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A reduction in spring mixing due to road salt runoff entering Mirror Lake
(Lake Placid, NY)

Brendan Wiltsea, Elizabeth C. Yergerb and Corey L. Laxsonb

aAusable River Association, Wilmington, New York 12997, USA; bPaul Smith’s College, Adirondack Watershed Institute, Paul Smiths,
New York 12970, USA

ABSTRACT
Wiltse B, Yerger EC, Laxson CL. 2019. A reduction in spring mixing due to road salt runoff
entering Mirror Lake (Lake Placid, NY). Lake Reserv Manage. 36:109–121.

Road salt has resulted in the salinization of surface waters across temperate North America.
Increasingly, road salt is recognized as a significant regional pollutant in the Adirondack Park.
Here we analyze biweekly limnological data from Mirror Lake (Lake Placid, NY) to understand the
role of road salt runoff in an apparent lack of spring mixing in 2017. Water column profile data
show notable spatial and temporal variability in chloride concentrations within the lake.
Concentrations are highest at the lake bottom during the winter, with increases associated with
the onset of road salt application to the watershed. High chloride concentrations in the hypolim-
nion persisted through the summer of 2017 due to a lack of complete spring mixing as the
result of road salt induced density differences within the water column. Water density calcula-
tions and Schmidt stability point to an increase in water column stability due to the accumula-
tion of salt at the lake bottom. The incomplete spring mixing resulted in greater spatial and
temporal extent of anoxic conditions in the hypolimnion, reducing habitat availability for lake
trout. Restoration of lake mixing would occur rapidly upon significant reduction of road salt
application to the watershed and improvements in stormwater management.
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Road salt commonly is used across temperate
North America to maintain roads free of snow
and ice in the winter because of its comparatively
low cost and availability (TRB 1991). Most of
these are chloride-based salts, primarily sodium
chloride, although mixtures of calcium chloride
and magnesium chloride also are used commonly
(TRB 1991). The use of road salt has been
increasing steadily over the past 60 yr. In 2014,
24.2 million metric tons of sodium chloride was
applied to roads in the United States
(Lilek 2017).

Sodium chloride increasingly is recognized as a
significant pollutant in the northern hemisphere.
Road runoff has infiltrated both surface water
and groundwater, resulting in elevated salinity
(Kelting et al. 2012, Dugan et al. 2017, Schuler
et al. 2017, Hintz and Relyea 2017a, Kelly et al.
2018, Pieper et al. 2018). Sodium and chloride

concentrations in impacted waters have been
linked to road density, impervious surface dens-
ity, and road salt application rates (Kaushal et al.
2005, Kelting et al. 2012). Groundwater with
concentrations exceeding US Environmental
Protection Agency (EPA) drinking-water guid-
ance values for sodium has been documented in
areas receiving runoff from general road applica-
tion, as well as runoff from salt storage facilities
(Kelly et al. 2018, Pieper et al. 2018).

Road salt has the potential to upset ecosystem
structure, resulting in undesirable shifts in eco-
logical communities (Hintz et al. 2017). The impact
of road salt on aquatic life varies by species, ecosys-
tem, and the type of salt applied (Jones et al. 2015,
Hintz and Relyea 2017b). In urban areas, surface
waters may exceed the EPA chloride thresholds for
chronic and/or acute chloride toxicity to aquatic
life (Corsi et al. 2015). However, the EPA
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thresholds for acute and chronic toxicity from
chloride may not be directly relevant to a particular
lake or stream ecosystem. Specifically, taxa in oligo-
trophic soft-water lakes may be more sensitive to
chloride pollution (Elphick et al. 2011, Brown and
Yan 2015). The addition of multiple stressors, such
as climate change, acid deposition recovery, and
eutrophication, further complicates our understand-
ing of how aquatic ecosystems will respond to ele-
vated salinity (Palmer and Yan 2013).

The impact of road salt runoff on the physical
limnology of North American lakes is less well
known. A few studies have documented mero-
mixis in lakes in urban environments, as a result
of salt-induced density gradients (Judd 1970,
Novotny et al. 2008, Novotny and Stefan 2012,
Sibert et al. 2015, Wyman and Koretsky 2018,
Dupuis et al. 2019). The disruption of a physical
processes such as lake mixing has indirect effects
on both the chemistry and biology of the lake
(Judd et al. 2005). Incomplete mixing increases the
likelihood of anoxia in the hypolimnion, resulting
in the release of phosphorus from sediments, as
well as the accumulation of manganese, ferrous
iron, sulfide, and methane in the hypolimnion
(Wetzel 2001). Prolonged periods of anoxia also
can reduce habitat availability for cold steno-
therms, such as lake trout (Salvelinus namaycush).
Lake trout have been declining across their native
range in New York State and the state has classi-
fied them as a “Species of Greatest Conservation
Need” (Carlson et al. 2016). Invasive sea lamprey
and climate change are the two major factors
affecting lake trout populations in New York State
(De Stasio et al. 1996, Schneider et al. 1996).
Reductions in habitat availability due to an inter-
ruption of lake mixing has the potential to further
challenge this species.

Small urban lakes receiving direct stormwater
runoff are typically most susceptible to the deleteri-
ous effects of road salt pollution (Dupuis et al.
2019, Scott et al. 2019). Mirror Lake in the Village
of Lake Placid is the most developed lake in the 6
million acre Adirondack Park. The village is sur-
rounded by New York State Wilderness, resulting
in concentrated urban development around Mirror
Lake. The goal of this study was to assess the
extent to which road salt is responsible for an
apparent incomplete spring mixing in Mirror Lake.

