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Abstract: Climate disrupts aquatic ecosystems directly through changes in temperature, wind,
and precipitation, and indirectly through watershed effects. Climate-induced changes in northern
lakes include longer ice-free season, stronger stratification, browning, shifts in algae, and more
cyanobacterial blooms. We compared retrospective temperature-depth relationships modeled
using MINLAKE2012 with biogeochemical changes recorded in sediment cores. Four lakes in
Voyageurs National Park (VOYA) and four lakes in Isle Royale National Park (ISRO) were studied.
Meteorological data from International Falls and Duluth, Minnesota, were used for VOYA and
ISRO, respectively. Model output was processed to analyze epilimnetic and hypolimnetic water
temperatures and thermal gradients between two periods (1962–1986, 1987–2011). Common trends
were increased summer epilimnion temperatures and, for deep lakes, increased frequency and
duration of thermoclines. Changes in diatom communities differed between shallow and deep lakes
and the parks. Based on changes in benthic and tychoplanktonic communities, shallow lake diatoms
respond to temperature, mixing events, pH, and habitat. Changes in deep lakes are evident in the
deep chlorophyll layer community of Cyclotella and Discostella species, mirroring modeled changes
in thermocline depth and stability, and in Asterionella and Fragilaria species, reflecting the indirect
effects of in-lake and watershed nutrient cycling and spring mixing.

Keywords: thermocline; lake modeling; paleolimnology; diatoms; carbon burial

1. Introduction

Significant ecological changes are occurring in remote northern lakes [1–3]. These changes do
not fit the traditional paradigm of nutrient loading and eutrophication due to obvious land use and
may be the result of recent climate warming. Climate change has the potential to severely disrupt
aquatic ecosystems directly though changes in temperature, wind, and precipitation, indirectly through
watershed effects, and in concert with man-made stressors such as nutrient pollution, invasive species,
and land-use change. We currently have only a limited scientific grasp of how these forces will interact
or how lakes will respond, yet predicting these effects will be critical to both resource management
and public understanding of changes that have already begun.

Recent studies have documented a series of possible climate-induced changes in boreal-region
lakes, including a longer ice-free season [4–7], stronger or weaker thermal stratification [8,9], increased
inputs of dissolved organic carbon and increased carbon burial [2,10], shifts in algal communities [1],
and an increased frequency of cyanobacterial blooms [3]. These changes have been noted in remote
lakes far removed from direct human disturbance, with the strongest evidence coming from the
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analysis of dated sediment cores that record the recent history of the lakes. However, the scientific
picture is currently incomplete: the observed changes vary considerably among lakes, the physical
and biological controls are poorly understood, and the consequences for higher food-chain organisms
are virtually unknown.

Because of year-to-year variability, long-term records are needed to decipher trends in lake
biological responses to climate change. Where lake monitoring data are missing, lake-sediment cores
can fill the gap by providing a long-term record of lake response. Possible climate effects on lakes have
already been noted in sediment-core studies from arctic and boreal regions [1,3,11–13]. These studies
document in some lakes a systematic replacement of heavily silicified diatoms (e.g., Aulacoseira spp.)
by small centric species (e.g., Cyclotella spp.), a change that has been attributed to changes in lake
mixing regimes and the increased stability of thermal stratification [1]. Increases in cyanobacterial
blooms, reconstructed from algal pigments preserved in sediment cores, may likewise be related to
lake thermal structure through the direct effects of higher surface temperatures, longer and more
intense stratification, and increased internal nutrient loads [3,14].

To understand the mechanism behind climate-driven biological change in lakes, we need a better
understanding of how climate drives physical and chemical changes in lakes. Just as lake-monitoring
records of algal communities are generally sparse and short-term, so are monitoring records of
lake temperature and chemistry. Sediment records have been used with questionable success in
reconstructing past temperatures [15], but the results (mean summer water temperatures) are very
general and lack important details that could be critical in determining lake and algal response, such
as duration of ice cover and duration of thermocline formation that could lead to hypolimnetic oxygen
depletion and internal loading of nutrients [14,16].

Physically based computer models of lake thermal structure provide an alternative way to extend
the record back in time to allow comparison with biological change recorded in lake sediments.
Computer modeling of the thermal structure of lakes in Minnesota began over 30 years ago
with the MINLAKE modeling framework [17,18]. Improved algorithms relating to regional water
temperatures [19], dissolved oxygen [20], and ice and snow dynamics [21] led to the development
of MINLAKE96 [22,23]. Subsequently, the model was adjusted to allow for deep oligotrophic lakes
and renamed MINLAKE2010 [24]. Most recently, the model has been updated to MINLAKE2012 with
enhanced usability via an MS Excel interface for pre- and post-processing [25]. With such a model,
the instrumental climate record for the last 50–100 years can be translated into a physical response of
the lake thermal structure, which may in turn provide a more direct relation to the biological change
interpreted in the lake-sediment record.

In this study, we combine thermal lake modeling (MINLAKE2012) with traditional paleolimnology
to retrospectively consider potential climate impacts on the thermal structure and biology of wilderness
lakes. Thermal models were developed for eight lakes, four in Voyageurs National Park (VOYA,
International Falls, MN, USA) and four in Isle Royale National Park (ISRO, Keweenaw County, MI,
USA), which represented a range of typical lake types in the boreal region from small and shallow to
large and deep and that are not experiencing land-use change or development [26,27]. Model outputs
covered a 50-year window from 1962 to 2011 and were compared to paleoecological records from the
same time period of ecological change including predominant diatom species, community turnover,
and carbon burial. Our working hypothesis is that these ecological shifts are tied to changes in the
thermal structure of the lakes including the stability and depth of stratification, length of the ice-free
season, surface and bottom water temperatures, and hypolimnetic oxygen conditions. These physical
factors in turn affect algal communities by influencing in-lake nutrient cycling, light regime, and
possibly turbulence and cell sinking rates. The study is designed to test this hypothesis by answering
the following questions:

(1) How have thermal conditions in these lakes changed over a 50-year (1962–2011) period; how do the timing
and magnitude of these changes vary among lakes of differing morphometry (depth) and surface area?
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(2) What is the relationship between the ecological and thermal histories of these lakes and how does that
relationship vary with respect to lake surface area and depth?

2. Materials and Methods

2.1. Study Sites

Eight lakes located in two National Park units were identified for thermal modeling and
paleoecological reconstruction (Figures 1–3). Four lakes were in VOYA: Cruiser, Ek, Little Trout,
and Peary lakes (Figure 2). In ISRO, study sites were Ahmik, Harvey, Richie, and Siskiwit lakes
(Figure 3). These lakes were chosen to capture a gradient of lake types across the boreal ecoregion
ranging from small and shallow to large and deep, and they also representing a spectrum of lake
productivity (Table 1).

Water 2017, 9, 678 3 of 34 

 

2. Materials and Methods 

2.1. Study Sites 

Eight lakes located in two National Park units were identified for thermal modeling and 

paleoecological reconstruction (Figures 1–3). Four lakes were in VOYA: Cruiser, Ek, Little Trout, and 

Peary lakes (Figure 2). In ISRO, study sites were Ahmik, Harvey, Richie, and Siskiwit lakes (Figure 

3). These lakes were chosen to capture a gradient of lake types across the boreal ecoregion ranging 

from small and shallow to large and deep, and they also representing a spectrum of lake productivity 

(Table 1). 

 

Figure 1. Locations of Voyageurs and Isle Royale national parks. 
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Figure 1. Locations of Voyageurs and Isle Royale national parks.
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Figure 2. Locations and bathymetry (m) of four study lakes within Voyageurs National Park. 
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Figure 3. Locations and bathymetry (m) of four study lakes within Isle Royale National Park. 
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Figure 3. Locations and bathymetry (m) of four study lakes within Isle Royale National Park.
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Table 1. Study lake locations and assembled background data 1.

Park Unit Lat Lon Alt Area Aws Inlets Outlets Zmax Zseci TP Chl a DOC

Lake degrees degrees (m) (ha) (ha) (m) (m) (µg/L) (µg/L) (mg/L)

VOYA

Cruiser 48.498 −92.805 380 47.3 118 1 1 28.8 7.72 3.8 0.9 4.2
Ek 48.470 −92.836 346 36.3 250 3 1 6.2 2.01 18.5 6.8 13.2

Little Trout 48.397 −92.523 349 104.0 236 0 1 30.0 6.40 4.4 1.1 5.0
Peary 48.525 −92.771 343 44.8 976 3 1 5.2 2.51 17.5 5.6 10.1

ISRO

Ahmik 48.150 −88.539 190 8.5 36 1 1 2.9 2.17 20.1 2.5 17.8
Harvey 48.050 −88.800 233 53.4 341 6 1 5.0 3.39 14.8 2.1 10.1
Richie 48.043 −88.693 190 204.7 1956 4 1 11.1 1.80 26.1 6.4 9.9

Siskiwit 48.000 −88.800 197 1687.4 7239 10 1 47.3 7.36 4.2 0.9 5.2

Notes: 1 Latitude (Lat) and longitude (Lon) in decimal degrees for lake center estimated from Google Earth. Altitude
for Voyageurs National Park (VOYA) lakes from National Park Service (NPS) bathymetry data; altitude for Isle
Royale National Park (ISRO) lakes estimated from Google Earth. Lake area, watershed area (Aws), inlets, and
outlets from Ulf Gafvert, NPS-GLKN, personal communication, 2012. Maximum lake depth (Zmax), Secchi-disk
depth (Zseci), TP (total phosphorus), Chl a (chlorophyll-a), and dissolved organic carbon (DOC) from Joan Elias,
NPS, personal communication, 2012, based partly on Great Lakes Network (GLKN) lake monitoring. VOYA lakes
were sampled 2006–2011, and ISRO lakes 2007–2011. TP and Chl a were sampled three times each year (ice-free
season); DOC was sampled three times in the first year and once per year (mid-summer) thereafter. Chlorophyll-a
values are based on fluorometric readings. Earlier values from spectrophotometer analyses were adjusted to be
consistent with fluorometric readings. For each variable, values in the table above are the multi-year average of
each year’s average value.

2.2. Thermal Modeling

2.2.1. Model Mechanics

The MINLAKE models solve the one-dimensional, unsteady differential equation describing heat
transfer with depth in a lake, i.e., the change in temperature over time for each depth in a lake [24].
The equation is solved numerically with a finite-difference scheme, thereby describing change in
temperature over discrete time intervals (e.g., one day) for discrete layers in a lake (e.g., one meter
increments). Heat transfer related to atmospheric exchanges (radiation, evaporation, conduction) is
applied to the top-most layer, whereas short-wave solar radiation is applied as a heat source to all
layers down to the effective depth of light penetration. MINLAKE2012 has submodels handling the
details of ice formation [28] and heat transfer across the sediment/water interface [22,29]. The upper
meter of the lake is finely divided into at least eight layers (depths of 2.5, 5, 10, 20, 40, 60, 80, and 100 cm)
to allow the model to simulate the dynamics of ice formation and melting [28]. Including the sediment
heat capacity adds an important storage component that can smooth seasonal water temperatures,
especially for shallow lakes [24]. The MINLAKE2012 model also solves the one-dimensional, unsteady
transport equation for changes in dissolved oxygen (DO) concentration with depth [24]. We did not use
the DO capabilities of MINLAKE2012 in this project; however, we recognize that changes in DO may be
a primary driver of ecological change in lakes with altered thermal structure due to climate warming.

