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Abstract. Four adjacent lakes (Arco, Budd, Deming, and
Josephine) within Itasca State Park in Minnesota, USA, are
reported to be meromictic in the scientific literature. How-
ever, seasonally persistent chemoclines have never been doc-
umented. We collected seasonal profiles of temperature and
specific conductance and placed temperature sensor chains
in two lakes for ~ 1 year to explore whether these lakes re-
main stratified through seasonal mixing events and what fac-
tors contribute to their stability. The results indicate that all
lakes are predominantly thermally stratified and are prone to
mixing in isothermal periods during spring and fall. Despite
brief, semi-annual erosion of thermal stratification, Deming
Lake showed no signs of complete mixing from 20062009
and 2019-2022 and is likely meromictic. However, the other
lakes are not convincingly meromictic. Geochemical data in-
dicate that water in Budd Lake, which contains the most
water, is predominantly sourced from precipitation. The wa-
ter in the other three lakes is of the calcium—magnesium—
bicarbonate type, reflecting a source of water that has inter-
acted with the deglaciated landscape. SISOHZO and 82HH20
measurements indicate the lakes are supplied by precipita-
tion modified by evaporation. Josephine, Arco, and Deming
lakes sit in a valley with likely permeable sediments and may
be hydrologically connected through wetlands and recharged
with shallow groundwater, as no streams are present. The
water residence time in meromictic Deming Lake is short
(1004d), yet it maintains a large reservoir of dissolved iron,

indicating that shallow groundwater may be an additional
source of water and dissolved ions. All four lakes develop
subsurface chlorophyll maxima layers during the summer.
All lakes also develop subsurface oxygen maxima that may
result from oxygen trapping in the spring by rapidly devel-
oped summer thermoclines. Documenting the mixing status
and general chemistry of these lakes enhances their utility
and accessibility for future biogeochemical studies, which
is important as lake stratification and anoxia are becoming
more prevalent due to changes in climate and land use.

1 Introduction

Four lakes in Itasca State Park, Minnesota, USA — Arco,
Budd, Deming, and Josephine (Fig. 1) — have been de-
scribed as meromictic in the scientific literature since the
1960s (Baker and Brook, 1971; Anderson et al., 1985; Stew-
art et al., 2009). However, there have never been physical
and chemical data from all lakes during all seasons — es-
pecially spring and fall when mixing would be expected —
to document through the maintenance of a chemocline that
they are meromictic. The identification of meromictic lakes
is important as they are critical analogues for the understand-
ing of the biogeochemistry of past oxygen-stratified oceans
(Degens and Stoffers, 1976). In that regard, the four lakes in
Itasca are particularly well suited, if they are meromictic, as
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Figure 1. Map of the four study lakes within Itasca State Park, Min-
nesota. Basemaps from USGS and ESRI.

they have low amounts of sulfur and abundant iron, resulting
in anoxic and “ferruginous” conditions under stratification
that are chemically similar to oceans during the Precambrian
Era (Swanner et al., 2020).

Meromictic lakes are characterized by a sharp increase
in electrical conductivity at a chemocline separating a cold
and/or dense monimolimnion from the epilimnion that per-
sists year-round (Boehrer and Schultze, 2008). Thermal strat-
ification is typically not the main mechanism stabilizing
meromixis in lakes of the temperate zone as it is in the tropics
due to the erosion of the thermocline in autumn (Boehrer et
al., 2017). Meromictic lakes are present on all continents but
are thought to be rare (Hall and Northcote, 2012; Stewart et
al., 2009). However, seasonally persistent stratification and
even meromixis are becoming more common as a result of
temperature increases driven by climate change (Ficker et al.,
2017). Furthermore, increased monimolimnion water density
can also result from increased chemical constituents that en-
rich the water density of monimolimnion, such as those from
runoff, groundwater inputs, remineralization processes asso-
ciated with organic carbon loading (Hakala, 2004), and deic-
ing salt contamination (Koretsky et al., 2012).
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While anoxia and hypoxia are common features of
temperate lakes under thermal stratification (Niirnberg,
1995), meromictic lakes have a permanently anoxic moni-
molimnion. These conditions restrict the habitat of aerobic
organisms, including zooplankton and fish; can amplify mi-
crobial or geochemical cycling of elements across the redox-
cline (Busigny et al., 2016); and can impact the emission of
greenhouse gases such as methane (Lambrecht et al., 2020).
The investigation of meromictic lakes can help to understand
the alterations to global biogeochemical cycles that may re-
sult from climate change and land-use changes that are driv-
ing increases in hypoxia in lakes (Jenny et al., 2016).

Finally, the sediments of meromictic lakes are valuable
as archives of past climatic transitions, vegetation changes,
changes in sediment transport, and atmospheric deposition
patterns (O’Sullivan, 1983). For instance, meromictic Craw-
ford Lake in Ontario, Canada, was recently promoted as a
“golden spike” for the proposed Anthropocene Epoch based
on radionuclide patterns recorded in its laminated sediments
(McCarthy et al., 2023). Laminated sediments that form in
many meromictic lakes are also useful for studying the for-
mation, deposition, and diagenetic transformation of chemi-
cally precipitated minerals (Ledesma et al., 2023). Such min-
erals can potentially be used as proxies for paleoredox con-
ditions, which have application for paleo-marine and paleo-
lacustrine studies (Swanner et al., 2020).

The goals of this study are to (1) determine whether Arco,
Budd, Deming, and Josephine lakes are meromictic and the
factors that drive stratification; (2) investigate the water type,
sources, and reasons for meromixis; and (3) describe the
unique biological features of these lakes. To achieve these
goals, we conducted fieldwork from 2006-2009 and 2019-
2022 and integrated data from University of Minnesota stu-
dents working at the Itasca Biological Station and Laborato-
ries since the 1950s. The description of the lakes, their mix-
ing status, and the factors that control it, as well as key bio-
logical characteristics, will provide an expanded understand-
ing of why lakes resist mixing and highlight the utility of
these lakes for further scientific investigations.

2 Materials and methods

Formation of the four study lakes occurred during the late
Wisconsin glaciation ~ 12000 years ago (Marine Isotope
Stage 2; Jennings and Johnson, 2011). They occupy a tun-
nel valley that was formed beneath the Wadena lobe of the
Laurentide Ice Sheet. Following glacial retreat, the melting
of stagnant ice blocks within the tunnel valley left depres-
sions in the landscape now occupied by lakes and wetlands
(Wright, 1993).

Today, the four lakes investigated in this study sit in the
HUC-12 watershed that sources the headwaters of the Mis-
sissippi River (Watershed Boundary Dataset, 2022). Budd
(478.6 m above mean sea level; ma.m.s.l.) lies at the high-
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est elevation, while Arco (465.8 ma.m.s.l.) and Josephine
(465.4ma.m.s.l.) lie at similar elevations (Fig. 1). Deming
has the lowest elevation of the lakes (464.8 ma.m.s.1.).

Lake depth measurements were collected using a Garmin
STRIKER 4 dual-beam transducer (sonar) attached to a row-
boat or canoe. Depth and GPS measurements were taken
every 6s while the boat was in motion. A Garmin GLO 2
GPS receiver and the ArcGIS Collector app were used to
navigate and track the boat’s course and ensure even cov-
erage. The shoreline of the lakes was obtained by walking
along accessible areas of the shore with the Garmin GLO 2
GPS receiver or from lidar-derived digital elevation models.
Bathymetry rasters (1 m resolution) were generated from the
depth measurements in ArcGIS Pro 3.0 using a third-degree
local polynomial interpolation. These rasters were used to
calculate lake volumes and contour maps. Rasters and vol-
ume data have been deposited with the Environmental Data
Initiative (Swanner et al., 2023).

Morphometric data were used to calculate relative depth
(Zy; %), which is the ratio of the maximum lake depth (Z,;
m) to the diameter of a circle of area equal to that of the
lake (Ag; m2), expressed as a percentage in Eq. (1) (Wetzel,
2001):
zo=2m [T 100 (1)

Ao

Chemical, physical, and biological parameters measured
on the four lakes included depth, temperature, specific con-
ductance, salinity, turbidity, pH, oxidation-reduction poten-
tial, dissolved oxygen, photosynthetically active radiation,
chlorophyll a, and phycocyanin. Major cations, anions, and
isotopes of water (82HH20 and 8180H20) were determined
on lake water retrieved from different depths within the four
lakes. Taxon-specific chlorophyll a fluorescence was col-
lected with a FluoroProbe (bbe Moldaenke). The data and
description of methods are available from the Environmental
Data Initiative (Swanner et al., 2023). Measurements were
made and samples were collected from a boat anchored
within the deepest basin of each lake.