Study site

Mirror Lake (44.290�N, 73.982�W) is a small lake
in the eastern portion of Essex County in the
Adirondack Park of upstate New York. The lake
has a surface area of 50 ha, a maximum depth of
18m, and a volume of 3.42� 106 m3. The water-
shed is 301 ha and is composed of 51% forest,
27% developed, 20% surface water, and 2% wet-
land. The development is concentrated directly
around the lake, with the headwaters of the
watershed forested. The lake has one major nat-
ural inlet at the north end, but also receives run-
off from 22 stormwater outfalls that discharge
runoff directly to the lake. The lake outlets at the
south end through a culvert that eventually enters
the Chubb River. There are 1.1 km of state road
and 7.6 km of local road within the watershed.
The lake shore is entirely encompassed by road, a
combination of both state and local. State roads
in the Adirondack Park receive 3 times higher
salt loads than local roads (Kelting et al. 2012).
Within the watershed there are 28.0 ha of imper-
vious surfaces (9% of watershed area) that may
be treated with road salt, with the largest being
parking lots (8.3 ha), followed by village roads
(5.9 ha), private roads (3.7 ha), driveways (3.5 ha),
town roads (2.5 ha), village sidewalks (2.0 ha),
state roads (1.2 ha), and private sidewalks (0.9 ha)
(Wiltse et al. 2018).

The watershed bedrock material is made up of
granite gneiss, migmatite, and olivine metagabbro
(Caldwell and Pair 1991). These are common
parent materials in the Adirondack uplands and
contain very little chloride; as a result, natural
chloride concentrations in least impacted
Adirondack lakes seldom exceed 1mg/L (median
¼ 0.24mg/L; Kelting et al. 2012). The bedrock is
overlaid by till and till moraine in much of the
watershed, with exposed bedrock in the upper
portions of the watershed. Soils consist of the
Hermon series directly around the lake and
Becket series in the rest of the watershed. These
soils are well drained or somewhat excessively
drained and commonly occur on glacial till.

The fish community consists of rainbow trout
(Oncorhynchus mykiss), lake trout (Salvelinus
namaycush), white sucker (Catostomus commer-
soni), smallmouth bass (Micropterus dolomieu),
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rock bass (Ambloplites rupestris), pumpkin seed
(Lepomis gibbosus), yellow perch (Perca flaves-
cens), and brown bullhead (Ameiurus nebulosus)
(NYSDEC unpublished data). The New York
State Department of Environmental Conservation
regularly stocks the lake with rainbow trout and
lake trout (NYSDEC 2018).

Methods

Mirror Lake was sampled biweekly from 5
December 2015 to 4 January 2018, at the point of

maximum depth (18m, Figure 1). During the
period of ice cover, water sampling was con-
ducted monthly by auguring a hole through the
ice. Sampling was resumed as soon as possible
after ice-out to adequately capture spring
mixing. In 2016, sampling resumed 7 d after ice-
off, and in 2017 sampling resumed the day
of ice-off. Likewise, sampling continued until the
formation of ice, to capture the full extent of fall
mixing. A YSI Professional Plus multiparameter
sonde was used to collected in situ dissolved oxy-
gen, specific conductance, temperature, and pH

Figure 1. Watershed map of Mirror Lake, including lake bathymetry.
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measurements at 1m intervals. Water samples
were collected at the surface using a 2m inte-
grated tube sampler and 1.5 m off the bottom
(16m depth) using a 1.2 L stainless steel
Kemmerer sampler. Water samples were trans-
ferred immediately to acid-washed and field-rinsed
sample bottles and transported on ice to the Paul
Smith’s College Adirondack Watershed Institute
for analysis. In the laboratory, samples were
passed through a 0.45mm nylon filter to remove
suspended material and were frozen at –30 C until
analysis (no more than 28d). Chloride concentra-
tion was determined with chemically suppressed
ion chromatography (Lachat Instruments,
QC8500, Loveland, CO) following EPA Method
300.1. Quality control measures such as blanks,
duplicate samples, and laboratory control samples
were analyzed at a frequency of one per batch of
20 or fewer samples and assessed on an ongoing
basis. The practical quantitation level of chloride
during this study was 0.2mg/L, and the percent
recovery on laboratory control samples (10mg/L)
was 99.8%.

Linear regression was used to develop a lake-
specific relationship between specific conductance
and chloride. Linear model assumptions were
quantitatively assessed using the Global Validation
of Linear Models Assumptions (GVLMA) package
in R (Pena and Slate 2014, R Core Team 2018).
This relationship was used to estimate the concen-
tration of chloride at 1m intervals through the
water column.

Schmidt stability was used to assess changes in
the resistance to mixing over the period of the
study. Schmidt stability is a measure of the
amount of energy required, per unit surface area,
to mix the lake to uniform density (Wetzel 2001).
Schmidt stability was calculated using a modified
version of the rLakeAnalyzer package in R
(Winslow et al. 2017). The schmidt.stability()
function was modified to use water density equa-
tions developed by Chen and Millero (1986).
Temperature and practical salinity units (PSU)
are used to calculate density. The resulting preci-
sion is better than 2� 10�6 g/cm3, an improve-
ment over the density calculations used by
default in the rLakeAnalyzer package (Millero
and Poisson 1981, Martin and McCutcheon
1998). PSU is derived from conductance and

temperature measured by the YSI Professional
Plus hand-held sonde used to collect water-
column profiles (UNESCO 1981). Bathymetric
cross-sectional areas were calculated using data
provided by the New York State Department of
Environmental Conservation (NYSDEC).