2.2.2. Model Input Variables

MINLAKE requires geometric, optical, and thermal properties for each lake, as well as a time
series of weather data to drive the model [24]. Lake and watershed areas, average values for Secchi disk
depth, total phosphorus, chlorophyll-a, and dissolved organic carbon were measured from 2006 to 2011
(Table 1). In accordance with Stefan et al. [30] and Heiskary and Wilson [31], lakes were categorized by
area and depth (Table 2) and range from small and shallow (Ahmik in ISRO) to large and deep (Siskiwit
in ISRO), with the other six lakes being medium in area, depth, or both (Tables 2 and 3). Area and
depth influence light interception, wind fetch, and lake volume, and are thus critical in determining
the likelihood of thermal stratification. Based on geometric ratio, a measure of the likelihood of
stratification [32], the study lakes range from shallow and small lakes with a weak likelihood of
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stratification to deep and medium/large lakes with a strong likelihood (Table 3). Trophic status was
inferred from the Secchi depth, total phosphorus (TP), and chlorophyll-a measurements [31,33]. About
half the study lakes were oligotrophic, and about half mesotrophic, depending on the parameter
(Table 3). Richie Lake (VOYA) reached the eutrophic category, based on Secchi depth.

Table 2. Definitions of general lake categories based on maximum depth, area, and Secchi-disk depth 1.

Parameter Category Minimum Maximum Typical

Maximum Depth, Zmax (m) Shallow 0 4 4
Medium 4 20 13

Deep 20 45 24

Lake Area (km2) Small 0 0.4 0.2
Medium 0.4 5 1.7

Large 5 40 10

Secchi-Disk Depth, Zseci (m) Eutrophic 0 1.8 1.2
Mesotrophic 1.8 4.5 2.5
Oligotrophic 4.5 7 4.5

Note: 1 Modified from Table 2 in Reference [30] and on Reference [31].

Table 3. Study lake categories based on size, trophic status, and stratification potential 1.

By Area By Depth Trophic Status Stratification

Park Unit Secchi TP Chl a
Lake TSI Class TSI Class TSI Class GR Class

VOYA

Cruiser Medium Deep 31 O 23 O 30 O 0.9 Strong
Ek Small Medium 50 M 46 M 49 M 4.0 Medium

Little Trout Medium Deep 33 O 26 O 32 O 1.1 Strong
Peary Medium Medium 47 M 45 M 47 M 5.0 Medium

ISRO

Ahmik Small Shallow 49 M 47 M 39 M 6.2 Weak
Harvey Medium Medium 42 M 43 M 38 O 5.3 Weak
Richie Medium Medium 52 E 51 M 49 M 3.4 Medium

Siskiwit Large Deep 31 O 25 O 29 O 1.4 Strong

Note: 1 Lake categorization for Voyageurs National Park (VOYA) and Isle Royale National Park (ISRO) lakes. See
Table 2 for definitions of lake category based on area and depth, based on References [30,31]. Trophic status index
(TSI) based on Reference [33], where “O” is oligotrophic, “M” is mesotrophic, and “E” is eutrophic. Breakpoints
between O, M, and E from Reference [31]. Geometric ratio (GR) defining stratification potential from Reference [32],
where GR < 3 is “Strong,” 3 < GR < 5 is “Medium,” and GR > 5 is “Weak”.

The optical, physical, chemical, and biological characteristics of each lake required by the model
were inferred from the data discussed above [24]. Based on the total light attenuation determined
by Secchi depth and light attenuation due to chlorophyll content, light attenuation due to the water
matrix was determined by taking the difference of the two (Table 4). Water-matrix attenuation is
generally proportional to dissolved organic carbon (DOC), as expected (compare with Table 1). The
wind-sheltering coefficient was estimated from the lake area. Multipliers of diffusion coefficients for
the metalimnion and hypolimnion were inferred from the lake size based on empirical relations [24].

Weather data include daily values for air temperature, dew point temperature, wind speed, solar
radiation, and precipitation as rain or snow [24]. Most of these data are available from National
Weather Service (NWS) first class weather stations, of which there are six in Minnesota, including
Duluth and International Falls, for which we compiled climate data for the period 1961–2011. Weather
data for International Falls were used for modeling the VOYA lakes, and data for Duluth were used
for modeling the ISRO lakes. While lakes within VOYA are relatively close (about 30–50 km) to
International Falls, lakes in ISRO are about 240–320 km from Duluth.
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Table 4. MINLAKE-specific parameters for study lakes 1.

Light Attenuation Parameters Wind SOD BOD Metalimnion SOD Hypolimnion Lower
Total Algal Water Sheltering Diffusion Multiplier Diffusion Chl a

From Zseci From Chl a By Diff Coeff Coefficient Coefficient Multiplier

Park Unit XK1 Wstr Sb20 BOD EMCOE(1) EMCOE(2) EMCOE(4) EMCOE(5)
Lake (per m) (per m) (per m) (mg/L)

VOYA

Cruiser 0.24 0.02 0.22 0.17 0.2 0.50 0.5 5.0 1.0 1.5
Ek 0.91 0.14 0.78 0.13 0.8 0.75 1.0 2.3 1.0 1.0

Little Trout 0.29 0.02 0.27 0.33 0.2 0.50 0.5 5.0 1.0 1.5
Peary 0.73 0.11 0.62 0.16 0.8 0.75 1.0 2.3 1.0 1.0

ISRO

Ahmik 0.85 0.05 0.80 0.04 1.0 0.75 1.0 1.9 1.0 1.0
Harvey 0.54 0.04 0.50 0.18 0.4 0.50 1.0 3.0 1.0 1.5
Richie 1.02 0.13 0.89 0.54 0.8 0.75 1.0 2.3 1.0 1.0

Siskiwit 0.25 0.02 0.23 1.00 0.2 0.50 0.5 5.0 1.0 1.5

Notes: 1 Lake parameters for Voyageurs National Park (VOYA) and Isle Royale National Park (ISRO) lakes.
All values based on Reference [24] and references therein for total light attenuation, chlorophyll-a (chl a) light
attenuation, and wind sheltering coefficient (Wstr). Sb20, sediment oxygen demand (SOD) at 20 ◦C per unit area of
sediment per day. BOD, biochemical oxygen demand. EMCOE(1) (empirical coefficient 1), multiplier for diffusion
coefficient in the metalimnion. EMCOE(2), multiplier for SOD below the mixed layer. EMCOE(4), multiplier for
diffusion coefficient in the hypolimnion. EMCOE(5), multiplier for chlorophyll-a below the mixed layer. Sb20,
BOD, EMCOE(2), and EMCOE(5) affect only dissolved oxygen (DO) calculations and hence were not critical for
this report.

2.2.3. Model Runs and Output Variables

MINLAKE was run for a 51-year period, from mid-April 1961 through 2011. The model was run
from mid-April, when lakes are approximately isothermal, to provide uniform initial conditions for all
lakes; to reduce concerns about thermal inertia, temperature output from the first partial year (1961)
was discarded to allow for model equilibration, and all further post-processing was based on the 50 full
years of output from 1962 to 2011. Even though MINLAKE provides useful data summaries, significant
post-processing was needed to build the annual output variables selected to be compared with the
paleoecological proxies. Scripts were written within the R statistical framework [34] to process the
raw MINLAKE output and produce the summary plots, tables, and statistical analyses of the selected
annual output variables.

We selected output variables that seemed representative of factors that could influence biological
activity in lakes. To allow comparison with the paleoecological records, these output variables were
summarized as time series of annual values. Water temperatures during the growing season are
obviously important in affecting not only biological activity in the upper waters but also microbiological
activity at depth. Hence, average summertime (June-July-August: JJA) shallow and bottom water
temperatures were calculated for each year of simulation. The shallow water temperature was taken at
the 1 m depth in the model, and the bottom water temperature was taken at a depth corresponding
to 0.9*Zmax, but no closer than 1 m to the bottom to avoid any gradients near the sediment surface.
Temperatures at these depths should be representative of epilimnetic and hypolimnetic temperatures
for those lakes deep enough to stratify. The time-series plots of these annual mean temperatures
suggested that their year-to-year variability was increasing over time, and we quantified this variability
by calculating a nine-year running standard deviation. We chose a nine-year window to give an
approximately decadal measure of variability that could be centered on the middle year of the window.
Windows of seven to 11 years resulted in very similar patterns of variability over time.

The formation of thermal gradients can affect lake mixing and thus the distribution of key
nutrients and escalation of redox-sensitive microbiological activity. The depth of the steepest gradient
and whether it forms earlier, dissipates later, and has greater continuity through the year are potential
mechanisms by which climate warming may impact lake biology. We calculated thermal gradients
with the central-difference method (i.e., negative T2 − T1 divided by Z2 − Z1, applied at the midpoint
(average) depth between Z1 and Z2). The thermocline depth was defined as the depth of the steepest
gradient each day [35]. Output was tested for a variety of gradients, from 1 to 4 ◦C per meter. While a
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gradient of 1 ◦C per meter is commonly invoked as defining a thermocline [35], the model simulations
indicated that such gradients formed and dissipated frequently in the model during the spring and fall
and thus did not seem representative of features that could strongly isolate top and bottom waters.
Hence, we focused on steeper gradients in order to identify less-easily formed but more persistent,
stable features with a greater potential to isolate top from bottom waters. The steeper the selected
gradient, the fewer days each year attained that gradient. Gradients of 3 to 4 ◦C per meter or larger
were too infrequent to be considered, and so we settled on gradients of 2 ◦C per meter. For each year
of the model run, we determined the date the gradient first formed, the total number of days and the
longest continuous period the gradient existed, and the date the gradient dissipated. In addition, for
those days that achieved the selected gradient or larger, we also calculated the average summertime
depth of the steepest daily gradient (i.e., the thermocline depth). We treated all model output equally
without regard to lake depth, recording all gradients as they occurred, even in shallow lakes. However,
we note that such gradients have short duration and probably limited impact in shallow lakes that are
generally well-mixed.

The ecological impact of thermocline formation can be profoundly magnified when hypolimnetic
anoxia releases phosphorus from the sediments and spurs noxious algal blooms [36]. Whether a
hypolimnion goes anoxic depends on several factors. The dissolved oxygen (DO) depletion in the
hypolimnion is driven by the respiration of benthic bacteria and other organisms, and hence is
directly proportional to the lake-bottom area in contact with the hypolimnion; we here used the
thermocline area as a proxy for this hypolimnion/sediment-contact area. Hypolimnetic anoxia should
also be directly proportional to the duration of time that a thermocline has isolated the bottom
waters. In contrast, anoxia should be inversely related to hypolimnetic volume simply because of the
larger amount of DO to be consumed. For simplicity, we calculated hypolimnetic volume as the lake
volume below the thermocline (the plane of the steepest temperature gradient), rather than defining a
metalimnion of finite thickness. Combining these factors, we created a simple anoxia susceptibility
index of thermocline duration (days), times thermocline area (m2), and divided this by hypolimnetic
volume (m3). Dividing volume by area produces a mean hypolimnetic thickness, and hence the final
dimensions of the index are days of thermocline duration per meter of hypolimnion thickness. Whether
hypolimnetic anoxia results in the release of substantial phosphorus from the sediments depends on
the form and concentration of the sediment-bound phosphorus [37], and whether the algal community
responds to such a phosphorus release depends on its timing [38].

