2'°Pb method and the CRS model used to estimate dates and sedimentation rate.
The diatom community was analyzed to assess changes in nutrient levels and changes in the macro-
phyte community and geochemical elements were examined to determine the causes of changes in

the water quality and changes in oxygen conditions in the bottom waters.

Results and Discussion

Dating

In order to determine when the various sediment layers were deposited, the samples were analyzed
for lead-210 (*'Pb). Lead-210 is a naturally occurring radionuclide. It is the result of natural decay
of uranium-238 to radium-226 to radon-222. Since radon-222 is a gas (that is why is sometimes is
found in high levels in basements) it moves into the atmosphere where it decays to lead-210. The
1% js deposited on the lake during precipitation and with dust particles. After it enters the lake
and it is in the lake sediments, it slowly decays. The half-life of 2'°Pb is 22.26 years (time it takes to
lose one half of the concentration of 2'°Pb) which means that it can be detected for about 130-150
years. This makes *'°Pb a good choice to determine the age of the sediment since European settle-
ment began in the mid-1800s. Sediment age for the various depths of sediment were determined by
constant rate of supply (CRS) model (Appleby and Oldfield, 1978). Bulk sediment accumulation rates

(g cm? yr'') were calculated from output of the CRS model. Accumulation rates of geochemical vari-
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Figure 1. Map of Grindstone Lake showing the coring site. The water depth at the site was 55 feet.

ables were computed for each sediment depth by multiplying the bulk sediment accumulation rate (g

cm? yr') by the corresponding concentration (mg g”') of each constituent in the bulk sediment.

There can be problems with this dating technique. For example, when sediment has moved after it
was deposited, large changes in sediment deposition over the last 150 years, and errors associated
with lab analysis with sediments that are over 100 years old. For these reasons the accuracy of the
21%h dates is verified by other methods. These methods usually involve measuring parameters that
are known to have been deposited at a certain time and comparing stratigraphic changes in the core

in Whitefish Lake with other lakes in the region.

Cesium-137 (Cs'*’) can be used to identify the period of maximum atmospheric nuclear testing
(Krishnaswami and Lal, 1978). The peak testing occurred by the USSR in 1963 and thus the *’Cs peak



in the sediment core should represent a date of 1963. The United States began testing in 1954 and
thus the rise in ’Cs corresponds with this date. Another element that can be used to verify the dat-
ing model is the profile of stable lead. Stable lead has an historical pattern of deposition that is very
consistent among lakes, with lead concentrations increasing from around 1880 to the mid-1970s, and
decreasing to the present. The decline of lead is largely the result of the discontinued use of bonded
leaded gasoline in the mid-1970s (Gobeil et al. 1995; Callender and Van Metre 1997).

The CRS model of the peak for stable lead was placed at a depth that was too young. The peak for
cesium-137 was not well defined (Figure 2) indicating that there has been some migration of the ce-
sium after deposition. This does occasionally happen. The rise in the cesium-137 concentration was
well defined. This should correspond with a date of 1954 but the CRS model placed this at a depth

that was too old.
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Figure 2. Profiles of " cesium and stable lead in the sediment core. The rise in the cesium corre-
sponds to a date of 1954. The stable lead profile largely reflects the use of bonded leaded gasoline
and the peak corresponds to a date of 1976.

Because if the problems with the CRS model, a piecewise CRS model was constructed by calculating
the 2'°Pb flux for independently dated intervals determined by other chronostratigraphic markers
(Appleby 1998, 2001). Three independently dated intervals were used: (1) stable lead peak at 4-5 cm
(1976), (2) rise in cesium-137 at 9-10 cm (1954), and (3) changes in the organic matter profile at 17-
18 cm (1850).




Sedimentation Rate

The mean mass sedimentation rate for Grindstone Lake during the last 150 years was 0.007 cm™ yr™
(Figure 3). This is one of the lowest rates | have measured for 48 Wisconsin Lakes. This is below the
median sedimentation rate of 0.027 cm™ yr' of these same lakes. The average linear rate for the
same time period was 0.12 cm yr”' which equates to about 0.05 inch of sediment per year. Grindstone
Lake has a lower rate than either Whitefish, Round, or Sand lakes although the sedimentation rate of

all of these lakes is relatively low.
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Figure 3. Mean sedimentation rate for the last 150 years for 48 Wisconsin lakes. The arrows indi-
cate the Lac Courte Oreilles lakes.