Lake trout preferred habitat was estimated
using an upper temperature limit of 15 C and
lower dissolved oxygen limit of 6mg/L (Plumb
and Blanchfield 2009). The upper and lower lim-
its within the water column were plotted for a
visual assessment of shifts in available habitat,
and total habitat volume was calculated using
bathymetric data.

Results

A linear regression run on all of the paired con-
ductivity–chloride measurements failed to meet
the assumptions of a linear regression due to the
binomial nature of the data, violating the
assumption of a continuous dependent variable.
Surface samples had a mean chloride concentra-
tion of 44mg/L, while bottom water samples had
a mean of 65mg/L. To meet the assumptions of
a linear regression the 118-sample data set was
down sampled to 47 samples to provide a con-
tinuous gradient of the dependent variable
(chloride). Down sampling was conducted by
binning the specific conductance data from 150
to 450 lS/cm in 50 lS/cm increments and then
randomly resampling the original data set to
obtain a reduced data set with nearly equal fre-
quency across all bins. The data set was reduced
sequentially until the resulting regression met the
assumption of a continuous dependent variable
as evaluated using the GVLMA package in R.
The regression results were similar before and
after the down sampling (y¼ 0.23x � 4.83, R2 ¼
0.91, P< 0.001; y¼ 0.23x � 2.72, R2 ¼ 0.93,
P< 0.001, respectively), an indication of the
robustness of the relationship and lack of sensi-
tivity to the down sampling (Figure 2). The final
regression equation is slightly more conservative
in its estimate of chloride.

Temperature at the lake surface ranged from
0.4 C to 24C, and the lake bottom ranged from
3.1 C to 6.6 C. The lake exhibited a clear pattern
of thermal stratification during the summer of
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both 2016 and 2017, and the lake became isother-
mal during the spring and fall of each year. The
onset of thermal stratification occurred at least
12 d earlier in 2017 than in 2016 (Figure 3).

The spatial and temporal distribution of
chloride in the Mirror Lake varied considerably
between 2016 and 2017, with concentrations
ranging from 19 to 123mg/L (Figure 4). In both
years, concentrations near the lake bottom
increased during the winter while salt was being
applied to the watershed. In the spring of 2016,
concentrations became uniform during spring
mixing and remained relatively uniform
throughout summer stratification. In the spring
of 2017, high concentrations of chloride

persisted near the bottom through spring mixing
and remained high through summer stratifica-
tion. Chloride concentrations were uniform dur-
ing fall mixing in both years. Concentrations at
the surface remained fairly constant through
2016 but declined during summer stratification
in 2017.

During the winter months, the water column
density gradient was driven by elevated salinity
near the lake bottom (Figures 4 and 5). The tim-
ing and increase in density corresponded with
the timing and increase in chloride (Figures 4
and 5). During the summer, the water column
density gradient was dominated by temperature.
In 2017, when chloride remained high in the

Figure 3. Temperature measured in the Mirror Lake water column. Black bars at the top of the figure indicate periods of ice cover.

Figure 2. Relationship between conductivity and chloride in Mirror Lake (Lake Placid, NY). y¼ 0.23x � 2.72, R2 ¼ 0.93, P< 0.001.
Black points are down sampled data; gray points represent data removed through the down sampling process.
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hypolimnion, water density was higher than dur-
ing the same period in 2016. This is explained
partially by a 1C difference in hypolimnion tem-
perature as well, with hypolimnion temperatures
being cooler in 2017.

The hypolimnion was anoxic during summer
stratification in both years (Figure 6). The dur-
ation and spatial extent of the anoxic conditions
were greater in 2017. Anoxic conditions were
present at the lake bottom during the winter in
2017, but not in 2016. In both years, a positive
heterograde oxygen curve was persistent through-
out summer stratification, with the peak dissolved
oxygen concentrations occurring at or near the
thermocline (Figure 6 and Table 1). Hypolimnetic
dissolved oxygen concentrations increased during
the spring and fall mixing in 2016 and the fall
mixing in 2017. Concentrations increased during

spring mixing in 2017, but remained below
6mg/L (Figure 6).

Temperature was the predominant driver in
changes in lake stability (Figure 7). Lake stability
dropped by one or more orders of magnitude dur-
ing the periods of mixing, except during the
spring of 2017. Stability during the winter of 2017
was higher than for 2016 because of the salinity-
induced water density gradient (Figures 5 and 7).
The additional stability in the spring of 2017
because a buildup of salt at the lake bottom
increased the stability of the lake to the equivalent
of a 3C increase in surface water temperature.

Lake trout habitat was restricted in both 2016
and 2017 by warm surface water and anoxic con-
ditions in the hypolimnion (Figure 8). Overall
habitat volume was similar in both years, showing
a marked decline in available habitat once

Figure 4. Distribution of chloride in Mirror Lake, modeled from conductivity. Black bars at the top of the figure indicate periods of
ice cover.

Figure 5. Water density calculated based on temperature and practical salinity units (Chen and Millero 1986). Densities below
0.99980 g/cm3 are not plotted, for ease of plot interpretation. Black bars at the top of the figure indicate periods of ice cover.
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Figure 6. Dissolved oxygen concentrations measured in the Mirror Lake water column. Black bars at the top of the figure indicate
periods of ice cover.