Ice cover is perhaps the most obvious thermally driven feature of a lake in cold regions that could
affect lake biology. Although photosynthesis can take place below ice if snow cover is not too deep,
algal biomass and productivity are generally small under the ice during winter [35], indicating that
the growing season for aquatic vegetation is largely determined by the length of the ice-free season.
All other factors remaining equal, the length of the growing season can directly alter the annual net
primary productivity and rates of nutrient cycling. Length of ice cover further affects the eventual
redox state of the lake water over the course of winter, which in turn can affect the fish community
and nutrient release from the sediments. Consequently, MINLAKE output was processed to extract
the dates of first open water (ice-out) in the spring, last ice in the spring, first ice in winter, and last
open water in winter to search for trends in how early ice-out occurred in the spring or how late ice-on
occurred in the winter. In addition, the durations of continuous ice cover in the winter and open water
in the summer were calculated for each year of the simulations.

2.2.4. Model Statistics

Model goodness-of-fit compared modeled water column thermal profiles with observed values.
The observed data comprised temperature profiles collected several times per year on each lake, from
2006 to 2010 for VOYA lakes and from 2007 to 2010 for ISRO lakes. Multiple field measurements
taken within a 0.1-m depth on the same day were considered duplicates and replaced with their
averaged depth and temperature. The modeled data set comprised simulated temperatures for the
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same day and depth as observed data. Modeled temperatures at the observed depth were calculated
by linear interpolation of temperatures at the depth midpoints of the adjacent model layers. Model
goodness-of-fit was qualitatively assessed by visual comparison of observed temperature profiles
with simulated profiles (Supplementary Materials). In addition to visual inspection, quantitative
assessment of model goodness-of-fit used the coefficient of determination, or R-squared (R2; range
0 to 1), to summarize the deviations between each observed value and its corresponding simulated
value. The Nash-Sutcliffe coefficient of efficiency (NSE; range negative infinity to 1) was also calculated
to estimate model goodness-of-fit. It is similar to R2 in that it attempts to quantify the fraction of
variance explained by the model. If a model is perfect, the predicted model value (x-axis) and the
observed value (y-axis) should fall exactly on the 1:1 line. The difference is that in linear regression, the
regression line is optimally placed to minimize residuals and thus maximize R2, whereas in the NSE
calculation there is no such optimization. R2 is the upper limit to NSE, and the closer the regression
intercept and slope are to 0 and 1, respectively, then the closer NSE will be to R2.

Change over time for weather input and model output variables was assessed with the simple but
robust method of dividing the 50 years of data into two equal time periods (1962–1986 and 1987–2011)
and determining the significance of their differences with a Mann-Whitney U Test [34]. The significance
value does not identify the direction of change, only that the two halves of the data output are different.
Direction of change may be inferred from the loess curves that were plotted over time for selected
output variables with default lowess settings and a span of 0.75 [34].

2.3. Lake-Sediment Coring and Analyses

2.3.1. Core Collection

Sediment cores were recovered from central depositional basins from the eight lakes as part
of other projects [8,13,39,40]. All cores were retrieved with a 6.5-cm inner diameter polycarbonate
tube fitted with a piston and operated from the lake surface from an anchored boat. Rigid drive
rods were used to push the tube into the lake sediments while the piston was held in place by a
cable [41]. Sediment cores were extruded vertically from the coring tube in the field at 1-cm increments
to 60–85 cm core depth and placed in polypropylene jars; the remainder of the core was capped. The
material was transported to 4 ◦C laboratory storage for further processing. Sediment samples were
homogenized and subsampled for loss-on-ignition and diatom analyses. Remaining sediments were
freeze-dried within the sample jars for 210Pb dating and geochemical analysis and are archived at the
St. Croix Watershed Research Station (Science Museum of Minnesota).

2.3.2. Isotopic Dating and Geochemistry

Sediment cores were analyzed for 210Pb activity to determine age and sediment accumulation
rates for the past 150 to 200 years. Lead-210 activity was measured from its daughter product, 210Po,
which is considered to be in secular equilibrium with the parent isotope. Aliquots of freeze-dried
sediment were spiked with a known quantity of 209Po as an internal yield tracer and the isotopes were
distilled at 550 ◦C after treatment with concentrated HCl. Polonium isotopes were then directly plated
onto silver planchets from a 0.5 N HCl solution. Activity was measured for 1–3 × 105 s using an Ortec
alpha spectrometry system. Supported 210Pb was estimated by mean activity in the lowest core samples
and subtracted from upcore activity to calculate unsupported 210Pb. Core dates and sedimentation
rates were calculated using the constant rate of supply model [42]. Dating and sedimentation errors
represented first-order propagation of counting uncertainty [43].

Dry-density (dry mass per volume of fresh sediment), water content, organic content, and
carbonate content of sediments were determined by standard loss-on-ignition techniques [44]. Organic
matter content and accumulation were converted to whole basin dry mass organic carbon (OC) burial
using the sediment focusing factor for each lake and an organic matter–OC conversion factor [45,46].
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2.3.3. Diatom Analysis

Diatoms are a group of microscopic algae that are common in all aquatic habitats and characterized
by their ornamented cell wall made of biogenic silica. Diatom cell walls accumulate in lake sediments
to provide a record of historical diatom productivity and community structure through time. Sediment
was prepared for diatom analysis following Ramstack et al. [39]. Coverglasses with diatoms were
permanently attached to microscope slides using Zrax mounting medium (MicrAP, Philadelphia, PA,
USA), and all slides and material are archived at the St. Croix Watershed Research Station, Marine on
Saint Croix, MN, USA.

Diatoms were identified along random transects to the lowest taxonomic level under
1250× magnification (light microscopy, full immersion optics of numerical aperture NA > 1.3; [13]).
A minimum of 400 valves was counted in each sample. Identification of diatoms relied on floras
and monographs [47–57], and the primary literature (e.g., Tabellaria [58]). All diatom counts were
converted to percentage abundances by taxon; abundances are reported relative to total diatom counts
in each sample.

2.3.4. Statistical Approach

To summarize the timing and degree of change in diatom communities within cores from ca. 1850
to 2010, detrended correspondence analysis (DCA) was used. DCA is an indirect gradient analysis
technique used to identify major axes of variation in species data. Axis 1 DCA scores are scaled in
standard deviation (SD) units and represent units of species turnover based on beta-diversity [59].
Diatom species occurring at 1% or greater abundance in more than one core section were included
in the analysis, with downweighting of rare taxa, detrending by segments, and nonlinear rescaling
applied using the software R [34,39]. The DCA axis 1 scores were plotted stratigraphically to visualize
the amount of turnover in SD units; the standardized units of DCA allow for direct comparison
among cores. Axis scores were plotted for each lake together with the downcore relative abundance of
predominant diatom species (two or more occurrences at >5% relative abundance). The presentation
of downcore data is truncated at 1960–2010 for consistency with the thermal model output.

3. Results

3.1. Thermal Modeling

Results of all model runs are presented in Supplemental Materials (Figures S1–S8), arranged
alphabetically by lake name. For each lake, figures show 50-year time series of mean summer (JJA)
epilimnion temperature, hypolimnion temperature, epilimnion temperature variability (nine-year
running standard deviations), hypolimnion temperature variability, calendar days with a 2 ◦C/m
thermocline, average summertime depth of thermocline, days of continuous thermocline duration,
and days of continuous thermocline duration per m of hypolimnion thickness.

3.1.1. Climate Drivers

Annual mean air temperatures increased significantly at both the Duluth and International Falls
weather station sites over the 50 years of model runs (Figures 4 and 5; Table 5). However, much
of this warming was due to an increase in winter temperatures; a summer temperature increase
was significant (p < 0.05) only for the Duluth station and not for International Falls. Although an
increase in winter temperatures may seem removed from summer water temperatures and algal
productivity, warmer winters would contribute to thinner ice and thus allow more of the spring energy
inputs to warm the water rather than being consumed by the latent heat needed to melt ice. Annual
solar radiation was significantly different between the two time periods (Table 5), but appeared to
decrease rather than increase (Figures 4 and 5), and any change was non-significant during summer
for both stations (Table 5). Hence, changes in radiation were unlikely to be the driver of warmer water
temperatures. Wind speed changed significantly for all seasons and the annual average (Table 5);
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in this case, the change was a decrease (Figures 4 and 5), which has implications for thermocline
formation, stability, and depth. Snowfall showed some changes during fall and winter (Table 5), but
rainfall did not change significantly in any season over the 50-year period.
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Figure 4. Annual and summer weather patterns at Duluth, Minnesota, 1962–2011. Left panels are the
annual means of air temperature (◦C), wind speed (m/s), and solar radiation (Langley). Right panels
are the summer means of the same parameters.

Table 5. Significance of change over time from the first half (1962–1986) to the second half (1987–2011)
of the data set for selected climate variables 1.

Temperature Wind Speed Solar Radiation Rain Snow
Climate Station (◦C) (m/s) (Langley) (mm) (mm)
Season Mean Mean Mean Sum Sum

International Falls (for VOYA)

Annual <0.001 <0.001 0.004 1.000 0.030
Spring 0.170 <0.001 <0.001 0.907 0.461
Summer 0.345 <0.001 0.832 0.930 NA
Fall 0.077 <0.001 0.043 0.686 0.174
Winter 0.001 0.001 <0.001 0.833 0.034

Duluth (for ISRO)

Annual <0.001 <0.001 0.001 0.467 0.538
Spring 0.078 0.005 <0.001 0.969 0.554
Summer 0.020 0.001 0.298 0.934 NA
Fall 0.108 0.030 0.104 0.554 0.015
Winter 0.002 0.010 <0.001 0.715 0.923

Notes: 1 Mann-Whitney U Test used to determine if the early period is significantly different from the later period.
Dark cells are significant at the 0.05 level or less; shaded cells are significant at the 0.1 level. Abbreviations: VOYA,
Voyageurs National Park; ISRO, Isle Royale National Park; ◦C, degrees Celsius; m/s, meters per second; mm,
millimeters; NA, not applicable.
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Figure 5. Annual and summer weather patterns at International Falls, Minnesota, 1962–2011.
Left panels are the annual means of air temperature (◦C), wind speed (m/s), and solar radiation
(Langley). Right panels are the summer means of the same parameters.

3.1.2. Model Goodness-of-Fit

The model fit for each lake may be assessed qualitatively by scanning the depth profiles of
simulated versus observed temperatures (Supplementary Materials; Figures S9–S18). In general, the
model fits were quite good for the deeper lakes (Cruiser and Little Trout in VOYA and Richie and
Siskiwit in ISRO), with a wide range of temperatures and thermoclines situated at about the correct
depth. While the simulated temperatures at any depth might be off by several degrees, the overall
shapes of the profiles were similar between the simulated and observed values. The model had more
trouble with the shallower lakes, particularly for the ISRO lakes, Ahmik and Harvey. The profiles for
the shallower lakes in VOYA, Ek and Peary, appeared reasonable but not quite as good as those for the
deeper lakes.

The quantitative measures of model goodness-of-fit support these qualitative observations
(Table 6). For lakes within both national parks, the NSE increased as maximum depth (Zmax) and
range of observed temperatures both increased. NSE values were generally large and just a few points
below their effective maximum (R2) in most cases. Commonly, an NSE value of 0.5 or greater is
considered to be acceptable [60]. The only lake falling below this threshold was Ahmik Lake in ISRO,
whose negative NSE indicated that a simple mean was a better predictor of temperature than was the
model. The mean error was positive for all lakes (Table 6), indicating that the model systematically
overestimated temperatures, with Ahmik again having not only the largest mean error but also the
largest root mean squared error (RMSE; see also Figures 6 and 7). The clouds of points for the deeper
lakes had wide ranges of values, and the regression lines (red) were nearly collinear with the blue 1:1
line. In contrast, the shallower lakes had smaller clouds of points with less elongation, and hence the
regression line was less constrained to be similar to the 1:1 line. Most points fell just to the right of the
blue 1:1 line, demonstrating that the model overestimated temperatures slightly but consistently.
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Table 6. Goodness-of-fit statistics relative to lake depths and range of observed temperatures 1.