A string of temperature loggers (HOBO Water Temp Pro
v2) placed at different depths was deployed into the deep ar-
eas of Deming, Arco, and Budd lakes for 1 year. A conduc-
tance logger (HOBO Fresh Water Conductivity Data Log-
ger) was added near the bottom of the strings in Arco and
Budd after 6 months. These sensors measured temperature
every 30 min and specific conductivity every 2 h. The sensor
string was not retrieved from Budd, as it could not be located
in May 2022. Conductance measurements with a Yellow
Spring Instruments (YSI) ProDSS temperature and conduc-
tivity sensor on deployment and removal were used to check
for drift in the HOBO conductance logger. Hourly wind
speed data for the duration of sensor deployment utilized
the ITCMS5 (47.2400, —95.1900; 451.1 m elevation) weather
station in Itasca State Park. Data were downloaded from
MesoWest (https://mesowest.utah.edu/, last access: 12 Octo-
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ber 2022). Plots and analyses were produced in Python or R
Studio (build 2022.07.2).

The density, Brunt—Viisild or buoyancy frequency (N2,
s72), and Schmidt stability were calculated using data from
seasonal profiles or the loggers in the RLakeAnalyzer pack-
age v.1.11.4.1 with equations described in that package’s
documentation (Winslow et al., 2019).

Major anions (CO32~, HCO3~, CI~, and SO4>7) and
cations (Nat, K*, Ca?T, and Mg?T) were used to produce
a Piper diagram in Geochemist’s Workbench 15.0. The con-
centration of cations and anions was calculated as the per-
centage of total cations and anions in milliequivalents (meq)
L

The isotopes of water (82HH20 and § 1801.[20) were mea-
sured on spring or seep water that had been filtered with
0.45 um nylon syringe filters and stored at 4 °C with min-
imal headspace until analysis. Samples were analyzed with
a Picarro L1102-i isotopic liquid water analyzer at the Sta-
ble Isotope Laboratory at Iowa State University. The analyt-
ical uncertainty and average correction factor for 8180H20
are £0.05 %o and £0.30 %o for §2Hy, o relative to the Vienna
Standard Mean Ocean Water (V-SMOW).

Samples for microscopy and water color were collected
in amber bottles with a Van Dorn sampler from three differ-
ent depths in each lake, including the subsurface chlorophyll
maximum layer (SCML), if present, as determined with the
YSI ProDSS. Water color was determined on water filtered
through a GF75 glass fiber filter (Advantec) (Cuthbert and
del Giorgio, 1992). Absorbance was measured at 440 and
750 nm. The absorption coefficient (g; m~!) was calculated
by subtracting the absorbance at 750 nm from the absorbance
at 440 nm and dividing the result by the path length (m):

8440 = (2.303 x A440 — A750)/ (path length). 2

A conversion was necessary to determine the color
(mgPtL™") of the lake water:

color = 18.216 x (g440) — 0.209. 3)

Water sampled from the SCML was preserved with 1%
Lugol’s solution upon returning to the laboratory. Fixed sam-
ples were settled in the dark for 3 to 7 d.

Student reports from courses taking place over several
decades at the Itasca Biological Station and Laboratories
(IBSL) (Knoll and Cotner, 2018), formerly the Itasca Bio-
logical Station, were acquired from the library at the Univer-
sity of Minnesota, Twin Cities. Morphometric data, tempera-
ture and conductance profiles, observations of water column
mixing, and inferences from biological experiments in these
reports are referenced in the current study.

3 Results and discussion

To ascertain if the study lakes are meromictic, morphomet-
ric data were acquired to assess whether the basin shape was
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prone to stratification (Sect. 3.1). Specific conductance pro-
files collected in this study and from historical records are
used to determine if seasonal mixing occurred. Where those
records are lacking or incomplete, temperature profiles or
high-frequency sensor data are used to assess the stability
of stratification. Because of the importance of specific con-
ductance measurements in indicating mixing, the major ions
that contribute to the lakes’ conductance were determined
(Sect. 3.2). These data along with watershed characteristics
are also used to assess potential water and ion sources to the
lakes. Finally, because meromixis can result in distinctive bi-
ological zones and biogeochemical reactions therein, an as-
sessment of these major features was made and compared to
historical biological records (Sect. 3.3).

3.1 Morphometry and mixing status

All four study lakes exceed a Z; of 4 % and have surface
areas of less than 500000 m?, typical of meromictic lakes
in the temperate zone (Swanner et al., 2020). Deming Lake
is the largest and deepest of the four study lakes with a
54325 m? surface area and a maximum depth of 20.8 m (Ta-
ble 1), with 4.3 % of the surface area encompassing water
depths at or below 17m. The maximum depth of Deming
Lake has previously been reported as 16.5 m (Hooper, 1951),
17 m (Baker and Brook, 1971), and 17.6 m (Lascu and Plank,
2013). Josephine Lake has the longest fetch and lowest Z;
of all study lakes. The maximum depth of Josephine Lake
(14.8 m) has previously been reported as 10.3 m (Baker and
Brook, 1971), 12-13 m (Callis et al., 1976), and 13 m (Gage
and Gorham, 1985). The surface area with depths at or below
13 m in Josephine Lake is 5.1 %. Budd Lake has the highest
Z: (8.8 %). The greatest variation was between the previously
reported maximum depth of Budd Lake (10.8 m; Baker and
Brook, 1971) and measurements presented here (16.1m).
Arco Lake has the smallest surface area of 24 180 m? and a
maximum depth of 12.8 m. Arco and Budd lakes have steep
banks along their eastern sides (Fig. 1).

In all lakes, steep-sided deep holes were detected that were
deeper than previously reported (Figs. 2 and S1 in the Sup-
plement). Differences in technology and the small surface
areas encompassing the deepest parts of the basins could ac-
count for the variation — these basins may have been difficult
to locate and map with manual techniques. Alternately, the
temperature, pressure, and/or salinity gradients present at the
tops of these holes could deflect sound beams, causing errors
in our depth measurements (Boehrer and Schultze, 2008).
Maximum depths should be verified with measurements by
multiple techniques in the future.

Deming Lake has the longest record of seasonal profiles
of temperature and specific conductance (20062009 and
2019-2022), as its sediments have previously been used to
investigate Holocene climate variations (Lascu et al., 2012;
McLauchlan et al., 2013). A chemocline, or sharp increase in
specific conductance, persists in Deming Lake at all sampled
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Figure 2. Bathymetric maps of the study lakes overlain on the digi-
tal elevation models. Depth is in meters. The fence diagrams corre-
spond to the cross sections in Fig. S1.

times (Fig. 3), which is expected for a meromictic lake. The
chemocline occurs at 11-13 m (Fig. 3). The chemocline was
below 10m in 1989 (Church et al., 1989) and from 11-13 m
a decade later (Reiter et al., 1998) based on temperature-
compensated conductance measurements from IBSL student
reports, indicating that the chemocline has been at a consis-
tent depth for decades.

A systematic increase in the magnitude of specific con-
ductance readings below the chemocline in Deming Lake
was observed between the 20062009 and the 2019-2022
datasets (Fig. 3). This could result from variations in the
amount of in-lake primary productivity over time (Camp-
bell, 1977) or could increase with time due to a mixing event
(Katsev et al., 2010). Deming Lake mixed after a beaver
dam broke on the western side of the lake in 1997 (Frane
and Walberg, 1997). If the lake has not mixed since aside
from this catastrophic event, the specific conductance should
have increased from 1997 to 20062009 and from 2006—
2009 to 2019-2022 at similar rates. The 1997 conductivity
data were converted to specific conductance using the re-
ported temperature values (Frane and Walberg, 1997), and
the value at 14m in July 1997 was compared to the val-
ues at 14 m in July 2006 and July 2021. The specific con-
ductance values increased during both intervals, but the rate
changed from 31 pScm~! yr~! from July 1997 to July 2006

https://doi.org/10.5194/bg-21-1549-2024
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Table 1. Morphometric parameters for the four study lakes.