Table 1. Historical dissolved oxygen and specific conductance data from previous surveys of Mirror Lake (Lake Placid, NY).
Depth
(m)

7 Sep
1954a

7 Jul
1967a

11 Aug
1971b

5 Aug
1974c

10 Aug
2001d

16 Jun
2003a

10 Aug
2016e

7 Aug
2017e

Dissolved oxygen (mg/L)
0 10.0 8.7 8.4 8.1 8.1 8.2
1 7.9 8.2 8.3
2 8.0 8.2 8.3
3 8.4 8.1 8.2 8.2
4 8.5 8.2 8.2
5 8.9 10.4 8.2 9.7
6 9.4 12.0 8.0 9.6
7 11.7 11.5 7.5
8 11.2 10.9 11.4 6.4
9 7.8 10.2 7.3 10.9 4.7
10 6.9 7.0 4.0 8.2 3.2
11 3.0 6.9 2.5
12 2.8 8.2 2.0 7.0 4.9 2.1
13 1.1 4.6 0.8
14 0.2 2.8 0.3
15 2.4 0.0 1.7 0.2
16 5.2 0.05 0.0 0.4 0.2
17 0.0 2.0 0.3 0.2
18 1.4
Specific conductance (lS/cm)
0 82 158 226 178
1 158 226 178
2 158 216 226 178
3 157 226 178
4 157 226 178
5 88 176 225 198
6 195 225 211
7 217 219 228
8 230 220 252
9 253 221 274
10 92 269 221 285
11 275 222 289
12 279 329 224 291
13 281 226 295
14 285 228 298
15 289 230 301
16 98 297 232 318
17 308 233 326
18
aNYSDEC unpublished data.
bOglesby (1971).
cOglesby and Miller (1974).
dUFI (2001).
eCurrent study.
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stratification developed. An exception occurred in
2017 when preferred habitat volume briefly reduced
to 0m3. The greater spatial and temporal extent of
anoxia in 2017 was offset by cooler surface water
temperatures and a shallower thermocline.

Discussion

Northern temperate lakes of sufficient depth are
typically dimictic, turning over twice a year, once

in the fall and once in the spring (Wetzel 2001).
This is a process critical to the health of a lake,
especially one that supports cold stenotherms
such as lake trout and rainbow trout. Mirror
Lake completely mixed seasonally as expected in
all but the spring of 2017. During this period
hypolimnetic chloride was much higher than epi-
limnetic concentrations, resulting in distinct sal-
inity-driven density differences even though the
water column was isothermal (Figures 3–5). The

Figure 7. Schmidt stability for Mirror Lake. Gray bars represent expected periods of mixing based on the presence of nearly uni-
form temperature in the water column.

Figure 8. Lake trout habitat area in Mirror Lake (gray shade) as a cross section of the water column in 2016 and 2017 (top panel).
Total habitat volume in 2016 and 2017, calculated from habitat suitability in the water column and bathymetric data (bottom
panel). Habitat suitability was based on water temperatures less than 15 C and dissolved oxygen concentrations greater than
6mg/L (Plumb and Blanchfield 2009).

116 B. WILTSE ET AL.



density gradient due to salinity in the spring of
2017 caused the lake to maintain enough stability
to prevent complete mixing of the water column
(Figure 7). The persistence of elevated
chloride (Figure 4) and low dissolved oxygen
(Figure 6) at the lake bottom before and after
spring mixing further support this observation.

Twenty-two stormwater outfalls discharge dir-
ectly into Mirror Lake (Figure 1). These outfalls
drain the urban landscape around the lake,
including the state road, the village sidewalks,
and many parking lots found within the Village
of Lake Placid. Discrete sampling of the outfalls
during the winter frequently yielded chloride
concentrations entering the lake ranging from
500 to 2500mg/L (Wiltse et al. 2017). These con-
centrations are 2500 to 12,500 times greater than
runoff from least impacted streams in the
Adirondack Park (Kelting et al. 2012). The result-
ing densities for this stormwater range from
1.00085 to 1.00435 g/cm3, higher than the average
density of the lake water at this time
(�1.00000 g/cm3). The highest concentration and
volume of this runoff enter the lake along its
western shore, where a steep gradient exists along
the lake bottom (Figure 1). The timing of
increased chloride concentrations at the lake bot-
tom, density of stormwater, and lake bathymetry
together point to a mechanism by which the

higher salinity stormwater flows along the lake
bottom and accumulates at depth.

Spring mixing in 2016, but not 2017, can be
explained by the difference in accumulation of
salt at the lake bottom (Figure 4). The winter of
2015–2016 was mild, total snowfall was 152.9 cm,
58% of the 1981–2010 normal of 261.6 cm, and
42% of the 2016–2017 total of 367.0 cm
(Figure 9). In the nearby (98 km SSE) Lake
George, NY, watershed, a 30–40% reduction in
road salt application was observed during the
2015–2016 season (Sutherland et al. 2018).
Additionally, several rain events occurred during
this winter, diluting stormwater chloride concen-
trations. With lower chloride in the hypolimnion,
lake stability was lower during spring mixing in
2016 as compared to 2017 (Figure 7). Also,
ice-off in 2016 was the third earliest in the 114-
year ice-record, occurring 25 d earlier than the
mean ice-off date (Wiltse and Stager 2018). As a
result, the period between ice-off and the estab-
lishment of the thermocline in 2016 was 39 d,
compared to 7 d in 2017. Therefore, the combin-
ation of a lower salt load, dilution from rain
events, and prolonged spring mixing allowed for
the lake to completely mix in the spring of 2016.