Statistics Observations

Park Unit NSE R2 RMSE Mean Error Zmax N Min Max Range

Lake (◦C) (◦C) (m) (◦C) (◦C) (◦C)

VOYA

Peary 0.58 0.69 2.1 0.4 5.2 85 12.7 26.3 13.7
Ek 0.74 0.78 2.0 0.2 6.2 112 10.0 28.6 18.6

Cruiser 0.92 0.94 1.7 0.7 28.8 363 4.8 24.4 19.5
Little Trout 0.94 0.96 1.6 0.8 30.0 384 3.9 25.3 21.4

ISRO

Ahmik −0.25 0.15 2.7 1.1 2.9 41 15.2 24.1 8.8
Harvey 0.42 0.56 2.1 0.5 5.1 57 14.4 25.7 11.3
Richie 0.76 0.76 1.8 0.1 11.1 213 9.1 25.3 16.3

Siskiwit 0.92 0.94 1.3 0.5 45.3 357 6.9 22.8 15.9

Notes: 1 NSE, Nash-Sutcliffe coefficient of efficiency; R2, coefficient of determination, the fraction of variance
explained by linear regression; RMSE, root mean square error, essentially the standard deviation of the errors;
Zmax, maximum lake depth; N, number of observations compared against simulated values; Min, minimum; Max,
maximum; VOYA, Voyageurs National Park; ISRO, Isle Royale National Park.
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Lake; (b) shallow Peary Lake; (c) deep Cruiser Lake; (d) deep Little Trout Lake.
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Figure 7. Observed versus simulated temperatures (T), showing regression line (red) through the cloud
of observed values and the 1:1 line (blue) for four lakes in Isle Royale National Park. (a) Shallow Ahmik
Lake; (b) shallow Harvey Lake; (c) deep Richie Lake; (d) deep Siskiwit Lake.
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3.1.3. Model Runs

As noted earlier, model output was distilled into time series of annual values from 50 years of
MINLAKE model run, from 1962 to 2011 (Figures S1–S8). For each lake, figures show 50-year time
series of output variables. Three output variables were selected for comparison with paleolimnological
markers of lake change: epilimnion temperature, epilimnion temperature variability, and longest
duration of thermocline (Figures 8–15).
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Figure 8. Model results and paleolimnological data for Ahmik Lake, Isle Royale National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, detrended
correspondence analysis (DCA) axis 1 score; (e) organic carbon accumulation rate (g/m2/year);
(f) percent abundance of common diatom species, Staurosirella pinnata, Staurosira construens,
Pseudostaurosira brevistriata.



Water 2017, 9, 678 16 of 35

Water 2017, x, x 16 of 34 

 

Figure 8. Model results and paleolimnological data for Ahmik Lake, Isle Royale National Park, 1960–
2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature (SD, 
°C); (c) longest duration of thermocline (days); (d) diatom species turnover, detrended 
correspondence analysis (DCA) axis 1 score; (e) organic carbon accumulation rate (g/m2/year); (f) 
percent abundance of common diatom species, Staurosirella pinnata, Staurosira construens, 
Pseudostaurosira brevistriata. 

 
Figure 9. Model results and paleolimnological data for Cruiser Lake, Voyageurs National Park, 1960–
2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature (SD, 
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Comment [MBE16]: This figure legend is orphaned onto 

the next page. We would prefer if the copy editors kept the 

figures and legends together if possible. 

Comment [MBE17]: In Figs 8-15, some of the reviewers 

and coauthors have commented that the title of the graphics 

used in Figs 8-15, namely the lake name at the top, have 

been cut off in printed version. We just want the copy editors 

to be aware of that. 

Comment [MBE18]: This figure legend is partially 

orphaned onto the next page. We would prefer if the copy 

editors kept the figures and legends together if possible. 
Figure 9. Model results and paleolimnological data for Cruiser Lake, Voyageurs National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Discostella stelligera, Cyclotella ocellata—Type 1, Cyclotella ocellata.
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°C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Discostella stelligera, Cyclotella ocellata –Type 1, Cyclotella ocellata. 

 
Figure 10. Model results and paleolimnological data for Ek Lake, Voyageurs National Park, 1960–
2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature (SD, 
°C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Discostella stelligera, Eunotia zasuminensis, Tabellaria flocculosa IIIp. 
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Figure 10. Model results and paleolimnological data for Ek Lake, Voyageurs National Park, 1960–2011.
(a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature (SD,
◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Discostella stelligera, Eunotia zasuminensis, Tabellaria flocculosa IIIp.
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Figure 11. Model results and paleolimnological data for Harvey Lake, Isle Royale National Park, 
1960–2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature 
(SD, °C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Staurosirella pinnata, Staurosira elliptica GLEI, Staurosira construens v. 2SWMN. 
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Figure 11. Model results and paleolimnological data for Harvey Lake, Isle Royale National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Staurosirella pinnata, Staurosira elliptica GLEI, Staurosira construens v. 2SWMN.
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Figure 12. Model results and paleolimnological data for Little Trout Lake, Voyageurs National Park, 
1960–2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature 
(SD, °C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Cyclotella ocellata, C. michiganiana, Aulacoseira subarctica, Asterionella formosa. 
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Figure 12. Model results and paleolimnological data for Little Trout Lake, Voyageurs National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Cyclotella ocellata, C. michiganiana, Aulacoseira subarctica, Asterionella formosa.
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Figure 13. Model results and paleolimnological data for Peary Lake, Voyageurs National Park, 1960–
2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature (SD, 
°C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Discostella stelligera, Eunotia zasuminensis, Tabellaria flocculosa IIIp. 
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Figure 13. Model results and paleolimnological data for Peary Lake, Voyageurs National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Discostella stelligera, Eunotia zasuminensis, Tabellaria flocculosa IIIp.
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Figure 14. Model results and paleolimnological data for Richie Lake, Isle Royale National Park, 1960–
2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature (SD, 
°C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Aulacoseira subarctica, Fragilaria crotonensis, Asterionella formosa. 
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Figure 14. Model results and paleolimnological data for Richie Lake, Isle Royale National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Aulacoseira subarctica, Fragilaria crotonensis, Asterionella formosa.
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Figure 15. Model results and paleolimnological data for Siskiwit Lake, Isle Royale National Park, 
1960–2011. (a) Epilimnion temperature (°C); (b) nine-year running average of epilimnion temperature 
(SD, °C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score; (e) 
organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species, 
Cyclotella planctonica, Discostella stelligera, C. michiganiana. 

Not surprisingly, the most direct relation found in the lake output to climate warming was in 
shallow-water temperatures during summer (JJA). Every lake showed an apparent warming at a 1-
m depth over time (Table 7). The loess curves indicated that shallow temperatures rose from about 
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Figure 15. Model results and paleolimnological data for Siskiwit Lake, Isle Royale National Park,
1960–2011. (a) Epilimnion temperature (◦C); (b) nine-year running average of epilimnion temperature
(SD, ◦C); (c) longest duration of thermocline (days); (d) diatom species turnover, DCA axis 1 score;
(e) organic carbon accumulation rate (g/m2/year); (f) percent abundance of common diatom species,
Cyclotella planctonica, Discostella stelligera, C. michiganiana.
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Not surprisingly, the most direct relation found in the lake output to climate warming was in
shallow-water temperatures during summer (JJA). Every lake showed an apparent warming at a 1-m
depth over time (Table 7). The loess curves indicated that shallow temperatures rose from about
1962 to 1980, remained steady from 1980 to 1992, and then continued upward from 1992 to 2011.
In addition, the increase in year-to-year variability in shallow temperatures was strongly significant
for all lakes (Table 7), indicating a more uncertain habitat that may favor opportunistic species. These
water-temperature patterns were apparently driven by increases in air temperatures and decreased
wind speed at International Falls and Duluth, the two weather stations used in the MINLAKE runs
(Figures 4 and 5).

Table 7. Significance of change over time from the first half (1962–1986) to the second half (1987–2011)
of MINLAKE runs for selected lake-thermal variables 1.

Lake Peary Ek Cruiser Little Trout Ahmik Harvey Richie Siskiwit

Park Unit VOYA VOYA VOYA VOYA ISRO ISRO ISRO ISRO
Zmax (maximum depth, m) 5.2 6.2 28.8 30.0 2.9 5.1 11.1 47.3

Area (ha) 44.8 28.6 41.1 90.9 8.5 53.4 204.7 1687.4
Geometric Ratio 5.0 4.0 0.9 1.1 6.2 5.3 3.4 1.4

Zseci (Secchi depth, m) 2.5 2.0 7.7 6.4 2.2 3.4 1.8 7.4
TP (total phosphorus, µg/L) 17 18 4 4 20 15 26 4

DOC (dissolved organic carbon, mg/L) 10 13 4 5 18 10 10 5
Aws (watershed area, ha) 976 250 118 236 36 341 1956 7239

Temperatures—summer (JJA) mean

Shallow (1 m) 0.03 0.032 0.095 0.084 0.013 0.011 0.013 0.027
Deep (0.9*Zmax) 0.335 0.658 0.969 0.032 0.039 0.016 0.500 0.773

Temperature Variability—SD of summer means

rolling SD of nine-year window of above means
Shallow (1 m) 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Deep (0.9*Zmax) <0.001 <0.001 0.636 0.862 0.001 0.002 0.017 <0.001

Temperature gradients: >2 ◦C per m

First day of year with gradient 0.854 0.698 0.109 0.763 0.793 0.398 0.248 0.052
Last day of year with gradient 0.081 0.114 0.037 0.669 0.393 0.443 0.528 0.052
Total days with gradient 0.892 0.225 0.264 0.061 0.793 0.192 0.024 0.084
Longest duration with gradient 0.861 0.299 0.204 0.009 0.009 0.851 0.058 0.449
Longest duration with gradient, per m

hypolimnion 0.715 0.464 0.271 0.019 0.011 1.000 0.182 0.525

Summertime (JJA) depth of gradient (mean) 0.503 0.298 0.112 0.097 0.809 0.834 <0.001 0.001

Ice and Water

First day of open water 0.793 0.808 0.869 1.000 0.272 0.232 0.248 0.372
First day of continuous ice 0.808 0.484 0.256 0.712 0.727 0.580 0.771 0.876
Duration of continuous ice 0.617 0.881 0.912 0.465 0.406 0.307 0.562 0.548
Duration of open-water season 0.892 0.771 0.900 0.655 0.299 0.190 0.210 0.277

Notes: 1 Mann-Whitney U Test used to determine if the early period is significantly different from the later period.
Dark bold cells are significant at the 0.05 level; shaded cells are significant at the 0.1 level. Summary data for each
lake are given at the top of the table, to help search for patterns. Abbreviations: VOYA, Voyageurs National Park;
ISRO, Isle Royale National Park; m, meters; ha, hectares; µg/L, micrograms per liter; mg/L, milligrams per liter.