1553

Lake Volume Surface Maximum Relative Fetch Fetch
(m3) area (m2) depth (m) depth (%) distance (m) heading (°)
Arco 142628.73m3 24180 m>2 12.6m 73 % 210.4m 175°
Budd 183441.22m3 28 184.5m? 16.1 m 8.8 % 310.3m 169°
Deming  242701.12m>  54325m? 20.8m 73% 346.7m 188°
Josephine 315 765.05 m3 52711 m? 14.5m 5.7% 432.4m 136°
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Figure 3. Specific conductance profiles of (a) Arco Lake, (b) Budd Lake, (c¢) Josephine Lake, and (d) Deming Lake. For Deming Lake,
seasons were classified according to solstice and equinox dates. Note the variability in the scales of x and y axes.

to 11 uScm~! yr~! from July 2006 to July 2021. This could
imply a partial mixing event in the years between 2006 and
2021 or some change to the supply of water and dissolved
ions to the lake between the two time intervals being com-
pared.

Changes in precipitation could have affected the rate of the
increase in specific conductance in Deming Lake over this
period. Historical drought records are available for the region
encompassing Itasca State Park from the year 2000 (National
Integrated Drought Information System, 2022; Fig. S2 in the
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Supplement). Drought over this period could have modulated
the rate of the lake’s specific conductance increase through
increased evaporation (Jellison and Melack, 1993). Alter-
natively, or in addition, the magnitude of water sources of
differing specific conductance supplying the lake may have
been altered (Ludlam and Duval, 2001). In the second case,
drought would decrease the magnitude of low specific con-
ductance precipitation and increase the proportion of higher
specific conductance groundwater to the annual water bud-
get. As Deming Lake does not have a permanent surface in-

Biogeosciences, 21, 1549-1562, 2024
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let, changes in streamflow can be neglected. The amount of
recharge to the groundwater system may have also decreased
due to drought, effectively decreasing groundwater inputs to
the lake and counteracting the effects of evaporation on spe-
cific conductance in Deming Lake.

The record of seasonal specific conductance profiles,
which is necessary to document the seasonally persistent
chemocline that characterizes meromictic lakes, is only
available for the period of 2019-2022 in the other three
lakes. We therefore take a comparative approach to estab-
lish the likely mixing status of the other lakes. Budd Lake
had the lowest range of specific conductivity values (23—
90uScm™'). A weakly demarcated chemocline was ob-
served around 4-5.5m water depths for May 2021, July
2021, October 2021, and May 2022. The January 2021 pro-
file shows a deeper chemocline (Fig. 3). Specific conduc-
tance values were uniform down to 8 m in Josephine Lake
during the current study period (Fig. 3). A chemocline was
only detected below 9 m in October 2021, while depths be-
low 11 m were not assessed on other dates during the study
period due to the difficulty of finding the deepest area be-
fore mapping in 2022. Autumnal circulation down to 10 m
was reported in Josephine Lake in 1975 (Gage and Gorham,
1985). A chemocline was also present at all time points for
Arco Lake between 7-10 m except for May 2022 (Fig. 3). It
was poorly developed in May 2021, and its deepest occur-
rence was in January 2021. Arco Lake has a maximum depth
of 12.6m, but no specific conductance data were collected
below 12m as part of the profiles acquired during the study
period due to the difficulty of finding the small deep spot
(representing 1.7 % of the surface area). The chemocline is
shallowest in mid-summer, which is consistent with the 7 m
chemocline observed in temperature-equilibrated conductiv-
ity readings in 1975 and 1976 (Evans and Bjerklie, 1975;
Barnes et al., 1976) and 2011 (Harren et al., 2011).

Arco Lake has the next best documentation of chemocline
dynamics after Deming Lake due to the placement of tem-
perature sensors (1.5, 3.5,5.5,7.5, 9.1, 9.5m) and a conduc-
tance sensor (9.1 m) from May 2021 to May 2022 (Fig. 4).
In the summer of 2021, Arco Lake developed a summer ther-
mocline. The temperatures at different depths started to con-
verge in late fall until the lake became isothermal and con-
tinued cooling from 6 to 4 °C in mid-November 2021, rep-
resenting the erosion of thermal stratification. The Brunt—
Viisild or buoyancy frequency (N), commonly expressed as
N? in units of s~2, calculated from the time series temper-
ature data is near zero at that time, indicating an erosion of
stability, which persisted until the sensors were removed on
16 May 2022, over a week after the ice-off on 8 May (Fig. S3
in the Supplement). A drop in the conductance value at 9.1 m
in early November 2021 preceded isothermal conditions and
indicated mixing down to at least 9.1 m (Fig. 4). The dimen-
sionless lake number was calculated according to Imberger
and Patterson (1989) using the time series and hourly wind
data from Itasca State Park (Fig. S4 in the Supplement). It
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started to consistently rise on 15 May 2022, as the epilimnion
warmed. In combination with the seasonally variable chemo-
cline depth (Fig. 3), these analyses indicate that Arco Lake
mixes during isothermal periods and is not a meromictic lake.
The data presented are most consistent with Arco being a
holomictic lake.

Data from the temperature sensors (0.5, 2.5, 5.5, 8.5, 11.5,
and 14.5m) in Deming Lake from June 2019 to May 2020
are presented in Fig. S5 in the Supplement. The lake became
isothermal in early November 2019. The Brunt—Viisili fre-
quency calculated from this data dropped to near zero and
rebounded slightly due to under-ice thermal stratification, a
phenomenon not observed in Arco Lake (Fig. S3). The spe-
cific conductance profiles for Deming consistently show the
same trend, although the exact depth and magnitude of the
chemocline vary seasonally and on the decadal scale (Fig. 3).
This indicates partial seasonal mixing in Deming, likely dur-
ing isothermal periods, but it may be insufficient or of too
short a duration to fully mix the lake. Deming was ice-free on
25 April 2020 (Lake Ice Out Dates, 2022), and the lake num-
ber started rising immediately due to the onset of thermal
stratification (Fig. S4), limiting the opportunity for mixing.
Long-term seasonal observation of a chemocline is consis-
tent with Deming being a meromictic lake (Zadereev et al.,
2017).

Arco therefore presents an end-member of a holomic-
tic lake and Deming an end-member of a meromictic lake
among the four lakes studied here. In the absence of high-
frequency sensor profiles for Budd and Josephine lakes, the
Schmidt stability (Fig. S6 in the Supplement) and the Brunt—
Viisild frequency (Figs. S7-S10 in the Supplement) were
calculated from seasonal profiles of temperature (Fig. S11 in
the Supplement) and salinity for all four lakes. The similar
volumes, depths, and surface areas of the lakes (Table 1) per-
mit comparison of the Schmidt stability results. The Schmidt
stability indicates that Deming and Budd lakes are the most
strongly stratified, followed by Josephine and Arco lakes. It
is unknown when ice came off Budd Lake in 2022, but Dem-
ing Lake was ice-free on 7 May, and Arco and Josephine
lakes were ice-free on 8 May (Lake Ice Out Dates, 2022)
following strong winds on the evening of 7 May. Likely,
Budd Lake was also ice-free by 8 May given its similar mor-
phometry and location. A chemocline consistent with other
summer observations was present in Budd Lake on 17 May
2022, which could indicate a lack of spring mixing. However,
the January 2021 specific conductance profile for Budd Lake
shows a very weak and deep chemocline, which would be ex-
pected following an autumn mixing event. Without full pro-
files of specific conductance in Josephine Lake, it is impossi-
ble to evaluate if the lake mixed. However, based on existing
profiles, if a chemocline persists through spring turnover in
Josephine Lake as suggested by the sharp and deep chemo-
cline observed in May 2022, then the monimolimnion must
be limited to depths below 11 m, representing only 3.6 % of
the total lake volume (11404.5 m? of 313295.5m?).
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E. D. Swanner et al.: Thermal stratification and meromixis in four dilute temperate zone lakes 1555

(a) 200

Temperature Conductance
25 | 1“ '

15m 91m '-1?5-

N 35m
- — 55m '150
20-
— 75m I _125
— 91m _“
—_— 05 m T -100

Temperature (C®)
5

=
Specific Conductance (US| cm)

555

DE’

E“IE
--

Jun 21 Jul Aug Sep Oct MNov Dec Jan 22 Feb Mar Apr May

50 75 10.0 125 15.0 17.5 20.0 225 26,0
Temperature (C°)

Figure 4. (a) HOBO sensor data for temperature and conductance from Arco Lake, collected from May 2021 to May 2022 and from October

2021 to May 2022, respectively. (b) Isotherm plot of the temperature data from the HOBO sensor.