The incomplete mixing in the spring of 2017
resulted in a longer duration and spatial extent of
anoxic conditions in the hypolimnion, which

Figure 9. Monthly snowfall in Lake Placid, NY from October 2015 through January 2018. Data pulled from USHCN (Station ID:
US1NYES0001).
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have consequences for both the chemistry and
biology of the lake. The lack of oxygen in the
hypolimnion shifts the redox chemistry, causing
mobility of phosphorus, manganese, iron, and
other ions from the sediments and particulates in
the water column. This has the potential to lead
to toxic concentrations of trace metals, sulfide,
and ammonia in the hypolimnion, combined with
anoxia, which can result in declines in biodiversity
as well as fish kills (Wetzel 2001, Koretsky et al.
2012). Prolonged periods of anoxia also may lead
to increased internal phosphorus loading in the
lake (Wetzel 2001). Precambrian shield lakes, such
as Mirror Lake, typically have low rates of internal
phosphorus loading, but also tend to be phos-
phorus limited (Orihel et al. 2017). Therefore,
increases in internal phosphorus loading of these
lakes can be ecologically significant (Healey and
Hendzel 1980, Lean and Pick 1981).

Lake trout are the only native cold-water lake-
dwelling top predatory fish in the Adirondack
Park (Carlson et al. 2016). Narrow habitat
requirements (cold, well-oxygenated water), slow
growth, and late sexual maturity make lake trout
particularly vulnerable to climate change,
eutrophication, and other stressors. In small
upland lakes, like Mirror Lake, lake trout habitat
is likely to decline with increasing temperatures
(De Stasio et al. 1996). Mirror Lake has demon-
strated a significant increase in the ice-free period
over the past 114 years, with the lake currently
experiencing an average of 24 more days being
ice-free than in the early 1900s (Wiltse and
Stager 2018). Climate-driven effects on the lake
trout population in Mirror Lake will be further
exacerbated by the lack of complete mixing in
the spring.

A simple model of preferred lake trout habitat
reveals a constriction in habitat in 2017 when
the lake did not completely mix in the spring
(Figure 8). It is important to note that condi-
tions outside of the thresholds used here may
not be lethal to lake trout. Outside of these val-
ues it is likely that the fish are experiencing
greater physiological stress, which can have
impacts on growth, reproduction, and long-term
populations dynamics. Juvenile lake trout appear
to have less tolerance for conditions outside of
this preferred range of temperature and

dissolved oxygen, which could influence recruit-
ment into the population (Evans 2005).

Interannual variability in thermocline depth
and long-term changes in lake thermal structure
also will play an important role in the volume of
suitable habitat. This is evident in the comparison
of overall habitat volume between 2016 and 2017.
Cooler temperatures and a shallow thermocline
in 2017 shifted the suitable habitat up in the
water column, providing habitat volumes com-
parable to those of 2016, despite the lack of mix-
ing. Notably, late-season habitat volume in 2017
dropped to 0m3 as fall mixing caused a tempor-
ary increase in water temperature at the thermo-
cline and the anoxic zone continued to expand
(Figure 8). Conditions in the lake did not become
lethal to lake trout during this period, and no
fish kill was noted, but greater physiological
stress was likely.

The small amount of historical data for Mirror
Lake suggests that incomplete mixing is not a
natural occurrence for the lake. NYSDEC pro-
vided limited data from 7 September 1954 and 7
July 1967. These data show dissolved oxygen con-
centrations higher than at comparable times of
year (2.4mg/L at 15m and 5.2mg/L at 17m,
respectively) in our current data (Table 1,
NYSDEC unpublished data). This suggests that
Mirror Lake was experiencing greater mixing
and/or decreased respiration at depth during
those years. Data from NYSDEC on 16 June 2003
show dissolved oxygen concentration at 17m was
2.0mg/L, while specific conductance was 216 lS/
cm at 2m and 329 lS/cm at 12m (Table 1,
NYSDEC unpublished data). These data are consist-
ent with our observations during the spring of 2017,
when the lake experienced incomplete mixing.

Other historical data suggest that incomplete
mixing is a more recent phenomenon for the
lake. Surveys of the lake in August 1971 and
August 1974 generally found hypolimnetic dis-
solved oxygen concentrations and specific con-
ductance consistent with greater mixing (Table 1,
Oglesby 1971, Oglesby and Mills 1974). Despite
the low dissolved oxygen in 1974, specific con-
ductance measurements from that day show a 16
lS/cm difference from the surface to the bottom,
indicating that there was little or no chemical
stratification. A survey on 10 August 2001 found
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0mg/L of dissolved oxygen at 15m and a differ-
ence in specific conductance from surface to bot-
tom of 150.5 lS/cm, consistent with a lack of
spring mixing (Table 1, UFI 2002).

Current and historical data indicate that anoxic
conditions are likely normal for Mirror Lake.
Natural anoxia is common in relatively shallow
lakes where the volume of the hypolimnion is
small in relation to the sediment surface area
(Fulthorpe and Paloheimo 1985). The lack of
spring mixing in Mirror Lake has resulted in an
increase in the spatial and temporal extent of the
anoxic zone in the hypolimnion, which has the
potential to threaten the ability of the lake to
support lake trout. Further research should be
conducted to study the lake trout population and
assess the impact of incomplete mixing. The lake
currently is stocked with an average of 450
6–7 inch lake trout annually, but no data are
available to assess how long these fish survive in
the lake and whether there is natural recruitment
in the population.

When the interruption in lake mixing began is
difficult to establish. The data available in 2001
and 2003 show elevated conductivity in the hypo-
limnion during the summer, which is consistent
with an accumulation of sodium and chloride,
and incomplete spring mixing (Table 1). It is
possible that this has been an annual or semian-
nual occurrence at least since that time period.
Unfortunately, the paucity of preimpact data and
limited continued monitoring of the lake make it
impossible to determine when the lake first expe-
rienced incomplete mixing and how frequently
it occurs.