Trends in JJA bottom-water temperatures were not as uniform. For well-mixed shallow lakes,
bottom water temperatures should follow similar trends as those for shallow water. While this
generalization held true for the shallower ISRO lakes (Ahmik and Harvey; Figures S1 and S4), it did
not for the shallower VOYA lakes (Ek and Peary; Figures S3 and S6) because these two lakes were
in fact deep enough to stratify for substantial periods of time, as confirmed by observed profiles
(Supplementary Materials) and their geometric ratios. The deep lakes in both VOYA and ISRO
generally showed no significant bottom-water temperature trends, with the exception of Little Trout
(Figure S5), whose temperature appeared to decline. This counterintuitive result may have been
caused by a slightly shallower thermocline during the second period, thereby reducing heat transfer to
the hypolimnion.

Trends were assessed for the formation and duration of thermoclines, here equated to temperature
gradients equaling or exceeding 2 ◦C per meter depth. Climate warming might be expected to result in
a higher frequency (total number of days) and continuous duration of these steep gradients, and this
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appeared to be generally true for most of the deep lakes (Little Trout, Richie, and Siskiwit, with Cruiser
being the exception) (Table 7). In general, these results imply an earlier spring formation and later
fall dissipation of these gradients—even though, individually, these dates did not commonly show
significant trends (Figures S2, S5, S7, and S8). Climate warming, especially if accompanied by stronger
winds, might also be expected to cause an increase in thermocline depth. Diatom data from Siskiwit
Lake is in fact consistent with this hypothesis, suggesting a large increase (a deepening) in thermocline
depth [8]. In direct contrast, the model results indicated that the thermocline depths decreased slightly
but significantly for three of the deep lakes (Table 7 and Supplemental Figures), which was supported
by the decrease in wind velocity from 1962 to 2011 noted above.

3.2. Paleolimnological Records

Although cores were analyzed back to sediment levels that pre-date Euroamerican settlement
(ca. 1850–1870; [8,13,40]), here we report data in a comparable fashion to the thermal model output
using downcore data from 1960 to 2010 (Figures 8–15). In most cores, sampling intervals from 1960 to
2010 represent an approximate decadal sampling resolution. The relative abundance of predominant
species in the cores captures biological changes in community makeup; species autecology is used in
interpreting these data. The DCA axis 1 scores are reported as a measure of community compositional
turnover [59]. Although thermal model output treats only the time period 1960–2010, DCA scores were
calculated for the entire core record (~1800–2010; [13]) but are only reported for 1960–2010. Carbon
accumulation rates are also plotted for each core as a measure of historical in-lake productivity and
terrestrial C sources to each lake.

3.2.1. Diatom Species Response

In addition to nutrient levels, pH, and conductivity, the depth of lakes and lake morphometry
are strong determinants of diatom communities primarily through physicochemical structuring and
habitat availability. As such, the diatom communities and changes between 1960 and 2010 in the eight
lakes are well differentiated between the shallower and deeper lakes, but also differ between the two
park units. The downcore distribution of select diatoms that were present at >5% abundance in two
or more core depths provides an overview of biological changes that have occurred during the last
50 years in these wilderness lakes. The stratigraphic records of additional taxa mentioned in the results
are available in Reference [13].

Shallower lakes of VOYA (Ek, Peary)—Sediment records from the two shallower lakes of VOYA
were dominated by similar diatom species, notably the acidophilic taxon Eunotia zasuminensis and
Tabellaria flocculosa IIIp (Figures 10 and 13). These taxa behaved similarly in both lakes between 1960
and 2010 with E. zasuminensis decreasing and T. flocculosa IIIp simultaneously increasing in abundance.
Additionally, Staurosirella pinnata decreased in abundance in Ek Lake [13] and Discostella stelligera
decreased slightly in Peary Lake.

Deeper lakes of VOYA (Cruiser, Little Trout)—The plankton of Cruiser Lake was dominated by few
species, including Discostella stelligera and Asterionella formosa [13] and two morphs of Cyclotella ocellata
(Figure 9). The two former taxa showed little change in abundance between 1960 and 2010, whereas
the two morphs of C. ocellata showed opposite trends with the nominate form increasing in abundance
in recent decades. In Little Trout Lake, the plankton comprised a more diverse diatom community
of several Cyclotella species, Asterionella formosa, Aulacoseira subarctica (Figure 12), Tabellaria flocculosa
IV and D. stelligera [13]. Cyclotella ocellata and C. michiganiana increased in abundance since the 1980s,
whereas D. stelligera had variable abundance [13]. In contrast, Asterionella formosa and Aulacoseira
subarctica decreased in abundance in recent decades.

Shallower lakes of ISRO (Ahmik, Harvey)—In contrast to the shallower VOYA lakes, ISRO’s Ahmik
and Harvey lakes were dominated by what are known as small fragilarioid diatoms (Figures 8 and 11).
These species are considered ecological generalists and can live on benthic surfaces and be entrained
in the water column during mixing events, such as tychoplankton. In Ahmik Lake, Staurosirella pinnata
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and Staurosira construens have recently increased in abundance, whereas Pseudostaurosira brevistriata
decreased in abundance. Harvey Lake saw the increase of Staurosirella pinnata and an undescribed
morphotype called Staurosira construens SWMN2, simultaneous with a decreasing abundance of
S. construens [13] and S. elliptica.

Deeper lakes of ISRO (Siskiwit, Richie)—The two deeper lakes at ISRO have strong differences in
productivity, watershed area, and morphometry. Richie Lake is mesotrophic to borderline eutrophic,
and its deep waters are limited to a south basin. Much of the lake remainder is relatively shallow and,
in recent years, Richie has been experiencing mid- to late-summer cyanobacterial blooms. Siskiwit
Lake is much larger and deeper than Richie, is oligotrophic, and has a coldwater lake trout and
cisco fishery. The plankton diatom flora of Siskiwit is dominated by cyclotelloid species [13] such
as Cyclotella planktonica, C. atomus, C. michiganiana, the C. comensis-group, and Discostella stelligera
(Figure 15). Patterns of change over the last 50 years include an increasing abundance of C. planktonica
and C. atomus [13], and a declining abundance of D. stelligera and C. michiganiana. In contrast to
Siskiwit, the plankton flora preserved in the core from Richie Lake comprises a meso- to eutrophic
flora of Aulacoseira species [13], Fragilaria crotonensis, Asterionella formosa, and Tabellaria flocculosa IIIp
(Figure 14). The last 50 years have seen decreased abundances of Aulacoseira subarctica, A. granulata,
and T. flocculosa IIIp [13]. The period of time since the 1980s has been characterized by a rapid increase
in abundance of F. crotonensis and Asterionella formosa.

3.2.2. Diatom Community Turnover

Community turnover among diatoms based on DCA axis 1 scores varied among the eight lakes.
In general, shallower lakes had lower species turnover compared to deeper lakes. For example, Ek and
Peary lakes at VOYA showed only 0.22 and 0.31 SD units of turnover, respectively, between 1960 and
2010 (Figures 10 and 13). Cruiser and Little Trout lakes had DCA axis scores that ranged over 0.60 and
1.04 SD units during the same time period (Figures 9 and 12). Of note is the rapid turnover in diatom
communities in Little Trout Lake between the mid-1970s and mid-1990s (Figure 12). At ISRO, a similar
pattern emerged with a somewhat lower turnover in the shallower lakes, Harvey and Ahmik, with a
community turnover of 0.48 and 0.025 units, respectively (Figures 8 and 11). The larger and deeper
lakes of ISRO, Siskiwit and Richie, had turnovers of 0.46 and 1.14 SD units (Figures 14 and 15). Lake
Richie in particular had the highest community turnover rates among the eight lakes (Figure 14); this
wilderness lake has been noted to have periodic cyanobacteria blooms since 2007 [3].

3.2.3. Carbon Burial

Several patterns of OC burial are evident in the lakes. First, the shallower lakes of VOYA
(Ek, Peary) and ISRO (Ahmik, Harvey) tend to have greater OC burial rates than the deeper lakes
in the parks (Figures 8, 10, 11 and 13). Second, almost all lakes show trends of increasing OC burial
between 1960 and 2010 (Figures 8–15). Little Trout and Peary at VOYA are exceptions, showing little
change in OC burial between 1960 and 2010 (Figures 12 and 13). All lakes show longer-term increases
when records from mid-1800s to 2010 are considered [13], with the increases strongly continuing from
1960–2010 (Harvey, Siskiwit, Ek, and Cruiser; Figures 9–11 and Figure 15), plateauing before 1960
(Little Trout and Peary; Figures 12 and 13), or flattening out between 1960 and 2010 (Richie and Ahmik;
Figures 8 and 14).

4. Discussion

Climate change impacts lakes through direct and indirect effects by shifting energy and mass
inputs to lakes [61]. Direct effects include the transfer of energy to lakes by heat, radiant energy, and
wind, as well as inputs of mass (e.g., precipitation, nutrients) directly to the lake. Indirect effects of
climate are mediated through the watershed, for example by changes in the transfer of energy to
the lake by shading or by inputs of mass from the watershed (nutrients, DOC, and mineral matter,
both particulate and dissolved). In many lake-rich regions, human activities in the lake or watershed
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may mask changes driven by climate [62–64]. We focused on changes in wilderness lakes where
direct human impact is minimal and watershed disturbances are primarily limited to natural forces.
To explore potential climate impacts on wilderness boreal lakes, we paired the paleolimnological
analysis of sediment cores with the thermal modeling of eight lakes in ISRO and VOYA to link
historical lake thermal structure with biological response.

4.1. Model Performance

The reason the thermal structure of shallow lakes was not simulated as well as that of deep lakes
may be related to less well-constrained factors in the model that have a disproportionate effect on
smaller and shallower lakes. Heat loss to sediments and to outflowing water (both surficial outlets and
groundwater recharge) would have a greater effect on lakes with small volumes. Lakes shallow enough
to have sunlight reach their bottoms would be susceptible to small errors in the solar absorbance of the
sediment surface. Lakes with small surface areas are more influenced by the wind sheltering effects
of surrounding topography and vegetation, especially the effects of winds from different directions.
MINLAKE allows the user to set a constant wind-sheltering coefficient to aid calibration (Table 4), but
the coefficient is a general term meant to account for average or typical conditions, not for details of
different wind speeds from different directions.

The proximity of the weather station used to drive the model may have influenced our results.
The model runs for the VOYA lakes used data from the nearby International Falls weather station, and
model fits for these four lakes were all quite good, with even the shallowest lake (Peary) having a good
NSE value of 0.58. In contrast, the nearest weather station with model-ready data to the ISRO lakes
was Duluth, 240 to 320 km away. Large lakes like Siskiwit may have enough thermal inertia to respond
to a smoothed average of weather conditions and so may be reasonably modeled based on a somewhat
distant weather station. Smaller lakes with faster responses would be more prone to mismatches due
to wind and radiation differences between ISRO and the weather station in Duluth. Small and shallow
lakes would have relatively large variations in water temperature and stratification characteristics
during the course of each day from early morning to late afternoon. The simulated temperature using
MINLAKE2012 with a daily time step is closer to the temperature at late afternoon because daily solar
radiation is used to heat the lake, whereas observed profiles in these lakes may have been taken earlier
or later on the day of sampling. The mismatch of times for simulated and measured temperature
profiles would create larger errors in shallow lakes than in deep lakes. Nonetheless, good model results
for the ISRO lakes indicate that weather data from Duluth are adequate for modeling the thermal
structure, suggesting that the principal drivers (temperature, solar radiation, and wind) are reasonably
similar between ISRO and Duluth.