Water color is related to the abundance of dissolved or-
ganic carbon (DOC) (Pace and Cole, 2002). Of the four
study lakes, Budd Lake had the most colored water, fol-
lowed by Deming Lake (Table S1 in the Supplement). Arco
and Josephine lakes had very little color. Visually, Budd and
Deming lakes appear brown, while Arco and Josephine lakes
appear green. Enhanced water color could lead to a shal-
lower thermocline and stronger stratification in Budd and
Deming lakes due to greater light absorption by compounds
conferring color (Houser, 2006). The Brunt—Viisila frequen-
cies, calculated from temperature and salinity profiles, were
generally highest in the epilimnia during late summer (July
2021; Figs. S7-S10). This indicates that temperature is more
important than salinity to the stability of stratification in these
lakes. In August 2022, when Deming Lake had the high-
est N2 values observed from the 2019-2022 dataset (data
not plotted in Fig. S9), the meromictic stability (S’) calcu-
lated as described by Walker (1974) was 7.81J m~2, within
the range observed for the meromictic and ferruginous Lake
120 in Canada (Campbell, 1977) and Lake Nordbytjernet
in Norway (Hongve, 1999). These observations suggest that
meromixis in Deming Lake is primarily due to thermal strati-
fication, with a small contribution from salinity that prevents
mixing in this lake but maybe not in the others. This phe-
nomenon could be common to dilute meromictic lakes. The
mixing event at Deming Lake in the summer of 1997 due to
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a breached beaver dam on the western side of the lake (Frane
and Walberg, 1997) indicates that mixing can occur due to
catastrophic events.

3.2 Chemical characteristics and water sources

A Piper diagram was used to define the water types of the
four lakes based on their major cations and anions. The pre-
dominant cation in all four study lakes was calcium (Fig. 5).
Budd Lake had a greater proportion of milliequivalents from
sodium and potassium than the other three lakes, with the
charge balance being mostly from magnesium. Bicarbonate
and carbonate ions represented nearly all anion milliequiva-
lents in Deming, Arco, and Josephine lakes, whereas chlo-
ride and sulfate contributed to the anion balance in Budd
Lake. The water type for Deming, Arco, and Josephine lakes
is a calcium bicarbonate type, whereas Budd Lake does
not have a dominant water type. The low specific conduc-
tance and lack of water type in Budd Lake indicate the wa-
ter source is predominantly precipitation. Calcium, magne-
sium, and carbonate—bicarbonate ions are sourced from the
calcareous Itasca Moraine and are typical of the Itasca re-
gion (Megard et al., 1993). This indicates that water sup-
plying Deming, Arco, and Josephine lakes has undergone
more water—rock reaction than the water supplying Budd
Lake, such as might be expected from an increasing propor-
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Figure 5. Piper diagram of major cations and anions collected in
May 2021.

tion of groundwater seepage to a lake’s water inputs. Dem-
ing, Arco, and Josephine lakes lie in a tunnel valley chan-
nel containing coarser sands and gravel, while Budd Lake is
poorly integrated hydrologically with the other three lakes,
and the net seepage in Budd Lake is probably the lowest
among all the lakes. Arco Lake (465.8 ma.m.s.l.) is located
51 m north of Josephine Lake (465.4 m a.m.s.1.) and Deming
Lake (464.8 ma.m.s.1.) is located 284 m north of Arco Lake.
The similar lake levels and the occurrence of wetlands be-
tween Arco and Deming lakes (Figs. 1 and S1) indicate these
lakes are likely to be hydrologically connected. If the wa-
ter table mimics the surface topography, groundwater poten-
tially flows from Arco—Josephine to Deming Lake. However,
Budd Lake (478.6 m a.m.s.1.) is perched highest in the water-
shed, located off-axis of Josephine—Arco—Deming lakes, to
the west of a ridge (Fig. 1). Because Budd Lake is perched,
the ridge is likely composed of less permeable material, pos-
sibly till, than the valley sediments. The presence of wetlands
on the north end of Budd Lake that follow a small valley to-
wards Deming Lake suggests that there could be a periodic
surface or near-surface hydrological connection from Budd
Lake to Deming Lake. Lakes highest in their watershed are
more likely to receive a greater proportion of water from pre-
cipitation (Kratz et al., 1997), which is consistent with the
dilute nature of Budd Lake water.

The isotopic composition of water (i.e., 82HH20 and
8180p,0 in %o) in May 2021 varied little with depth in each
lake (Fig. S12 in the Supplement). In Arco, Budd, and Dem-
ing lakes sampled in June 2019, the epilimnion waters were
depleted relative to the deeper water. Additional measure-
ments at Deming Lake in July and October 2021 show en-
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Figure 6. Isotope data (points) and fit (dashed line) of an evapora-
tion line (82HH20 =4.5x% 61801.[20 —29.9, r-squared = 0.93) from
the four study lakes plotted with a local meteoric water line (solid;
Stelling et al., 2021). Crosses are spring or bog water data from
Itasca State Park (Table S2). The cross closest to the lake data points
is the Deming bog sample, and the cross closest to the intersection
of the lake evaporation line (LEL) and the local meteoric water line
(LMWL) is the Nicolet Creek sample. Analytical precision is within
the symbol sizes.

riched values in the epilimnion relative to the deeper water.
Preferential evaporation of light isotopes during the summer
and early fall drives the epilimnia to more enriched values.
In Fig. 6, all lakes’ data points diverge from a local mete-
oric water line (LMWL,; Stelling et al., 2021), falling on a
lake evaporation line (LEL) with the equation § 2HH20 (%0) =
4.5%8'80m,0 (%0)—29.9. The intersection of the LMWL and
the LEL is the composition of regional groundwater, repre-
senting isotopically depleted snowmelt as the predominant
source of recharge to the local aquifers (Krabbenhoft et al.,
1994).

To ascertain the isotopic composition of groundwater in
the area, historical 82HH20 and § 180H20 data from springs at
Elk Lake in Itasca State Park were retrieved from the Min-
nesota Spring Inventory (Minnesota Department of Natural
Resources, 2022). The Elk Lake springs were sampled again
in May 2022, and samples were collected from spring along
Nicolet Creek and the bog on the southeast side of Deming
Lake (Table S2 in the Supplement). These sites had abundant
marsh marigolds (Fig. S13 in the Supplement), which bloom
in May at groundwater discharge sites in northern Minnesota
(Rosenberry et al., 2000). The sites at Elk Lake and Nicolet
Creek had visible iron mineralization, indicating reducing,
iron-bearing water discharge at the surface (Fig. S13). The
Nicolet Creek spring sample lies closest to the intersection
of the LEL and LMWL, whereas the Deming bog sample
lies closest to the lakes but is more enriched than the lakes
(Fig. 6).
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The seasonal amplitude of a lake’s oxygen isotopes can be
used to calculate a lake’s water residence time (Engel and
Magner, 2019). A time series of temperature data from the
weather station ITCMS was used to determine average daily
temperatures, and seasonal maximum and minimum temper-
ature values were used to calculate the amplitude in § 18OHzo
inputs of precipitation and water vapor &' 8OHZO (Fig. S14in
the Supplement). These two values were used to estimate a
mean water residence time of 100d for Deming Lake. The
Deming Lake 8180H20 values encompass early-spring, mid-
summer, and late-summer data, but data from the other three
lakes were only from May and June time points (Fig. S12),
and so the mean water residence time could not be calculated
by this method.

Potential water sources to Deming Lake are precipitation,
outflow from the boggy areas to the south and west, and
groundwater. In addition to higher specific conductance val-
ues than the other lakes, Deming also has higher concentra-
tions of iron in the monimolimnion than the other lakes, ex-
ceeding 1 mM, and has sediments enriched in biogenic mag-
netite (Lascu et al., 2012). As springs in Itasca State Park
have visible iron mineralization (Fig. S13), it is possible that
groundwater supplies iron into Deming Lake (Swanner et al.,
2020). Due to active iron redox cycling, which scavenges
iron into the monimolimnion in meromictic lakes, dissolved
iron can accumulate to high concentrations in its ferrous form
(Busigny et al., 2016; Campbell, 1977). The low abundance
of sulfur (Fig. 5) means very little sulfide can be produced
in the monimolimnion. The lack of anion for precipitation of
ferrous iron as sulfide mineral allows for the maintenance of
these high ferrous iron concentrations and ferruginous con-
ditions.