We believe that restoration of the lake to dimic-
tic conditions would occur during the spring fol-
lowing a substantial reduction in salt load. The
lake has demonstrated an ability to overcome the
salt-induced density gradient during fall mixing,
and without the establishment of a new gradient
the following winter, the lake would mix in the
spring. The winter of 2015–2016 offers a glimpse
at the restoration potential for the lake. Following
a winter with less snowfall and a lower salt load,
the lake completely mixed in the spring.
Substantial reductions in the application of road
salt within the watershed, coupled with stormwater
improvements to retain stormwater runoff before

entering the lake, would provide marked improve-
ments in the water quality of Mirror Lake.

Funding

This work was supported by funding from the
New York State Department of State under Title
11 of the Environmental Protection Fund,
Cloudspitter Foundation, Mirror Lake Watershed
Association, Village of Lake Placid, Town of
North Elba, as well as the Holderied Family Fund
and Mirror Lake Inn Charitable Trust held at the
Adirondack Foundation.

References

Brown AH, Yan ND. 2015. Food quantity affects the sensi-
tivity of Daphnia to road salt. Environ Sci Technol.
49(7):4673–4680. doi:10.1021/es5061534.

Caldwell DH, Pair DL. 1991. Surficial geological map of
New York: Adirondack sheet. New York State Education
Department, Albany. http://www.nysm.nysed.gov/com-
mon/nysm/files/surf_adk.jpg.

Carlson DM, Daniels RA, Wright JJ. 2016. Atlas of inland
fishes of New York. The New York State Education
Department and Department of Environmental
Conservation, Albany.

Chen CA, Millero FJ. 1986. Precise thermodynamic proper-
ties for natural waters covering only the limnological
range. Limnol Oceanogr. 31(3):657–662. doi:10.4319/lo.
1986.31.3.0657.

Corsi SR, De Cicco LA, Lutz MA, Hirsch RM. 2015. River
chloride trends in snow-affected urban watersheds:
increasing concentrations outpace urban growth rate and
are common among all seasons. Sci Total Environ. 808:
488–497. doi:10.1016/j.scitotenv.2014.12.012.

De Stasio DT, Jr, Hill DK, Kleinhans JM, Nibbelink NP,
Magnuson JJ. 1996. Potential effects of global climate
change on small north-temperate lakes: physics, fish, and
plankton. Limnol Oceanogr. 41(5):1136–1149. doi:10.
4319/lo.1996.41.5.1136.

Dugan HA, Bartlett SL, Burke SM, Doubek JP, Krivak-
Tetley FE, Skaff NK, Summers JC, Farrell KJ,
McCullough IM, Morales-Williams AM, et al. 2017.
Salting our freshwater lakes. Proc Natl Acad Sci USA.
114(17):4453–4458. doi:10.1073/pnas.1620211114.

Dupuis D, Sprague E, Docherty KM, Koretsky CM. 2019.
The influence of road salt on seasonal mixing, redox
stratification, and methane concentrations in urban kettle
lakes. Sci Total Environ. 661:514–521. doi:10.1016/j.scito-
tenv.2019.01.191.

Elphick JRF, Bergh KD, Bailey HC. 2011. Chronic toxicity
of chloride to freshwater species: effects of hardness and
implications for water quality guidelines. Environ Toxicol
Chem. 30(1):239–246. doi:10.1002/etc.365.

LAKE AND RESERVOIR MANAGEMENT 119

https://doi.org/10.1021/es5061534
http://www.nysm.nysed.gov/common/nysm/files/surf_adk.jpg
http://www.nysm.nysed.gov/common/nysm/files/surf_adk.jpg
https://doi.org/10.4319/lo.1986.31.3.0657
https://doi.org/10.4319/lo.1986.31.3.0657
https://doi.org/10.1016/j.scitotenv.2014.12.012
https://doi.org/10.4319/lo.1996.41.5.1136
https://doi.org/10.4319/lo.1996.41.5.1136
https://doi.org/10.1073/pnas.1620211114
https://doi.org/10.1016/j.scitotenv.2019.01.191
https://doi.org/10.1016/j.scitotenv.2019.01.191
https://doi.org/10.1002/etc.365


Evans DO. 2005. Effects of hypoxia on scope-for-activity of
lake trout: defining a new dissolved oxygen criterion for
protection of lake trout habitat. Technical Report
2005–01. Habitat and Fisheries Unit, Aquatic Research
and Development Section, ARDB, Peterborough, ON.

Fulthorpe RR, Paloheimo JE. 1985. Hypolimnetic oxygen
consumption in small lakes. Can J Fish Aquat Sci. 42(9):
1493–1500. doi:10.1139/f85-187.

Healey FP, Hendzel LL. 1980. Physiological indicators of
nutrient deficiency in lake phytoplankton. Can J Fish
Aquat Sci. 37(3):442–453. doi:10.1139/f80-058.

Hintz WD, Relyea RA. 2017a. A salty landscape of fear:
responses of fish and zooplankton to freshwater saliniza-
tion and predatory stress. Oecologia. 185(1):147–156. doi:
10.1007/s00442-017-3925-1.

Hintz WD, Relyea RA. 2017b. Impacts of road deicing salts
on early-life growth and development of a stream sal-
monid: Salt type matters. Environ Pollut. 223:409–415.
doi:10.1016/j.envpol.2017.01.040.