Although other thermal models exist for lakes (e.g., [9,65]), we feel that MINLAKE2012 is
appropriate and well-suited for these wilderness lakes and could be applied to other lakes and
for forecasting future lake responses. We did not use the DO capabilities of MINLAKE2012 in this
project. However, we recognize that changes in DO may be a primary driver of ecological change in
lakes with altered thermal structure due to climate warming [66].

4.2. Climate-Lake Response

Specific MINLAKE2012 model results were extracted and analyzed to determine trends in shallow
and deep water temperatures, interannual water temperature variability, and the behavior and timing
of water column gradients over two time periods (1962–1986, 1987–2011). The most common significant
trend was increased summer shallow-water temperatures for all eight lakes; this trend was also
accompanied by a significant increase in year-to-year variability in shallow water temperatures. The
next significant trend was, for the deep lakes, an increase in the frequency and duration of thermal
gradients equaling or exceeding 2 ◦C per meter. Surprisingly, there were no significant trends identified
among the lakes in timing or duration of ice cover.
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The modeled water-temperature and stratification patterns were coincident with increases in
mean annual air temperatures and decreased wind speed at the two weather stations. Seasonally,
increased winter air temperature was significant at both weather stations, but increased summer air
temperature was only significant at the Duluth station. Wind speed decreased significantly for all
seasons and the annual average at both meteorological stations. These meteorological trends are likely
key for understanding how changes in thermal structure may have impacted lake structure and biology
during the simulation period, and are consistent with other regional meteorological syntheses [2].

The most common significant trend we modeled was an increase in summer shallow-water
temperatures for all lakes. Throughout the world, air temperature increases are correlated with
surface water temperature increases [62,67,68] and linked to shorter ice cover, decreased cloud cover,
increased summer air temperatures. Based on monitoring data for 26 lakes worldwide from 1970 to
2010, lake surface water temperatures, whole lake temperatures, and bottom water temperatures all
increased [66]. Other trends included higher latitude lakes warming more than low latitude lakes, and
surface water temperatures warming more than deep water temperatures [66]. In Europe, surface
water temperatures increased up to 1.4 ◦C between 1960 and 2009, with greater temperature increases
in larger (surface area) lakes [69]. In Wisconsin (USA) lakes, observed trends included shallow water
warming in all lakes, but deep water warming only in large lakes, potentially due to the enhanced
wind sheltering of small lakes [70]. In northeast North America, Richardson et al. [62] synthesized
broad regional lake records to show that surface water temperatures are rising more rapidly than air
temperatures and more rapidly than other regions; rising temperatures are accompanied by increased
lake stratification; deep water temperatures are not showing consistent warming patterns among
lakes; clear lakes are warming most rapidly; and lakes farther from ocean influence are warming more
quickly. Broadly similar warming trends, especially in shallow water temperatures, were evident in
our modeled data and are corroborated by worldwide trends. Other model output, especially warming
trends in deep water temperatures, were not common to all of our model hindcasts.

Other trends in our modeled results include significantly greater inter-annual variability in
summer shallow and deep water temperatures. This variability appears to be producing greater
inter-annual extremes in thermal structure, which may be critical in generating regime shift lake
responses to direct and indirect climate drivers [71]. Unfortunately, the temporal resolution of
paleolimnological proxies (diatom abundance, OC burial) are limited to five to 10 years in this study,
making direct connection to inter-annual modeling results difficult. However, the lake with the greatest
diatom community turnover, Lake Richie, has experienced unprecedented change likely linked to
inter-annual extremes. In 2007, the lake had modeled high hypolimnetic temperatures and shallow
thermocline depth. For the first time in park history, the lake experienced its first recorded noxious
cyanobacterial bloom that required park managers to post warning for wilderness campers. This
wilderness lake may be experiencing a threshold ecological response [71] as diatom, cyanobacterial,
and fish (loss of coregonids) communities are all undergoing dramatic restructuring [3,13,72].

An increase in the frequency and duration of thermal gradients, i.e. stratification, was the other
significant modeled trend in our deep lakes, except VOYA’s Cruiser Lake, a trend that appears to be
common among modeled and monitored lakes. Hadley et al. [9] used the heat transfer model DYRESM
to model daily temperature-depth profiles from 1979 to 2009 in Ontario’s Harp Lake (Canada), a small,
deep (37.5 m), oligotrophic, forested Canadian Shield lake. Similar to our results, Harp Lake showed
a significant increase in modeled thermal stability (Schmidt’s stability) in response to increased air
temperatures and decreased winds; however, in contrast to our results, increased stability in Harp
Lake was not accompanied by any significant change in the timing of onset, duration, or breakdown
of stratification. Winder and Schindler [73] documented increased stability in Lake Washington
(King County, WA, USA) between 1962 and 2002 that was accompanied by earlier onset and longer
duration of stratification. Similar trends were also shown for Lake Simcoe (Barrie, ON, Canada), where
the lake was experiencing six additional days of stratification between 1980 and 2008 [74]. Increased
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stability and duration of stratification is not limited to northern lakes, as stratification patterns have
been more affected globally in deep lakes [66].

4.3. Diatom Community Shifts

Biological changes in the lakes between 1960 and 2010 differed among the shallow and deep lakes
and also between the two park units. The latter difference most likely reflects differences in lake type
and water chemistry between the parks [75].

Shallow lakes showed a combination of primary shifts in benthic or tychoplanktonic taxa
and secondary shifts in planktonic species. In the shallow lakes of ISRO, the small benthic and
tychoplanktonic fragilarioid species were the main diatoms to respond, with Staurosirella pinnata and
Staurosira construens increasing in abundance and Pseudostaurosira brevistriata decreasing in abundance
in Ahmik Lake, and several small Staurosirella and Staurosira taxa shifting dominance in Harvey Lake.
Changes in abundance of these small fragilarioid forms are poorly constrained ecologically. Most
paleoecologists treat them as an ecological group (“small fragilarioids”; [76]) and consider their overall
community response. Species-level shifts likely represent changes in benthic microhabitat availability,
shallow lake mixing events, and may reflect the overall trend of shallow water warming we show
with thermal modeling. In VOYA shallow lakes, changes in E. zasuminensis and T. flocculosa IIIp reflect
subtle increases in lake pH and nutrients as noted by Edlund et al. [13] and Hobbs et al. [3], and the
decrease of Discostella stelligera in Peary Lake possibly reflect the weakening of a thermocline [8] or
more rapid spring warming [77], although these trends were not identified as significant in our thermal
modeling output.

Most diatom shifts in the deep lakes appear to track changes in thermal structure, as evidenced
by shifts in the cyclotelloid genera Cyclotella and Discostella. The ecologies of these deep lake species
have not been completely resolved; however, we generally consider the small Cyclotella and Discostella
species to be members of the deep chlorophyll layer, i.e., associated with the thermocline [8,76,78].
In many northern lakes, their increased abundance is considered indicative of longer and more
stable periods of stratification [1,76,79]. Others have also shown that the size structure within
populations of these species may also reflect climate drivers [80]. Their ecologies may also reflect
light regime, seasonality, and nutrient supply [77,78,81]. Other diatom species (Asterionella formosa
Fragilaria crotonensis, and Aulacoseira subarctica) shown to change in the deep lakes are more likely
responding to the length of mixing and nutrient supplies [3,82]. A better understanding of species-level
ecology achieved through modern sampling and experimentation (see [8,78]) would provide a more
mechanistic understanding of how diatom communities in boreal lakes respond to direct and indirect
climate drivers.

For the deep lakes at VOYA, changes in the abundance of the deep chlorophyll layer taxa
support modeled changes in the thermal structure. The increased abundance of small Cyclotella
species (C. ocellata in both Cruiser and Little Trout and C. michiganiana in Little Trout) support the
thermal modeling results that show Cruiser Lake to be trending toward longer periods of stability and
deepening of the thermocline. Little Trout Lake has exhibited a slight shallowing of the thermocline
but an extended period of stability in recent decades. At ISRO, the two deep lakes, Siskiwit and Richie,
differ in their productivity, basin morphometry, and ecology [75]. Siskiwit is oligotrophic, supports a
cold-water fishery, and is much deeper. Richie Lake is meso- to borderline eutrophic and has only a
single deep basin with much of the lake being very shallow. In Siskiwit, the increased abundance of
C. planktonica and decreased abundance of Discostella stelligera has been used in models to suggest that
the thermocline in Siskiwit Lake has deepened significantly in recent decades [8], possibly in response
to stronger winds around Lake Superior [83], a conclusion that was not well supported by the thermal
modeling. While the trend analysis indicates a significant change in thermocline depth, the graphical
presentation suggests only a subtle change that appears to be a shallowing, and not a deepening, of
the thermocline. We are not able to readily resolve these conflicting results. It may be a reflection of
the meteorological data used for modeling ISRO lakes being from the Duluth (Minnesota) weather
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station and not accurately capturing conditions on an island in Lake Superior that is over 280 km away.
Nonetheless, the meteorological data were good enough to result in a very good fit of the model to
observed values: of all the lakes, Siskiwit had the lowest RMSE and the second highest NSE and R2

values (Table 5). Alternatively, the mixing depth model used by Saros et al. [8] is based on observations
and experimental data from Rocky Mountain lakes and may be limited in its applicability to Siskiwit
Lake. Detailed species-level ecological data on the dominant diatom plankters are needed to fully
resolve the conflicting interpretations.

In contrast to Siskiwit Lake, Richie Lake (ISRO) showed changes in many diatom species that
suggest increased nutrient availability and changes in spring mixing. Its meso- to eutrophic diatom
flora of Aulacoseira species, Fragilaria crotonensis, Asterionella formosa, and Tabellaria flocculosa IIIp
showed decreased abundances of Aulacoseira subarctica, A. granulata, and T. flocculosa IIIp during the
modeled period, coincident with the increased abundance of F. crotonensis and Asterionella formosa. The
decreased abundance of Aulacoseira species is a widespread indicator of shorter spring mixing [1,77];
these heavily silicified taxa are dependent on strong mixing to remain in the water column. The
ecologies of F. crotonensis and Asterionella formosa, which have recently increased in abundance in
Richie Lake, show strong seasonality in relation to temperature and mixing [77,84], but they are also
strong indicators of both nutrient enrichment and warming [3,85]. In particular, the two species
have shown broad regional response to nitrogen (N) addition [82]. Two changes in Richie Lake may
be driving shifting nutrient availability. As noted below, increased export of dissolved inorganic
and organic nitrogen (DIN and DON, respectively) from the watersheds at ISRO is occurring as a
response to climate (especially winter) warming [86]. MINLAKE modeling results also show greater
inter-annual variation in many physical parameters (ice duration, duration of stratification, depth of
thermocline) that would affect internal nutrient cycling in Richie Lake. The increased abundance of
F. crotonensis and A. formosa has continued in recent sediment samples taken since the initial cores were
collected and support the notion that a combination of changes in the mixing and nutrient environment
(greater availability) of Lake Richie are at play in driving recent unprecedented change in this lake,
including periodic noxious cyanobacteria blooms since 2007 [3,87].

Diatom community turnover is accentuated in the deeper lakes compared to the shallow lake
sediment records of VOYA and ISRO. The greatest turnover is noted in ISRO’s Richie Lake, where
noxious cyanobacterial blooms have been commonplace since the mid-2000s [3]. The less productive
deep lakes (Cruiser, Siskiwit, and Little Trout) also show higher community turnover rates than
most of the shallower lakes. Because of the physical thermal environment (stratification, seasonal
vs. polymixis) associated with deeper lakes, their diatom communities have been identified as the
strongest to respond to direct climate drivers, whereas shallow lakes show more nuanced changes in
community response, likely controlled by indirect climate drivers [1,78,88].