3.3 Biological characteristics

An SCML often develops within the metalimnion, the mid-
dle seasonally mixed layer of meromictic lakes (Baker and
Brook, 1971; Camacho, 2006). Stable stratification, the avail-
ability of both light and nutrients, and avoidance of zoo-
plankton grazing in the epilimnion drive the formation and
location of the SCML in meromictic lakes (Klausmeier and
Litchman, 2001).

Prior work on these four lakes indicated the presence of
a lake-wide turbidity maximum layer that was persistently
present just below 5m in Deming Lake (Baker and Brook,
1971). This peak was observed between late May and Au-
gust from 1968-1970 but was absent in the winter. It was
reported in that study that bacteria and phytoplankton both
contributed to the turbidity maximum based on microscopic
observations. This work indicated the layer was populated
by the Cyanobacteria Oscillatoria agardhii var. isothrix (this
genus is now called Planktothrix).

From 2019 to 2022, chlorophyll a measured via multi-
wavelength fluorescence acquired with a FluoroProbe al-
lowed for the deconvolution of the fluorescence signal so
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chlorophyll a could be attributed to one of four taxo-
nomic groups: Cyanobacteria, Chlorophyta, Diatoms and
Dinophyta, or Cryptophyta. Taxon-specific concentrations of
chlorophyll a in each lake inform phytoplankton community
structures with depth (Fig. 7). Deming Lake has a persis-
tent SCML around 5-6 m attributable to Cyanobacteria. The
SCML was less distinct in May 2022, 1.5 weeks after ice-off.
It was also less distinct in May 2021. This suggests that the
SCML in Deming Lake is a summer phenomenon that de-
velops at or below the thermocline (Fig. S11), which is con-
sistent with the observations from Baker and Brook (1971).
In June 2019, a profile of photosynthetically active radiation
was also recorded (Fig. S15 in the Supplement) and showed
an inflection point at 5.5 m, corresponding to the depth of the
SCML at that time. These observations are consistent with
Cyanobacteria forming a dense accumulation at that depth,
attenuating the light flux into deeper waters.

Samples from the epilimnia or the SCML were taken from
the four lakes in May 2022: Arco (5 m), Budd (4.5 m), Dem-
ing (3.5m), and Josephine (4.5 m). The most common phy-
toplankton of the four lakes were the Cyanobacteria Plank-
tothrix sp. and Aphanocapsa sp. and the green alga Mono-
raphidium sp. (Fig. S16 in the Supplement). Some other phy-
toplankton species identified were the red alga Cryptomonas
sp., the Cyanobacteria Planktolyngbya sp. and Dolichosper-
mum sp., and other colonial green algae and Cyanobacteria
species.

All four lakes have subsurface oxygen maxima which ex-
ceed air saturation during the summer but lack this feature in
the fall (Fig. 8). The subsurface oxygen maximum in Dem-
ing Lake usually occurs at 4 m, near the top of the thermo-
cline (Bieter et al., 1991; Church et al., 1989; Balk et al.,
2007). Metalimnetic oxygen maxima can be a result because
dissolved oxygen is more soluble in cold water after spring
mixing, but as the water warms, the gas solubility decreases,
causing oxygen to become supersaturated. Stratification in-
duced by the thermocline then limits the discharge of super-
saturated oxygen to the atmosphere (Wilkinson et al., 2015).
Deming Lake rapidly develops a thermocline after ice-off
(Fig. S5), providing a mechanism for gas trapping. Enhanced
biological productivity can also contribute to the oxygen
maximum but is generally a smaller contributor (Wilkinson
etal., 2015; Craig et al., 1992). The subsurface oxygen maxi-
mum is above the SCML in Deming Lake, suggesting that the
entrainment of spring oxygen is a larger contributor than pho-
toautotrophy to the oxygen maximum. However, there is also
a pH maximum at 4 m during the summer (Bieter et al., 1991;
Fig. S18 in the Supplement; Church et al., 1989; Barkow and
Habedank, 1990), as is expected for oxygenic photosynthe-
sis. Itasca Biological Station and Laboratories student exper-
iments that quantified photosynthesis and respiration via dis-
solved oxygen measurements in bottle experiments generally
found that net oxygen release was minimal in the SCML due
to vigorous respiration (Barkow and Habedank, 1990; En-
gstrom et al., 1974). However, primary productivity is often
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Figure 7. Multi-wavelength chlorophyll fluorescence (i.e., FluoroProbe) measurements at (a) Arco, (b) Budd, (c¢) Josephine, and (d) Deming
lakes, showing seasonal and depth trends in major taxonomic groups. Note that the x scales vary between plots.

highest within the SCML of other meromictic lakes (Cama-
cho, 2006). Measurements of the O : Ar ratio would help
to quantify the contribution of oxygen trapping vs. oxygenic
photosynthesis to the Deming Lake subsurface oxygen max-
imum (Craig et al., 1992).

The occurrence of a summer SCML in Arco, Budd, and
Josephine lakes was more variable than in Deming Lake
(Fig. 7). Arco Lake had a spring bloom of Cyanobacteria in
May 2021 and in May 2022, at which time the highest pres-
ence of chlorophyll a of this study was recorded. At both
times, the SCML occurred below the oxygen maximum in
a hypoxic zone of the water column. The May 2022 SCML
at Sm in Arco Lake also attenuated light below that depth
(Fig. S15), as was observed in Deming Lake in June 2019.

Arco, Budd, and Josephine lakes also have subsurface oxy-
gen maxima during summer, although not as consistently as
Deming. When the depth of the thermocline is plotted against
the depth of the oxygen maximum for all four lakes, there is a
significant correlation if October 2021 samples are excluded
(Fig. S19 in the Supplement). In the fall, the subsurface oxy-
gen maximum is absent (the highest dissolved oxygen values
are at the surface), and the thermocline is deepest (Fig. 8).
This may reflect that in fall the thermocline has deepened
into hypoxic or anoxic waters.

Biogeosciences, 21, 1549-1562, 2024

4 Conclusions

Although reported to be meromictic, based on seasonal
temperature and specific conductance profiles, Arco, Budd,
and Josephine lakes may be holomictic. Higher-frequency
specific conductance profiles in multiple seasons during
turnover events would better establish their frequency of
mixing. Deming Lake has been meromictic in the periods of
data collection presented here (2006-2009 and 2019-2022)
but experienced a mixing event in 1997 when an adjacent
beaver dam broke. Although a seasonally persistent chemo-
cline occurs in Deming Lake, stratification is predominantly
a thermal phenomenon, with stability mostly conferred by a
thermocline that develops rapidly after isothermal spring and
fall periods. Thermal stratification is not typical of meromic-
tic lakes in the temperate zone, but this weak stratification
may be common in dilute boreal lakes (Merildinen, 1970;
Campbell, 1977) and may be enhanced by water color. How-
ever, such meromixis may be easily perturbed by hydro-
graphic or land-use changes (Hongve, 2002), which is con-
sistent with Deming Lake mixing in 1997.

The chemical composition of the study lakes reflects their
position in the watershed and water sources. The highest-
elevation lake, Budd Lake, was very dilute and had no dis-
tinguishable water chemical type and likely received most of
its water from precipitation. Arco, Deming, and Josephine
lakes are all calcium—magnesium—bicarbonate-type waters
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Figure 8. Dissolved oxygen measurements at (a) Arco, (b) Budd, (c¢) Josephine, and (d) Deming lakes, showing seasonal and depth trends.

(Fig. 5). Deming Lake had the highest ionic load, which is
consistent with a greater contribution of water that had under-
gone some water—rock interaction, likely groundwater. These
results further support the conclusion that due to the dilute
nature of the water in these lakes, stratification is predomi-
nantly a thermal rather than chemical phenomenon. Further
work is necessary to characterize groundwater composition
and quantify and localize groundwater input to determine if
Deming Lake could be classified as crenogenic meromictic.
The short water residence time in Deming Lake implied by
the analysis of 82HH20 and SISOHZO along with the mini-
mal surface water inputs and likely high permeability of tun-
nel valley deposits suggest the shallow groundwater system
should be considered a major water source.