To account for sediment compaction and to interpret patterns of sediment accumulation during the
last 150 years, dry sediment accumulation rates were calculated. The background sedimentation rate
was 0.006 cm? yr™'. By the 1880s the rate was increasing to a subsurface peak of 0.010 cm™ yr' during
the mid-1940s. The rate steadily declined until around 1980 and then it increased to the top of the
core where the rate was twice as high as the background rate (Figure 4). It appears that watershed
activities have impacted the sedimentation rate over two time periods. The increase during the last 2

decades indicate that current activities around the lake are adversely impacting the lake.

Sediment Geochemistry

Geochemical variables are analyzed to estimate which watershed activities are having the greatest

impact on the lake (Table 1). The chemical titanium (Ti) is found in soil particles, especially clays.

Changes in Al are an indication of changes in soil erosional rates throughout the lake’s history. Nutri-

ents like phosphorus and nitrogen are important for plant growth, especially algae and aquatic plants.
5
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Figure 4. Sediment accumulation rate for Grindstone Lake since 1850.
Apparently there have been two periods of significant watershed ac-
tivies that have affected the sedimentation rate (1930-50s and 1980-
2000). The increase in the rate the last two decades indicates that re-
cent activities are adversely impacting the lake.

Calcium is an indication of the use of soil amendments for lawns. Manganese is an indication of

changes in oxygen levels in the bottom waters.

Table 1. Selected chemical indicators of watershed or in lake processes.

Process

Chemical Variable

Soil amendment

calcium

Soil erosion aluminum, titanium
Urban zinc, copper

Anoxia manganese

Nutrients phosphorus, nitrogen

The accumulation rate of the selected geochemical variables was largely unchanged throughout the
nineteenth century (Figure 5). After a brief increase around the turn of the century, there was a sig-
nificant decline around 1915 for most of the parameters. Only organic matter increases at that time.

It is likely there was an episodic event in the watershed which resulted in the delivery of a slug of
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material. It is likely this was not inorganic material or there would have been increases in titanium
and calcium. Instead, the increased sediment may have been from flushing of a wetland since organic
matter increased. It is interesting that the decline in most of the parameters was not reflected in a

decline in the bulk sedimentation rate (Figure 4).

After 1920 there was an increase in the deposition rate of titanium which indicates increased soil ero-
sion in the watershed (Figure 5). This soil erosion rate remained elevated and peaked around 1955.

After that the rate declined through the 1980s. Since 1990, the rate has again increased.

The calcium profile is similar to the titanium profile which reflects that a good portion of the calcium
being deposited in the lake comes from soils in the watershed. Unlike titanium, the rate is highest at
the top of the core which likely indicates an additional source of calcium. This may be evidence that

calcium is being used as a soil amendment on lawns along the lake shore.

The profile of both of the nutrients, phosphorus and nitrogen, change only a small amount throughout
the core until near the top. The highest deposition rates occur at the top of the core. It is likely that

part of this increase at the top is because recycling of these nutrients is not complete. It is not un-
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Figure 5. Profiles of selected geochemical elements. In part, the increased deposition of P, N, and
organic matter reflects ongoing recycling.




common for the organic component of phosphorus and nitrogen to partially breakdown into inorganic
components after deposition in the sediments. Some of these elements then may be recycled into the
water column or leave the lake entirely. This was demonstrated in Musky Bay in nearby Lac Courte
Oreilles (Fitzpatrick et al. 2003). It is also possible that some of this increase may reflect increased

deposition of these nutrients.

The organic matter profile shows an earlier increase in deposition than other parameters (Figure 5).
Deposition is higher during the first part of the twentieth century and then declines from the period
1955 through 1980. In the last two decades there has been a significant increase in organic matter

deposition. Part of the increase probably reflects ongoing recycling as with nutrients.