4.4. Carbon Burial

Changes in burial rates of organic carbon (OC) in lake sediments reflect shifts in both in-lake
productivity and external or watershed inputs of C [2]. Among our modeled lakes, paleolimnological
records show that shallow lakes have greater OC burial rates than deep lakes, and most lakes show
increasing OC burial during 1960–2010, a trend that has continued since the mid-1800s [13]. Subtle
shifts in accumulation rates of biogenic silica, a proxy for diatom productivity, hint that siliceous
algae may be becoming more productive in some lakes in the last few decades (Cruiser, Ek, Richie,
Harvey; [13]).

Heathcote et al. [2] showed that rates of OC burial have been increasing in the last ~100 years
in northern lakes around the world. Many of these lakes are similar to our study lakes, i.e., they are
not undergoing dramatic land-use change or development [26,27]. In similar lakes where land use is
changing, the effects of climate drivers are often masked [62,89]. Warming temperatures could not
fully explain the increased burial rates; N deposition and cycling were suggested to be important
drivers of recent OC burial trends. Hobbs et al. [3] summarized monitored N deposition trends against
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δ15N sediment records from our same model lakes. At VOYA, N deposition has declined since the
1990s, and at ISRO there is no trend in deposition; however, there are decreasing precipitation trends
(especially in winter), suggesting that the N concentration in precipitation is increasing [86]. However,
at ISRO, the long-term N deposition monitoring that has been in place since 1985 is coupled with the
monitoring of watershed output of DIN, DON, and DOC. Increased export of DIN, DON, and DOC
from the watershed is occurring in spite of the lack of trends in atmospheric deposition as warmer
winters and less snow cover increase mineralization and export of watershed N [86].

5. Conclusions

Information from this modeling exercise indicated that lakes and in-lake habitats in the northern
lakes region may be responsive to climate drivers that include increased mean annual temperature and
decreased wind speed. Responses of our study lakes based on the thermal model MINLAKE2012 from
1960 to 2010 included the warming of shallow waters in all lake types and increased frequency and
duration of thermal gradients equaling or exceeding 2 ◦C per meter in deeper lakes. Biological
and biogeochemical responses preserved in paleolimnological records including diatom species
abundances, diatom community turnover, and organic carbon burial were compared to model
hindcasts of lake temperatures, stratification, and mixing regimes. Increased rates of carbon burial
were common among lakes and continued a trend that began in the late 1800s for most lakes. Diatom
community turnover was greater for deep lakes compared to shallow lakes, likely reflecting stronger
stratification, less intense spring mixing, and possible nutrient shifts from internal and watershed
loading. Diatom species that are responding at timescales similar to modeled thermal trends have
autecologies that support changes in nutrient availability and modeled trends in mixing, stratification,
and lake warming.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/9/678/s1.
Figures S1–S8. Modeled (a) epilimnion temperature; (b) hypolimnion temperature; (c) epilimnion temperature
variability; (d) hypolimnion temperature variability; (e) calendar days with a 2 ◦C/m thermocline; (f) depth of
thermocline; (g) duration of thermocline in days; and (h) thermocline duration per m of thermocline (days/m),
1962–2011, for all study lakes. Figures S9–S18. Observed and modeled temperature-depth profiles for study lakes,
2006–2010, various dates.
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The following abbreviations are used in this manuscript:

DCA detrended correspondence analysis
DIN dissolved inorganic nitrogen
DO dissolved oxygen
DOC dissolved organic carbon
DON dissolved organic nitrogen
GLKN Great Lakes Inventory and Monitoring Network
ISRO Isle Royale National Park
JJA June, July, August
NA numerical aperture
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NPS National Park Service
NSE Nash-Sutcliffe coefficient of efficiency
NWS National Weather Service
OC organic carbon
R2 coefficient of determination (R-squared)
RMSE root mean squared error
SD Standard deviation
T temperature
TP total phosphorus
VOYA Voyageurs National Park
Z depth
Zmax maximum lake depth

References

1. Rühland, K.M.; Paterson, A.M.; Smol, J.P. Hemispheric-scale patterns of climate-related shifts in planktonic
diatoms from North America and European lakes. Glob. Chang. Biol. 2008, 14, 1–15.

2. Heathcote, A.J.; Anderson, N.J.; Prairie, Y.T.; Engstrom, D.R.; del Giorgio, P.A. Large increases in carbon
burial in northern lakes during the Anthropocene. Nat. Commun. 2015, 6, 10016. [CrossRef] [PubMed]

3. Hobbs, W.O.; Moraska Lafrancois, B.; Stottlemyer, R.; Toczydlowski, D.; Engstrom, D.R.; Edlund, M.B.;
Almendinger, J.E.; Strock, K.E.; VanderMeulen, D.; Elias, J.E.; et al. Nitrogen deposition to lakes in
national parks of the western Great Lakes region: Isotopic signatures, watershed retention, and algal
shifts. Glob. Biogeochem. Cycles 2016, 30, 514–533. [CrossRef]

4. Fang, X.; Stefan, H.G. Potential climate warming effects on ice cover of small lakes in the contiguous U.S.
Cold Reg. Sci. Technol. 1998, 27, 119–140. [CrossRef]

5. Jensen, O.P.; Benson, B.J.; Magnuson, J.J.; Card, V.M.; Futter, M.N.; Soranno, P.A.; Stewart, K.M. Spatial
analysis of ice phenology trends across the Laurentian Great Lakes region during a recent warming period.
Limnol. Oceanogr. 2007, 52, 2013–2026. [CrossRef]

6. Johnson, S.L.; Stefan, H.G. Indicators of climate warming in Minnesota: Lake ice covers and snowmelt runoff.
Clim. Chang. 2006, 75, 421–453. [CrossRef]

7. Rühland, K.M.; Paterson, A.M.; Hargan, K.; Jenkin, A.; Clark, B.J.; Smol, J.P. Reorganization of algal
communities in the Lake of the Woods (Ontario, Canada) in response to turn-of-the-century damming and
recent warming. Limnol. Oceanogr. 2010, 55, 2433–2451. [CrossRef]

8. Saros, J.E.; Stone, J.R.; Pederson, G.T.; Slemmons, K.E.; Spanbauer, T.; Schliep, A.; Cahl, D.; Williamson, C.E.;
Engstrom, D.R. Climate-induced changes in lake ecosystem structure inferred from coupled neo- and
paleo-ecological approaches. Ecology 2012, 93, 2155–2164. [CrossRef] [PubMed]

9. Hadley, K.R.; Paterson, A.M.; Stainsby, E.A.; Michelutti, N.; Yao, H.; Rusak, J.A.; Ingram, R.; McConnell, C.;
Smol, J.P. Climate warming alters thermal stability but not stratification phenology in a small north-temperate
lake. Hydrol. Process. 2014, 28, 6309–6319. [CrossRef]

10. Monteith, D.T.; Stoddard, J.L.; Evans, C.D.; De Wit, H.A.; Forsius, M.; Høgåsen, T.; Wilander, A.;
Skjelkvåle, B.L.; Jeffries, D.S.; Vuorenmaa, J.; et al. Dissolved organic carbon trends resulting from changes in
atmospheric deposition chemistry. Nature 2007, 450, 537–541. [CrossRef] [PubMed]

11. Smol, J.P.; Wolfe, A.P.; Birks, H.J.B.; Douglas, M.S.; Jones, V.J.; Korhola, A.; Pienitz, R.; Rühland, K.; Sorvari, S.;
Antoniades, D.; et al. Climate-driven regime shifts in the biological communities of arctic lakes. Proc. Natl.
Acad. Sci. USA 2005, 102, 4397–4402. [CrossRef] [PubMed]

12. Serieyssol, C.A.; Edlund, M.B.; Kallemeyn, L.W. Impacts of settlement, damming, and hydromanagement in
two boreal lakes: A comparative paleolimnological study. J. Paleolimnol. 2009, 42, 497–513. [CrossRef]

13. Edlund, M.B.; Ramstack, J.M.; Engstrom, D.R.; Elias, J.E.; Moraska Lafrancois, B. Biomonitoring Using
Diatoms and Paleolimnology in the Western Great Lakes National Parks; Natural Resource Technical Report
NPS/GLKN/NRTR—2011/447; National Park Service: Fort Collins, CO, USA, 2011; p. 196.

14. Wagner, C.; Adrian, R. Cyanobacteria dominance: Quantifying the effects of climate change. Limnol. Oceanogr.
2009, 54, 2460–2468. [CrossRef]

http://dx.doi.org/10.1038/ncomms10016
http://www.ncbi.nlm.nih.gov/pubmed/26607672
http://dx.doi.org/10.1002/2015GB005228
http://dx.doi.org/10.1016/S0165-232X(97)00027-X
http://dx.doi.org/10.4319/lo.2007.52.5.2013
http://dx.doi.org/10.1007/s10584-006-0356-0
http://dx.doi.org/10.4319/lo.2010.55.6.2433
http://dx.doi.org/10.1890/11-2218.1
http://www.ncbi.nlm.nih.gov/pubmed/23185877
http://dx.doi.org/10.1002/hyp.10120
http://dx.doi.org/10.1038/nature06316
http://www.ncbi.nlm.nih.gov/pubmed/18033294
http://dx.doi.org/10.1073/pnas.0500245102
http://www.ncbi.nlm.nih.gov/pubmed/15738395
http://dx.doi.org/10.1007/s10933-008-9300-9
http://dx.doi.org/10.4319/lo.2009.54.6_part_2.2460


Water 2017, 9, 678 32 of 35

15. Anderson, N.J. Miniview: Diatoms, temperature and climatic change. Eur. J. Phycol. 2000, 35, 307–314.
[CrossRef]

16. Adrian, R.; O’Reilly, C.M.; Zagarese, H.; Baines, S.B.; Hessen, D.O.; Keller, W.; Livingstone, D.M.;
Sommaruga, R.; Straile, D.; Van Donk, E.; et al. Lakes as sentinels of climate change. Limnol. Oceanogr. 2009,
54, 2283–2297. [CrossRef] [PubMed]

17. Ford, D.E.; Stefan, H.G. Thermal predictions using integral energy model. J. Hydraul. Div. Am. Soc. Civ. Eng.
1980, 106, 39–55.

18. Riley, M.; Stefan, H.G. MINLAKE: A dynamic lake water quality simulation model. Ecol. Model. 1988, 43,
155–182. [CrossRef]

19. Hondzo, M.; Stefan, H.G. Lake water temperature simulation model. J. Hydraul. Div. Am. Soc. Civ. Eng. 1993,
119, 1251–1273. [CrossRef]

20. Stefan, H.G.; Fang, X. Dissolved oxygen model for regional lake analysis. Ecol. Model. 1994, 71, 37–68.
[CrossRef]

21. Gu, R.; Stefan, H.G. Year-round temperature simulation of cold climate lakes. Cold Reg. Sci. Technol. 1990, 18,
147–160. [CrossRef]

22. Fang, X.; Stefan, H.G. Dynamics of heat exchange between sediment and water in a lake. Water Resour. Res.
1996, 32, 1719–1727. [CrossRef]

23. Fang, X.; Stefan, H.G. Simulated climate change effects on dissolved oxygen characteristics in ice-covered
lakes. Ecol. Model. 1997, 103, 209–229. [CrossRef]

24. Fang, X.; Alam, S.R.; Jacobson, P.; Pereira, D.; Stefan, H. Simulations of Water Quality in Cisco Lakes in Minnesota;
Minnesota Department of Natural Resources: Minneapolis, MN, USA, 2010; p. 111.