All four lakes have an SCML during summer, as was
reported over decades of observations, which is consistent
with all four lakes being thermally stratified in the summer
months. The depth of the SCML varies in Arco, Budd, and
Josephine and is sometimes absent but persists at around
5m in Deming, corresponding to the base of the photic
zone. Subsurface oxygen maxima which exceeds air satura-
tion likely develop by trapping gas in cold water that then
warms with rapid thermocline development in the spring.
Corresponding pH maxima in Arco and Deming indicate that
oxygenic photosynthesis could also contribute to the subsur-
face oxygen maxima and indicate that zones of maximum
oxygen production, primary productivity, and biomass may
be spatially decoupled in these lakes due to the strong gradi-
ents resulting from stratification.

Code availability. Codes for data analysis are available at https:/
github.com/eswanner/Itasca (Swanner, 2024).
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pasta/6f4292da3adcc029934805fdb9a314d4 (Swanner et al., 2023).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/bg-21-1549-2024-supplement.

Author contributions. EDS contributed substantially to the study’s
conception. EDS, CH, SAA, IL, GL, PP, HS, SD, KB, AB, LBT,
TC, OJ, and LN contributed substantially to data acquisition. EDS,
CH, SAA, GL, PP, HS, SD, KB, AB, LBT, TC, OJ, and LN con-
tributed substantially to analysis. EDS, CH, SAA, GL, PP, HS, SD,
KB, AB, LBT, TC, OJ, and LN contributed substantially to drafting
the paper. EDS, CH, SAA, IL, GL, PP, HS, SD, KB, AB, LBT, TC,
0], and LN approved the final submitted paper.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. Support for the field course was also provided
by Jonathan Schilling, director of the Itasca Biological Station and
Laboratories, and Emily Schilling. Phytoplankton was identified at
the genus level with the help of Lesley Knoll, associate director of
the Itasca Biological Station and Laboratories, who also provided

Biogeosciences, 21, 1549-1562, 2024


https://github.com/eswanner/Itasca
https://github.com/eswanner/Itasca
https://doi.org/10.6073/pasta/6f4292da3adcc029934805fdb9a314d4
https://doi.org/10.6073/pasta/6f4292da3adcc029934805fdb9a314d4
https://doi.org/10.5194/bg-21-1549-2024-supplement

1560 E. D. Swanner et al.: Thermal stratification and meromixis in four dilute temperate zone lakes

assistance with field operations for the duration of the 2019-2022
field seasons. Chad Wittkop and Moses Lado (Minnesota State Uni-
versity) assisted with fieldwork in 2019. Jazlyn Beeck and Elise
Bauer (Iowa State University) assisted with fieldwork in 2021. Julia
Kelly and Shannon Farrell of the University of Minnesota Libraries
assisted with accessing Itasca Biological Station and Laboratories
student reports.

Financial support. This work was supported by a National Science
Foundation CAREER award to Elizabeth D. Swanner (grant no.
1944946). The GeoAllies program, funded by the National Science
Foundation, supported student participation in the GEOL 406/506
field course, as did funds from the Department of Geological and
Atmospheric Sciences at Iowa State University.

The article processing charges for this open-access
publication were covered by the Iowa State University Library.

Review statement. This paper was edited by Cindy De Jonge and
reviewed by two anonymous referees.

References

Anderson, R. Y., Dean, W. E., Bradbury, P., and Love, D.: Meromic-
tic Lakes and Varved Lake Sediments in North America, 19 pp.,
1985.

Baker, A. and Brook, A.: Optical density profiles as an aid to
the study of microstratified phytoplankton populations in lakes,
Arch. Hydrobiol., 69, 214-233, 1971.

Balk, D., Graetz, A., Morantes, A., and Olson, D.: Itasca Biolog-
ical Station Student Report 2485: Comparative investigation of
zooplankton diel vertical migration patterns in Arco and Deming
Lake: the effect of predation, University of Minnesota, 24 pp.,
2007.

Barkow, M. and Habedank, T.: Itasca Biological Station Student Re-
port 1906: A Limnological study of Demming Lake, 1990.

Barnes, P., Halpern, T., and Meier, T.: Itasca Biological Station Stu-
dent Report 1157: A limnological investigation of Arco Lake,
University of Minnesota, Itasca Biological Station, 47 pp., 1976.

Bieter, J., Romig, G., and Waugh, J.: Itasca Biological Station Stu-
dent Report 1905: An ecological study of the meromictic Dem-
ing Lake, University of Minnesota, 23 pp., 1991.

Boehrer, B. and Schultze, M.: Stratification of lakes, Rev. Geophys.,
46, https://doi.org/10.1029/2006RG000210, 2008.

Boehrer, B., von Rohden, C., and Schultze, M.: Physical Features of
Meromictic Lakes: Stratification and Circulation, in: Ecology of
Meromictic Lakes, edited by: Gulati, R. D., Zadereev, E. S., and
Degermendzhi, A. G., Springer International Publishing, Cham,
15-34, https://doi.org/10.1007/978-3-319-49143-1_2, 2017.

Busigny, V., Jezequel, D., Cosmidis, J., Viollier, E., Benzerara,
K., Planavsky, N. J., Alberic, P., Lebeau, O., Sarazin, G., and
Michard, G.: The Iron Wheel in Lac Pavin: Interaction with
Phosphorus Cycle, in: Lake Pavin: History, Geology, Biogeo-
chemistry, and Sedimentology of a Deep Meromictic Maar Lake,
edited by: Sime-Ngando, T., Boivin, P., Chapron, E., Jézéquel,

Biogeosciences, 21, 1549-1562, 2024

D., and Meybeck, M., 1-421, https://doi.org/10.1007/978-3-319-
39961-4, 2016.

Callis, J., Hummon, M. R., and Skerrett, P.: Itasca Biological Station
Student Report 1158: Lake Josephine, Summer 1976, University
of Minnesota, 34 pp., 1976.

Camacho, A.: On the occurrence and ecological features of deep
chlorophyll maxima (DCM) in Spanish stratified lakes, Limnet-
ica, 25, 453-478, 2006.

Campbell, P.: Descriptive limnology of Lake 120, a meromictic lake
on the Precambrian Shield in northwestern Ontario, University of
Manitoba, 1977.

Church, T., Tillotson, M., and Wendler, L.: Itasca Biological Station
Student Report 1830: Survey of the meromictic Demming Lake,
Summer 1989, University of Minnesota, 27 pp., 1989.

Craig, A. H., Wharton, R. A., Mckay, C. P., Science, S., Series, N.,
and Jan, N.: Oxygen Supersaturation in Ice-Covered Antarctic
Lakes: Biological Versus Physical Contributions, Science, 255,
318-321, 1992.

Cuthbert, I. D. and del Giorgio, P.: Toward a standard method of
measuring color in freshwater, Limnol. Oceanogr., 37, 1319—
1326, https://doi.org/10.4319/10.1992.37.6.1319, 1992.

Degens, E. T. and Stoffers, P.: Stratified waters as a key to the past,
Nature, 263, 22-27, https://doi.org/10.1038/263022a0, 1976.
Engel, L. and Magner, J.: Estimating the direction of lake
hydraulic residence in Minnesota’s sentinel lakes: im-
plications for management, Int. J. Hydrol., 3, 362-367,

https://doi.org/10.15406/ijh.2019.03.00201, 2019.

Engstrom, G., Dahl, B., Nelson, D., and Netko, D.: Itasca Biologi-
cal Station Student Report 777: An ecological study of Deming
Lake, University of Minnesota, 39 pp., 1974.

Evans, J. and Bjerklie, D.: Itasca Biological Station Student Report
842: Some limnological investigations of Arco Lake, Itasca State
Park, Minnesota, University of Minnesota, 40 pp., 1975.

Ficker, H., Luger, M., and Gassner, H.: From dimictic to monomic-
tic: Empirical evidence of thermal regime transitions in three
deep alpine lakes in Austria induced by climate change, Fresh-
water Biol., 62, 1335-1345, https://doi.org/10.1111/fwb.12946,
2017.

Frane, M. A. and Walberg, T. J.: Itasca Biological Station Student
Report 2260: Arco and Demming: Two Worlds Divided, Dem-
ming: When the Levee Breaks, https://www.lib.umn.edu/spaces/
itasca (last access: 21 December 2021), 1997.

Gage, M. A. and Gorham, E.: Alkaline phosphatase activity and
cellular phosphorus as an index of the phosphorus status of phy-
toplankton in Minnesota lakes, Freshwater Biol., 15, 227-233,
https://doi.org/10.1111/j.1365-2427.1985.tb00195.x, 1985.