In order to better understand changes in deposition of geochemical elements in the core some ele-
ments are compared using ratios. For example, to understand the importance of different sources of
calcium, the ratio of titanium to calcium (Ca:Ti) is used to separate sources of calcium such as soil
particles and the use of calcium as a soil amendment. Since both calcium and titanium are delivered
to the lake in the form of soil particles, their deposition rates should be similar when soils are the
only source of calcium. Any increase in the ratio of Ca:Ti indicates a source of calcium other than
soild particles. After 1995, the ratio increases (Figure 6) which likely indicates that calcium is being

applied as a soil amendment in the form of lime.

As the bottom waters become increasing devoid of oxygen, manganese (Mn) is mobilized from the
sediments. This manganese then moves into the deepest waters resulting in enrichment of manga-
nese in the sediments of the deeper waters. While this also occurs with iron, it happens sooner with
manganese as manganese tends to stay in solution longer (Jones and Bowser 1978). Therefore as the
bottom waters loose oxygen, manganese is preferentially moved with respect to iron (Engstrom et al.
1985). The result is that with the loss of oxygen, the ratio of iron to manganese (Fe:Mn) declines (Mn
increases). Figure 6 shows the profile of Fe:Mn in the core. The ratio increases after 1950 as a result
of the increase in soil erosion. Iron, and to a lesser extent manganese, are found in soils so their con-
centrations increase with higher soil erosion rates. Since 1995, the ratio has declined. This indicates
that during the last 10 years, the bottom waters are beginning to lose oxygen. The decline in hypolim-
netic oxygen is a classic sign of increased eutrophication of a lake. Although oxygen is present in the
bottom waters of the lake throughout the year, the sediment core indicates that there is a loss of
oxygen very near the sediment water interface for at least part of the year. This loss has only been

occurring during the last decade and is an indication an increase in the lake’s productivity.
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Figure 6. Profiles of Ca:Ti and Fe:Mn. The increase in Ca:Ti at the top of the
core indicates an additional source of calcium other than soild particles, e.g.
lime. The increase in Fe:Mn from 1955 to 1995 is from soil erosion but the de-
cline during the last 10 years indicates the loss of oxygen in the bottom waters
of the lake.

Diatom Community

Aquatic organisms are good indicators of water chemistry because they are in direct contact with the
water and are strongly affected by the chemical composition of their surroundings. Most indicator
groups grow rapidly and are short lived so the community composition responds rapidly to changing
environmental conditions. One of the most useful organisms for paleolimnological analysis is diatoms.
They are a type of alga which possess siliceous cell walls and are usually abundant, diverse, and well
preserved in sediments. They are especially useful as they are ecologically diverse and their ecologi-
cal optima and tolerances can be quantified. Certain taxa are usually found under nutrient poor con-
ditions while others are more common under elevated nutrient levels. They also live under a variety
of habitats, which enables us to reconstruct changes in nutrient levels in the open water as well as
changes in benthic environments such as aquatic plant communities. Figure 7 shows photographs of

four diatom species that were found in the sediment core.

Changes in the diatom community in the core were relatively small until the very top of the core. The

dominant diatom until the mid-1990s was the planktonic diatom Aulacoseira ambigua (Figure 7). This

9



Figure 7. Photomicrographs of diatoms found in the sediment core. The diatom on the top left (A)
Aulacoseira ambigua typically is found in open water environments while the picture to the right (B)
is Staurosirella pinnata which is commonly found attached to substrates such as downed trees and
aquatic plants in lakes. The diatom in at the extreme right (C) is Cyclotella comensis which is thought
to be an invasive from northern Europe. The diatom at the bottom (D), Fragilaria crotonensis is also
found in the open water and indicates higher nutrient levels than A. ambigua.

is @ common diatom in lakes in the Upper Midwest that possess low nutrients (Camburn and Kingston
1986; Kingston et al. 1990, Garrison 2005 a,b; Garrison 2006). Other planktonic diatoms were present
in lesser amounts throughout the core. After 1930 there was a small increase in the diatoms Fragilaria
crotonensis and Tabellaria flocculosa lllp. These diatoms typically indicate slightly higher nutrient
levels. Their increase signals a very small increase in phosphorus after 1930. After 1995 there was a
significant decline in A. ambigua and an increase in other planktonic diatoms e.g. T. flocculosa llIp,
Cyclotella michiganiana, and Fragilaria capucina. These taxa are usually found in somewhat higher

nutrient levels than A. ambigua.