25. Fang, X.; Jiang, L.; Jacobson, P.C.; Fang, N.Z. Simulation and validation of cisco habitat in Minnesota lakes
using the lethal-niche-boundary curve. Br. J. Environ. Clim. Chang. 2014, 4, 444–470. [CrossRef] [PubMed]

26. Kirschbaum, A.A.; Gafvert, U.B. Landsat-Based Monitoring of Landscape Dynamics at Voyageurs National Park,
2002–2007; Natural Resources Technical Report NPS/GLKN/NRTR—2010/356; National Park Service:
Fort Collins, CO, USA, 2010.

27. Kirschbaum, A.A.; Gafvert, U.B. Landsat-Based Monitoring of Landscape Dynamics at Isle Royale National Park,
2003–2008; Natural Resources Technical Report NPS/GLKN/NRTR—2012/535; National Park Service:
Fort Collins, CO, USA, 2012.

28. Fang, X.; Ellis, C.R.; Stefan, H.G. Simulation and observation of ice formation (freeze-over) in a lake. Cold Reg.
Sci. Technol. 1996, 24, 129–145. [CrossRef]

29. Fang, X.; Stefan, H.G. Temperature variability in lake sediments. Water Resour. Res. 1998, 34, 717–729.
[CrossRef]

30. Stefan, H.G.; Hondzo, M.; Fang, X.; Eaton, J.G.; McCormick, J.H. Simulated long-term temperature and
dissolved oxygen characteristics of lakes in the north-central United States and associated fish habitat limits.
Limnol. Oceanogr. 1996, 41, 1124–1135. [CrossRef]

31. Heiskary, S.A.; Wilson, C.B. Minnesota Lake Water Quality Assessment Report; Minnesota Pollution Control
Agency: St. Paul, MN, USA, 1988; p. 95.

32. Gorham, E.; Boyce, F.M. Influence of lake surface area and depth upon thermal stratification and the depth
of the summer thermocline. J. Gt. Lakes Res. 1989, 15, 233–245. [CrossRef]

33. Carlson, R.E. A trophic state index for lakes. Limnol. Oceanogr. 1977, 22, 361–369. [CrossRef]
34. R Core Development Team. R: A Language and Environment for Statistical Computing; R Foundation for

Statistical Computing: Vienna, Austria, 2013.
35. Wetzel, R.G. Limnology; Sanders College Publishing: Philadelphia, PA, USA, 1975; p. 743.
36. Planas, D.; Paquet, S. Importance of climate change-physical forcing on the increase of cyanobacterial blooms

in a small, stratified lake. J. Limnol. 2016, 75, 201–214. [CrossRef]
37. Nürnberg, G.K. Prediction of phosphorus release rates from total and reductant-soluble phosphorus in

anoxic lake sediments. Can. J. Fish. Aquat. Sci. 1988, 45, 453–462. [CrossRef]
38. James, W.F.; Sorge, P.W.; Garrison, P.J. Managing internal phosphorus loading and vertical entrainment in a

weakly stratified eutrophic lake. Lake Reserv. Manag. 2015, 31, 292–305. [CrossRef]
39. Ramstack, J.; Edlund, M.; Engstrom, D.; Moraska Lafrancois, B.; Elias, J. Diatom Monitoring Protocol, Version

1.0; Natural Resource Report NPS/GLKN/NRR—2008/068; National Park Service; Great Lakes Inventory
and Monitoring Network; U.S. Department of the Interior: Fort Collins, CO, USA, 2008; p. 23.

http://dx.doi.org/10.1080/09670260010001735911
http://dx.doi.org/10.4319/lo.2009.54.6_part_2.2283
http://www.ncbi.nlm.nih.gov/pubmed/20396409
http://dx.doi.org/10.1016/0304-3800(88)90002-6
http://dx.doi.org/10.1061/(ASCE)0733-9429(1993)119:11(1251)
http://dx.doi.org/10.1016/0304-3800(94)90075-2
http://dx.doi.org/10.1016/0165-232X(90)90004-G
http://dx.doi.org/10.1029/96WR00274
http://dx.doi.org/10.1016/S0304-3800(97)00086-0
http://dx.doi.org/10.9734/BJECC/2014/11482
http://www.ncbi.nlm.nih.gov/pubmed/24800919
http://dx.doi.org/10.1016/0165-232X(95)00022-4
http://dx.doi.org/10.1029/97WR03517
http://dx.doi.org/10.4319/lo.1996.41.5.1124
http://dx.doi.org/10.1016/S0380-1330(89)71479-9
http://dx.doi.org/10.4319/lo.1977.22.2.0361
http://dx.doi.org/10.4081/jlimnol.2016.1371
http://dx.doi.org/10.1139/f88-054
http://dx.doi.org/10.1080/10402381.2015.1079755


Water 2017, 9, 678 33 of 35

40. Engstrom, D.; Monson, B.A.; Balogh, S.J.; Swain, E.B.; Parson, K.R. Resolving the Cause of the Recent Rise
of Fish-Mercury Levels in the Western Great Lakes Region; Final Research Report to the 2009 Great Lakes Air
Deposition Program; Great Lakes Commission: Ann Arbor, MI, USA, 2012; p. 59.

41. Wright, H.E., Jr. Coring tips. J. Paleolimnol. 1991, 6, 37–49. [CrossRef]
42. Appleby, P.G.; Oldfield, F. The calculation of lead–210 dates assuming a constant rate of supply of

unsupported 210Pb to the sediment. Catena 1978, 5, 1–8. [CrossRef]
43. Binford, M.W. Calculation and uncertainty analysis of 210-Pb dates for PIRLA project lake sediment cores.

J. Paleolimnol. 1990, 3, 253–267. [CrossRef]
44. Dean, W.E. Determination of carbonate and organic matter in calcareous sediments and sedimentary rocks

by loss on ignition: Comparison with other methods. J. Sediment. Petrol. 1974, 44, 242–248.
45. Engstrom, D.R.; Rose, N.L. A whole-basin, mass-balance approach to paleolimnology. J. Paleolimnol. 2013,

49, 333–347. [CrossRef]
46. Dietz, R.D.; Engstrom, D.R.; Anderson, N.J. Patterns and drivers of change in organic carbon burial across a

diverse landscape: Insights from 116 Minnesota lakes. Glob. Biogeochem. Cycles 2015, 29, 708–727. [CrossRef]
47. Hustedt, F. Die Kieselalgen Deutschlands, Österreichs und der Schweiz mit Berücksichtigung der übrigen

Länder Europas sowie der angrenzenden Meeresgebeite. In Dr. L. Rabenhorst’s Kryptogramen-Flora von
Deutschland, Österreich und der Schweiz; Akademische Verlagsgesellschaft Geest und Portig K.-G.: Leipzig,
Germany, 1927–1966.

48. Hustedt, F. Bacillariophyta (Diatomeae). In Die Süsswasserflora Mitteleuropas, Heft 10, 2nd ed.; Pascher, A.,
Ed.; Gustav Fischer: Jena, Germany, 1930.

49. Patrick, R.; Reimer, C.W. The Diatoms of the United States, Exclusive of Alaska and Hawaii, Volume
1—Fragilariaceae, Eunotiaceae, Achnanthaceae, Naviculaceae; Academy of Natural Sciences of Philadelphia
Monograph No. 13: Philadelphia, PA, USA, 1966; p. 688.

50. Patrick, R.; Reimer, C.W. The diatoms of the United States, Exclusive of Alaska and Hawaii, Volume 2,
Part 1–Entomoneidaceae, Cymbellaceae, Gomphonemaceae, Epithemaceae; Academy of Natural Sciences of
Philadelphia Monograph No. 13: Philadelphia, PA, USA, 1975; p. 213.

51. Collins, G.B.; Kalinsky, R.G. Studies on Ohio diatoms: I. Diatoms of the Scioto River Basin. II. Referenced
checklist of diatoms from Ohio. Bull. Ohio Biol. Surv. 1977, 5, 1–76.

52. Camburn, K.E.; Lowe, R.L.; Stoneburner, D.L. The haptobenthic diatom flora of Long Branch Creek, South
Carolina. Nova Hedwig. 1978, 30, 149–279. [CrossRef]

53. Krammer, K.; Lange-Bertalot, H. Bacillariophyceae. In Süsswasserflora von Mitteleuropa; Band 2/1-4; Ettl, H.,
Gerloff, J., Heynig, H., Mollenhauer, D., Eds.; Gustav Fischer Verlag: Stuttgart, Germany, 1991.

54. Cumming, B.F.; Wilson, S.E.; Hall, R.I.; Smol, J.P. Diatoms from British Columbia (Canada) lakes and their
relationship to salinity, nutrients and other limnological variables. Bibl. Diatomol. 1995, 31, 1–207.

55. Reavie, E.D.; Smol, J.P. Freshwater diatoms from the St. Lawrence River. Bibl. Diatomol. 1998, 41, 1–137.
56. Camburn, K.E.; Charles, D.F. Diatoms of Low-Alkalinity Lakes in the Northeastern United States; Academy of

Natural Sciences of Philadelphia, Special Publication 18: Philadelphia, PA, USA, 2000.
57. Fallu, M.-A.; Allaire, N.; Peinitz, R. Freshwater diatoms from northern Québec and Labrador (Canada).

Species-environment relationships in lakes of boreal forest, forest-tundra and tundra regions. Bibl. Diatomol.
2000, 45, 1–200.

58. Koppen, J.D. A morphological and taxonomic consideration of Tabellaria (Bacillariophyceae) from the
northcentral United States. J. Phycol. 1975, 11, 236–244.

59. Hill, M.O.; Gauch, H.G. Detrended correspondence-analysis—An improved ordination technique. Vegetatio
1980, 42, 47–58. [CrossRef]

60. Moriasi, D.N.; Arnold, J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model evaluation
guidelines for systematic quantification of accuracy in watershed simulations. Trans. Am. Soc. Agric.
Biol. Eng. 2007, 50, 885–900.

61. Leavitt, P.R.; Fritz, S.C.; Anderson, N.J.; Baker, P.A.; Blenckner, T.; Bunting, L.; Catalan, J.; Conley, D.J.;
Hobbs, W.O.; Jeppesen, E.; et al. Paleolimnological evidence of the effects on lakes of energy and mass
transfer from climate and humans. Limnol. Oceanogr. 2009, 54, 2330–2348. [CrossRef]

http://dx.doi.org/10.1007/BF00201298
http://dx.doi.org/10.1016/S0341-8162(78)80002-2
http://dx.doi.org/10.1007/BF00219461
http://dx.doi.org/10.1007/s10933-012-9675-5
http://dx.doi.org/10.1002/2014GB004952
http://dx.doi.org/10.1127/nova.hedwigia/30/1979/149
http://dx.doi.org/10.1007/BF00048870
http://dx.doi.org/10.4319/lo.2009.54.6_part_2.2330


Water 2017, 9, 678 34 of 35

62. Richardson, D.C.; Melles, S.J.; Pilla, R.M.; Hetherington, A.L.; Knoll, L.B.; Williamson, C.E.; Kraemer, B.M.;
Jackson, J.R.; Long, E.C.; Moore, K.; et al. Transparency, Geomorphology and Mixing Regime Explain
Variability in Trends in Lake Temperature and Stratification across Northeastern North America (1975–2014).
Water 2017, 9, 442. [CrossRef]
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