Hakala, A.: Meromixis as a part of lake evolution — observations
and a revised classification of true meromictic lakes in Finland,
Boreal Environ. Res., 9, 37-53, 2004.

Hall, K. and Northcote, T.: Meromictic Lakes, in: Encyclopedia of
Lakes and Reservoirs, edited by: Bengtsson, L., Herschy, R., and
Fairbridge, R., 519-524, 2012.

Harren, S., Kartak, J., Knight, J., and Lehman, J.: The effects of
fish presence and mixing patterns on water clarity in lakes: Arco,
Deming, and Itasca, Field Ecology, University of Minnesota,
Itasca Biological Station and Laboratories, 17 pp., 2011.

Hongve, D.: Long-term Variation in the Stability of the Meromictic
Lake Nordbytjernet Caused by Groundwater Fluctuations, Nord.
Hydrol., 30, 21-38, 1999.

https://doi.org/10.5194/bg-21-1549-2024


https://doi.org/10.1029/2006RG000210
https://doi.org/10.1007/978-3-319-49143-1_2
https://doi.org/10.1007/978-3-319-39961-4
https://doi.org/10.1007/978-3-319-39961-4
https://doi.org/10.4319/lo.1992.37.6.1319
https://doi.org/10.1038/263022a0
https://doi.org/10.15406/ijh.2019.03.00201
https://doi.org/10.1111/fwb.12946
https://www.lib.umn.edu/spaces/itasca
https://www.lib.umn.edu/spaces/itasca
https://doi.org/10.1111/j.1365-2427.1985.tb00195.x

E. D. Swanner et al.: Thermal stratification and meromixis in four dilute temperate zone lakes 1561

Hongve, D.: Seasonal Mixing and Genesis of Endogenic Meromixis
in Small Lakes in Southeast Norway, Hydrol. Res., 33, 189-206,
2002.

Hooper, F. F.: Limnological Features of a Minnesota Seepage Lake,
Am. Midl. Nat., 46, 462-481, https://doi.org/10.2307/2421989,
1951.

Houser, J. N.: Water color affects the stratification, surface
temperature, heat content, and mean epilimnetic irradiance
of small lakes, Can. J. Fish. Aquat. Sci., 63, 2447-2455,
https://doi.org/10.1139/F06-131, 2006.

Imberger, J. and Patterson, J. C.: Physical Limnology, in: Advances
in Applied Mechanics, Vol. 27, edited by: Hutchinson, J. W.
and Wu, T. Y., Elsevier, 303—475, https://doi.org/10.1016/S0065-
2156(08)70199-6, 1989.

Jellison, R. and Melack, J. M.: Meromixis in hyper-
saline Mono Lake, California. 1. Stratification and ver-
tical mixing during the onset, persistence, and break-
down of meromixis, Limnol. Oceanogr., 38, 1008-1019,
https://doi.org/10.4319/10.1993.38.5.1008, 1993.

Jennings, C. E. and Johnson, M. D.: The Quaternary of Minnesota,
in: Quaternary Glaciations Extent and Chronology, Part IV — a
closer look, edited by: Ehlers, J., Gibbard, P. L., and Hughes, P.
D., https://doi.org/10.1016/B978-0-444-53447-7.00038-6, 2011.

Jenny, J.-P., Francus, P., Normandeau, A., Lapointe, F., Perga, M.-
E., Ojala, A., Schimmelmann, A., and Zolitschka, B.: Global
spread of hypoxia in freshwater ecosystems during the last three
centuries is caused by rising local human pressure, Glob. Change
Biol., 22, 1481-1489, https://doi.org/10.1111/gcb.13193, 2016.

Katsev, S., Crowe, S. A., Mucci, A., Sundby, B., Nomosatryo, S.,
Haftner, G. D., and Fowle, D. A.: Mixing and its effects on
biogeochemistry in persistently stratified, deep, tropical Lake
Matano, Indonesia, Limnol. Oceanogr., 55, 763-776, 2010.

Klausmeier, C. A. and Litchman, E.: Algal games: The
vertical distribution of phytoplankton in poorly mixed
water columns, Limnol. Oceanogr., 46, 1998-2007,
https://doi.org/10.4319/10.2001.46.8.1998, 2001.

Knoll, L. B. and Cotner, J. B.: University of Minnesota Itasca Bio-
logical Station and Laboratories: Over 100 Years of Field-based
Education and Research, Limnol. Oceanogr. Bull., 27, 42-44,
2018.

Koretsky, C. M., MacLeod, A., Sibert, R. J., and Snyder, C.: Redox
Stratification and Salinization of Three Kettle Lakes in South-
west Michigan, USA, Water Air Soil Poll., 223, 1415-1427,
https://doi.org/10.1007/s11270-011-0954-y, 2012.

Krabbenhoft, D. P.,, Bowser, C. J., Kendall, C., and Gat, J.
R.: Use of Oxygen-18 and Deuterium To Assess the Hy-
drology of Groundwater-Lake Systems, in: Environmental
Chemistry of Lakes and Reservoirs, edited by: Baker, L.
A., American Chemical Society, Washington, D.C., 67-90,
https://doi.org/10.1021/ba-1994-0237.ch003, 1994.

Kratz, T. K., Webster, K. E., Bowser, C. J., Magnuson, J. J.,
and Benson, B. J.: The influence of landscape position on
lakes in northern Wisconsin, Freshwater Biol., 37, 209-217,
https://doi.org/10.1046/j.1365-2427.1997.00149.x, 1997.

Lambrecht, N., Katsev, S., Wittkop, C., Hall, S. J., Sheik,
C. S., Picard, A., Fakhraee, M., and Swanner, E. D.: Bio-
geochemical and physical controls on methane fluxes from
two meromictic ferruginous lakes, Geobiology, 18, 54-69,
https://doi.org/10.1111/gbi.12365, 2020.

https://doi.org/10.5194/bg-21-1549-2024

Lascu, I. and Plank, C.: A new dimension to sediment mag-
netism: Charting the spatial variability of magnetic proper-
ties across lake basins, Global Planet. Change, 110, 340-349,
https://doi.org/10.1016/j.gloplacha.2013.03.013, 2013.

Lascu, I., McLauchlan, K. K., Myrbo, A., Leavitt, P. R., and
Banerjee, S. K.: Sediment-magnetic evidence for last millen-
nium drought conditions at the prairie—forest ecotone of north-
ern United States, Palaeogeogr. Palaeocl., 337-338, 99-107,
https://doi.org/10.1016/j.palaeo.2012.04.001, 2012.

Ledesma, G., Islam, R., and Swanner, E. D.: Evaluation of preser-
vation protocols for oxygen-sensitive minerals within laminated
aquatic sediments, Limnol. Oceanogr.-Meth., 21, 127-140, 2023.

Ludlam, S. D. and Duval, B.: Natural and management-
induced reduction in monimolimnetic volume and stability in
a Coastal, Meromictic Lake, Lake Reserv. Manage., 17, 71-81,
https://doi.org/10.1080/07438140109353975, 2001.

McCarthy, F. M. G., Patterson, T., Head, M. J., Riddick, N. L.,
Cumming, B. F., Hamilton, P. B., Pisaric, M. F. J., Gushu-
lak, C., Leavitt, P. R., Lafond, K. M., Llew-Williams, B., Mar-
shall, M., Heyde, A., Pilkington, P. M., Moraal, J., Boyce, J.
I., Nasser, N. A., Walsh, C., Garvie, M., Roberts, S., Rose,
N. L., Cundy, A. B., Gaca, P,, Milton, A., Hajdas, 1., Crann,
C. A., Boom, A., Finkelstein, S. A., and McAndrews, J. H.:
The varved succession of Crawford Lake, Milton, Ontario,
Canada as a candidate Global boundary Stratotype Section and
Point for the Anthropocene series, Anthr. Rev., 10, 146-176,
https://doi.org/10.1177/20530196221149281, 2023.

McLauchlan, K. K., Myrbo, A., Lascu, 1., and Leavitt, P. R.: Vari-
able ecosystem response to climate change during the Holocene
in northern Minnesota, USA, Geol. Soc. Am. Bull., 125, 445-
452, https://doi.org/10.1130/B30737.1, 2013.