Hintz WD, Mattes BM, Schuler MS, Jones DK, Stoler AB,
Lind L, Relyea RA. 2017. Salinization triggers a trophic
cascade in experimental freshwater communities with
varying food-chain lengths. Ecol Appl. 27(3):833–844.
doi:10.1002/eap.1487.

Jones B, Snodgrass JW, Ownby DR. 2015. Relative toxicity
of NaCl and road deicing salt to developing amphibians.
Copeia. 103(1):72–77. doi:10.1643/CP-13-082.

Judd JH. 1970. Lake stratification caused by runoff from
street deicing. Water Res. 4(8):521–532. doi:10.1016/
0043-1354(70)90002-3.

Judd KE, Adams HE, Bosch NS, Kostrzewski JM, Scott CE,
Schultz BM, Wang DH, Kling GW. 2005. A case history:
effects of mixing regime on nutrient dynamics and com-
munity structure in Third Sister Lake, Michigan during
late winter and early spring 2003. Lake Reserv Manage.
21(3):316–329. doi:10.1080/07438140509354437.

Kaushal SS, Groffman PM, Likens GE, Belt KT, Stack WP,
Kelly VR, Band LE, Fisher GT. 2005. Increased saliniza-
tion of fresh water in the northeastern United States.
Proc Nat Acad Sci USA. 102(38):13517–13520. doi:10.
1073/pnas.0506414102.

Kelly VR, Cunningham MA, Curri N, Findlay SE, Carroll
SM. 2018. The distribution of road salt in private drink-
ing water wells in a southeastern New York suburban
township. J Environ Qual. 47(3):445–451. doi:10.2134/
jeq2017.03.0124.

Kelting DL, Laxson CL, Yerger EC. 2012. Regional analysis
of the effect of paved roads on sodium and chloride in
lakes. Water Res. 46(8):2749–2758. doi:10.1016/j.watres.
2012.02.032.

Koretsky CM, MacLeod A, Sibert R, Snyder C. 2012. Redox
stratification and salinization of three kettle lakes in
southwest Michigan, USA. Water Air Soil Pollut. 223:
1415–1427. doi:10.1007/s11270-011-0954-y.

Lean DRS, Pick FR. 1981. Photosynthetic response of lake
plankton to nutrient enrichment: a test for nutrient

limitation. Limnol Oceanogr. 26(6):1001–1019. doi:10.
4319/lo.1981.26.6.1001.

Lilek J. 2017. Road deicing in the United States. American
Geosciences Institute. Factsheet 2017-003:1–2.

Martin JL, McCutcheon SC. 1998. Hydrodynamics and
transport for water quality modeling. Boca Raton, FL:
Lewis Publications. p. 794.

Millero FJ, Poisson A. 1981. International one-atmosphere
equation of state of seawater. UNESCO Technical Papers
in Marine Science. No. 36.

Novotny EV, Murphy D, Stefan HG. 2008. Increase in urban
lake salinity by road deicing salt. Sci Total Environ.
406(1–2):131–144. doi:10.1016/j.scitotenv.2008.07.037.

Novotny EV, Stefan HG. 2012. Road salt impact on lake
stratification and water quality. J Hydraul Eng. 138(12):
1069–1080. doi:10.1061/(ASCE)HY.1943-7900.0000590.

New York State Department of Environmental Conservation
(NYSDEC). 2018. Fish Stocking Lists (Actual): Beginning
2011. NY Open Data. https://data.ny.gov/Recreation/Fish-
Stocking-Lists-Actual-Beginning-2011/e52k-ymww.

Oglesby RT. 1971. A study of Lake Placid and Mirror Lake
during 1971. Submitted to Lake Placid Water Pollution
Control Commission. Lake Placid (NY).

Oglesby RT, Mills EL. 1974. A further study of Lake Placid
and Mirror Lake: Aug 5-6, 1974. Submitted to Lake
Placid Water Pollution Control Commission. Lake Placid
(NY).

Orihel DM, Baulch HM, Casson NJ, North RL, Parsons CT,
Seckar DCM, Venkiteswaran JJ. 2017. Internal phos-
phorus loading in Canadian fresh waters: a critical review
and data analysis. Can J Fish Aquat Sci. 74(12):
2005–20029. doi:10.1139/cjfas-2016-0500.

Palmer ME, Yan ND. 2013. Decadal-scale regional changes
in Canadian freshwater zooplankton: the likely conse-
quence of complex interactions among multiple
anthropogenic stressors. Freshw Biol. 58(7):1366–1378.
doi:10.1111/fwb.12133.

Pena EA, Slate EH. 2014. gvlma: global validation of linear
models assumptions. R package version 1.0.0.2. https://
CRAN.R-project.org/package=gvlma.

Pieper KJ, Tang M, Jones CN, Weiss S, Greene A, Mohsin
H, Parks J, Edwards MA. 2018. Impact of road salt on
drinking water quality and infrastructure corrosion in
private wells. Environ Sci Technol. 52(24):14078–14087.
doi:10.1021/acs.est.8b04709.

Plumb JM, Blanchfield PJ. 2009. Performance of tempera-
ture and dissolved oxygen criteria to predict habitat use
by lake trout (Salvelinus namaycush). Can J Fish Aquat
Sci. 66(11):2011–2023. doi:10.1139/F09-129.

R Core Team. 2018. A language and environment for statis-
tical computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/.

Scott R, Goulden T, Letman M, Hayward J, Jamieson R.
2019. Long-term evaluation of the impact of urbanization
on chloride levels in lakes in a temperate region. J
Environ Manage. 224:285–293. doi:10.1016/j.jenvman.
2019.05.029.