One diatom of note is Cyclotella comensis which was found near the top of the core. This diatom is
thought to be an invasive from northern Europe (Stoermer et al. 1985, 1990, 1993). It is thought to
have arrived during the 1950s via Great Lakes shipping. C. comensis seems to indicate slightly ele-

vated phosphorus levels (Schelske et al. 1972; Wolin and Stoermer 2005). Although present in recent
10




Percentage of Total Diatoms

Figure 8. Profiles of common diatoms found in the core. The taxa in blue are indicative of low nutri-
ent levels while the taxa in green indicate slightly higher nutrient levels.

years, the numbers are relatively low reflecting the low nutrient status of Grindstone Lake.

Diatoms in the group benthic Fragilaria were a small portion of the diatom community. These diatoms
typically grow attached to aquatic plants (macrophytes). Increases in these taxa indicate the in-
creased presence of aquatic plants. Cores from other lakes in northern Wisconsin have shown that one
of the most common impacts of shoreline development has been an increase in macrophyte growth
(Fitzpatrick et al. 2003; Garrison 2005a, b; Garrison 2006). It appears that the watershed activity that
resulted in an increase in soil erosion (titanium in Figure 5) caused an increase in the plant commu-
nity. Unlike other nearby lakes, the plants declined during the period 1960-1995. Since 1995 there has
been an increase in these diatoms which indicates there may be an increase in the benthic plant com-

munity in recent years.
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The water quality of Grindstone Lake during the last 150 years has not changed nearly as much as
many other Wisconsin lakes. In fact, the water quality of the lake changed little until recent years.
The lake possesses one of the lowest mean sedimentation rates of 46 lakes in WI where the rate has
been measured. Sedimentation rate first peaked around 1940 but the highest rate occurred at the top
of the core. Soil erosion rates were somewhat elevated during the period from the 1930-1950s but at

the top of the core they are not higher than during this earlier period.

The diatom community was largely unchanged until the mid-1990s. Prior to this time the diatom com-
munity was more stable than most other lakes | have cored. In the last few years, the change in the

diatom community signals that phosphorus levels are starting to increase.

It is important to note that although the lake has been quite stable throughout most of the last 150
years, since the mid-1990s the lake ecosystem is showing significant changes. The sedimentation rate
at the top of the core was the highest and the diatom community showed the greatest change. The
diatoms indicate that phosphorus levels are starting to increase. This increased productivity is result-
ing in a reduction in the oxygen levels in the deepest waters. It appears that the source of these nu-
trients may be from shoreline development. This partially indicated by the rise in calcium at the top

of the core. Calcium is often used as a soil amendment for urban lawns.
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The mean sedimentation rate for the last 150 years in Grindstone Lake was one
of the lowest measured in Wisconsin lakes.

The sedimentation rate first peaked in the 1940s but then declined until the
late 1970s. Since that time it has steadily increased so that at the top of the
core the lake is experiencing its highest rate in the last 150 years.

Titanium, which is indicative of soil erosion, was highest during the period 1925-
1955. Even though the sedimentation rate at the top of the core was the highest
this is not completely the result of soil erosion.

It appears that the elevated sedimentation rate at the top of the core is the re-
sult of anthropogenic activities around the lake; probably from shoreline devel-
opment. This is indicated but higher deposition rates of calcium, phosphorus,
nitrogen, and organic matter.

The higher calcium is probably indicative of it use as a soil amendment in lawns
near the lakeshore.

Although the elevated levels of nutrients and organic matter at the top of the
core is partly the result of incomplete recycling of these elements, it is also the
result of increased nutrient runoff.

The evidence of this increase in nutrients since the mid-1990s is the change in
the diatom community. Prior to this time the community was remarkably un-
changed in the previous 150 years. Since about 1995 there has been a decline is
diatoms found under low phosphorus levels and an increase in species that are
indicative of higher phosphorus levels.

The increase in nutrient levels at this time is small but trend is towards higher
levels. This increased productivity is already adversely impacting the lake as
oxygen levels in the bottom waters are declining. The loss of oxygen in the deep
waters is one of the earliest signs of eutrophication.

13
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