Megard, R. O., Bradbury, J. P, and Dean, W. E.: Climatic and lim-
nologic setting of Elk Lake, in: Elk Lake, Minnesota: Evidence
for Rapid Climate Change in the North-Central United States,
edited by: Bradbury, J. P. and Dean, W. E., The Geological Soci-
ety of America, https://doi.org/10.1130/SPE276-p19, 1993.

Merildinen, J.: On the limnology of the meromictic Lake Valkia-
jérvi, in the Finnish Lake District, Ann. Bot. Fenn., 7, 29-51,
1970.

Lake Ice Out Dates: https://www.dnr.state.mn.us/ice_out/index.
html, last access: 25 August 2022.

Minnesota Department of Natural Resources: Minnesota Spring
Inventory, https://www.dnr.state.mn.us/waters/groundwater_
section/springs/msi.html (last access: 4 October 2022), 2022.

National Integrated Drought Information System: National Oceano-
graphic and Atmospheric Administration, https://www.drought.
gov/, last access: 15 October 2022.

Niirnberg, G. K.: Quantifying anoxia in lakes, Limnol. Oceanogr.,
40, 1100-1111, https://doi.org/10.4319/10.1995.40.6.1100,
1995.

O’Sullivan, P. E.: Annually-laminated lake sediments and the study
of Quaternary environmental changes — a review, Quaternary Sci.
Rev., 1, 245-313, https://doi.org/10.1016/0277-3791(83)90008-
2,1983.

Pace, M. L. and Cole, J. J.: Synchronous variation of dissolved or-
ganic carbon and color in lakes, Limnol. Oceanogr., 47, 333-342,
https://doi.org/10.4319/10.2002.47.2.0333, 2002.

Reiter, C., Schmitz, J., and Helfman, S.: Itasca Biological Station
Student Report 2318: A limnological study of Deming Lake,

Biogeosciences, 21, 1549-1562, 2024


https://doi.org/10.2307/2421989
https://doi.org/10.1139/F06-131
https://doi.org/10.1016/S0065-2156(08)70199-6
https://doi.org/10.1016/S0065-2156(08)70199-6
https://doi.org/10.4319/lo.1993.38.5.1008
https://doi.org/10.1016/B978-0-444-53447-7.00038-6
https://doi.org/10.1111/gcb.13193
https://doi.org/10.4319/lo.2001.46.8.1998
https://doi.org/10.1007/s11270-011-0954-y
https://doi.org/10.1021/ba-1994-0237.ch003
https://doi.org/10.1046/j.1365-2427.1997.00149.x
https://doi.org/10.1111/gbi.12365
https://doi.org/10.1016/j.gloplacha.2013.03.013
https://doi.org/10.1016/j.palaeo.2012.04.001
https://doi.org/10.1080/07438140109353975
https://doi.org/10.1177/20530196221149281
https://doi.org/10.1130/B30737.1
https://doi.org/10.1130/SPE276-p19
https://www.dnr.state.mn.us/ice_out/index.html
https://www.dnr.state.mn.us/ice_out/index.html
https://www.dnr.state.mn.us/waters/groundwater_section/springs/msi.html
https://www.dnr.state.mn.us/waters/groundwater_section/springs/msi.html
https://www.drought.gov/
https://www.drought.gov/
https://doi.org/10.4319/lo.1995.40.6.1100
https://doi.org/10.1016/0277-3791(83)90008-2
https://doi.org/10.1016/0277-3791(83)90008-2
https://doi.org/10.4319/lo.2002.47.2.0333

1562 E. D. Swanner et al.: Thermal stratification and meromixis in four dilute temperate zone lakes

University of Minnesota, https://www.lib.umn.edu/spaces/itasca
(last access: 21 December 2021), 1998.

Rosenberry, D. O., Streigl, R. G., and Hudson, D. C.: Plants as indi-
cators of focused ground water discharge to a northern Minnesota
lake, Ground Water, 38, 296-303, 2000.

Stelling, J. M., Sebestyen, S. D., Griffiths, N. A., Mitchell, C.
P. J., and Green, M. B.: The stable isotopes of natural waters
at the Marcell Experimental Forest, Hydrol. Process., 35, 1-9,
https://doi.org/10.1002/hyp.14336, 2021.

Stewart, K. M., Walker, K. F., and Likens, G. E.: Meromictic Lakes,
in: Encyclopedia of Inland Waters, edited by: Likens, G., Aca-
demic Press, Oxford, 589-602, https://doi.org/10.1016/B978-
012370626-3.00027-2, 2009.

Swanner, E. D.: Thermal stratification
in four dilute temperate zone lakes, Zenodo
https://doi.org/10.5281/zenodo.10680925, 2024.

Swanner, E. D., Lambrecht, N., Wittkop, C., Harding, C., Katsev,
S., Torgeson, J., and Poulton, S. W.: The biogeochemistry of fer-
ruginous lakes and past ferruginous oceans, Earth-Sci. Rev., 211,
103430, https://doi.org/10.1016/j.earscirev.2020.103430, 2020.

Swanner, E. D., Lascu, I, Harding, C., Ledesma, G. M.,
Leung, T., and Akam, S. A.: Water properties of Arco
Lake, Budd Lake, Deming Lake, and Josephine Lake in
Itasca State Park from 2006-2009 and 2019-2023, v.4,
EDI Data Portal [data set], https://doi.org/10.6073/pasta/
eb8757dedf22ce40e79ca410c2ab9a34, 2023.

Walker, K. F.: The stability of meromictic lakes in cen-
tral ~ Washington, Limnol. Oceanogr., 19, 209-222,
https://doi.org/10.4319/10.1974.19.2.0209, 1974.

and meromixis
[code],

Biogeosciences, 21, 1549-1562, 2024

Watershed Boundary Dataset: https://www.usgs.gov/
national-hydrography/watershed-boundary-dataset, last ac-
cess: 20 May 2022.

Wetzel, R. G.: Limnology: Lake and River Ecosystems, 3rd Edn.,
Academic Press, San Diego, 1006 pp., 2001.

Wilkinson, G. M., Cole, J. J., Pace, M. L., Johnson, R. A., and
Kleinhans, M. J.: Physical and biological contributions to met-
alimnetic oxygen maxima in lakes, Limnol. Oceanogr., 60, 242—
251, https://doi.org/10.1002/In0.10022, 2015.

Winslow, L. A., Read, J. S., Woolway, R., Brentrup, J. A., Leach,
T. H., Zwart, J. A., Albers, S., and Collinge, D.: rLakeAnalyzer,
https://github.com/GLEON/rLakeAnalyzer (last access: 21 De-
cember 2021), 2019.

Wright Jr., H. E.: History of the landscape in the Itasca region, in:
Elk Lake, Minnesota: Evidence for Rapid Climate Change in
the North-Central United States, edited by: Bradbury, J. P. and
Dean, W. E., United States Geological Survey, Boulder, CO, 7-
17, 1993.

Zadereev, E. S., Boehrer, B., and Gulati, R. D.: Introduction:
Meromictic Lakes, Their Terminology and Geographic Distri-
bution, in: Ecology of Meromictic Lakes, edited by: Gulati, R.
D., Zadereev, E. S., and Degermendzhi, A. G., Springer Inter-
national Publishing, Cham, 1-11, https://doi.org/10.1007/978-3-
319-49143-1_1, 2017.

https://doi.org/10.5194/bg-21-1549-2024


https://www.lib.umn.edu/spaces/itasca
https://doi.org/10.1002/hyp.14336
https://doi.org/10.1016/B978-012370626-3.00027-2
https://doi.org/10.1016/B978-012370626-3.00027-2
https://doi.org/10.5281/zenodo.10680925
https://doi.org/10.1016/j.earscirev.2020.103430
https://doi.org/10.6073/pasta/eb8757dedf22ce40e79ca410c2ab9a34
https://doi.org/10.6073/pasta/eb8757dedf22ce40e79ca410c2ab9a34
https://doi.org/10.4319/lo.1974.19.2.0209
https://www.usgs.gov/national-hydrography/watershed-boundary-dataset
https://www.usgs.gov/national-hydrography/watershed-boundary-dataset
https://doi.org/10.1002/lno.10022
https://github.com/GLEON/rLakeAnalyzer
https://doi.org/10.1007/978-3-319-49143-1_1
https://doi.org/10.1007/978-3-319-49143-1_1

	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Morphometry and mixing status
	Chemical characteristics and water sources
	Biological characteristics

	Conclusions
	Code availability
	Data availability
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