120 B. WILTSE ET AL.

https://doi.org/10.1139/f85-187
https://doi.org/10.1139/f80-058
https://doi.org/10.1007/s00442-017-3925-1
https://doi.org/10.1016/j.envpol.2017.01.040
https://doi.org/10.1002/eap.1487
https://doi.org/10.1643/CP-13-082
https://doi.org/10.1016/0043-1354(70)90002-3
https://doi.org/10.1016/0043-1354(70)90002-3
https://doi.org/10.1080/07438140509354437
https://doi.org/10.1073/pnas.0506414102
https://doi.org/10.1073/pnas.0506414102
https://doi.org/10.2134/jeq2017.03.0124
https://doi.org/10.2134/jeq2017.03.0124
https://doi.org/10.1016/j.watres.2012.02.032
https://doi.org/10.1016/j.watres.2012.02.032
https://doi.org/10.1007/s11270-011-0954-y
https://doi.org/10.4319/lo.1981.26.6.1001
https://doi.org/10.4319/lo.1981.26.6.1001
https://doi.org/10.1016/j.scitotenv.2008.07.037
https://doi.org/10.1061/(ASCE)HY.1943-7900.0000590
https://data.ny.gov/Recreation/Fish-Stocking-Lists-Actual-Beginning-2011/e52k-ymww
https://data.ny.gov/Recreation/Fish-Stocking-Lists-Actual-Beginning-2011/e52k-ymww
https://doi.org/10.1139/cjfas-2016-0500
https://doi.org/10.1111/fwb.12133
https://CRAN.R-project.org/package=gvlma
https://CRAN.R-project.org/package=gvlma
https://doi.org/10.1021/acs.est.8b04709
https://doi.org/10.1139/F09-129
https://www.R-project.org/
https://doi.org/10.1016/j.jenvman.2019.05.029
https://doi.org/10.1016/j.jenvman.2019.05.029


Sibert RJ, Koretsky CM, Wyman DA. 2015. Cultural mero-
mixis: effects of road salt on the chemical stratification of
an urban kettle lake. Chem Geol. 395:126–137. doi:10.
1016/j.chemgeo.2014.12.010.

Schuler MS, Hintz WD, Jones DK, Lind LA, Mattes BM,
Stoler AB, Sudol KA, Relyea RA. 2017. How common
road salt and organic additives alter freshwater food
webs: in search of safer alternatives. J Appl Ecol. 54(5):
1353–1361. doi:10.1111/1365-2664.12877.

Schneider CP, Owens RW, Bergstedt RA, O’Gorman R.
1996. Predation by sea lamprey (Petromyzon marinus) on
lake trout (Salvelinus namaycush) in southern Lake
Ontario, 1982-1992. Can J Fish Aquat Sci. 53(9):
1921–1932. doi:10.1139/cjfas-53-9-1921.

Sutherland JW, Norton SA, Short JW, Navitsky C. 2018.
Modeling salinization and recovery of road-salt impacted
lakes in temperate regions based on long-term monitor-
ing of Lake George, New York (USA) and its drainage
basin. Sci Total Environ. 637–638:282–294. doi:10.1016/j.
scitotenv.2018.04.341.

Transportation Research Board (TRB). 1991. Highway deicing:
Comparing salt and calcium magnesium acetate. Special
Report 235, National Research Council. Washington, DC.

Upstate Freshwater Institute (UFI). 2002. Lake Placid and
Mirror Lake, Synoptic Survey – Aug 10-12, 2001: Water
Quality Monitoring Results. Syracuse (NY).

UNESCO. 1981. UNESCO technical papers in marine sci-
ence 37. Background papers and supporting data on the
Practical Salinity Scale 1978. Paris, France.

Wetzel RG. 2001. Limnology: lake and river ecosystems. 3rd
ed. San Diego: Academic Press.

Wiltse BW, Laxson CL, Pionteck NC, Yerger EC. 2017.
Mirror Lake 2016 water quality report. Wilmington (NY):
Ausable River Association.

Wiltse BW, Laxson CL, Pionteck NC, Yerger EC. 2018.
Mirror Lake 2017 water quality report. Wilmington (NY):
Ausable River Association.

Wiltse BW, Stager JC. 2018. Data from: Mirror Lake, NY
Ice Record [dataset]. Research Gate. [accessed 2019 Jan
21]. https://doi.org/10.13140/RG.2.2.32575.20642.

Winslow L, Read J, Woolway R, Brentrup J, Leach T, Zwart J.
2017. rLakeAnalyzer: Lake Physics Tools. R package version
1.8.7. https://CRAN.R-project.org/package=rLakeAnalyzer.

Wyman DA, Koretsky CM. 2018. Effects of road salt deicers
on an urban groundwater-fed kettle lake. Appl Cheochem.
89:265–272. doi:10.1016/j.apgeochem.2017.12.023.

LAKE AND RESERVOIR MANAGEMENT 121

https://doi.org/10.1016/j.chemgeo.2014.12.010
https://doi.org/10.1016/j.chemgeo.2014.12.010
https://doi.org/10.1111/1365-2664.12877
https://doi.org/10.1139/cjfas-53-9-1921
https://doi.org/10.1016/j.scitotenv.2018.04.341
https://doi.org/10.1016/j.scitotenv.2018.04.341
https://doi.org/10.13140/RG.2.2.32575.20642
https://CRAN.R-project.org/package=rLakeAnalyzer
https://doi.org/10.1016/j.apgeochem.2017.12.023

	Abstract
	Study site
	Methods
	Results
	Discussion
	Funding
	References


