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Abstract

Hypoxia is common to shallow ice-covered lakes during the winter season, and restorative

actions to prevent impacts to aquatic ecosystems are desired yet untested in remote set-

tings. The use of a solar photovoltaic circulator was investigated for reoxygenation in a shal-

low hypoxic lake in the northern Rocky Mountains. During the fall of 2019, a solar powered

lake circulator (SolarBee SB10000LH; hereinafter circulator) was installed near the center

of Upper Red Rock Lake, Montana USA (latitude 44˚ 36’N) and dissolved oxygen (DO), tem-

perature, turbidity, and changes to ice formation were monitored until ice-out the following

spring of 2020 using an array of real-time and data logging sondes. Observations indicate

the circulator formed a polynya that lasted until late November, did not increase lake turbid-

ity, and facilitated oxygen exchange through the circulator-created-polynya for at least 3

weeks after an adjacent lake became ice covered. Thereafter, operation of the solar circula-

tor failed from accumulation of snow and ice on the solar panels such that the lake froze

completely over during a period of low light in December. From that point on throughout the

winter, DO subsequently declined from supersaturation to hypoxia over a 41-day period and

remained that way for nearly four months until ice-out in April. Based on this outcome, addi-

tional work is required to improve the solar-powered circulator design before attempting

comparable applications elsewhere as a means of reducing the severity of hypoxia in shal-

low-lake systems during winter.

Introduction

Dissolved oxygen (DO), or the measure of free oxygen in water, is critical to supporting life in

aquatic ecosystems [1]. Poorly oxygenated conditions have been documented in shallow ice-

covered boreal and temperate lakes worldwide [2–4]. Characterized by DO concentrations <2

mgO2/L, the onset of winter hypoxia typically begins with the physical separation of lake water

from the atmosphere, which eliminates transfer of DO [5]. Surface ice and snow act as a barrier

that limits air-water exchange [6] thereby reducing large scale convective and wind induced

circulation within the water column [7]. Opaque surface ice and/or snow can also reduce light

PLOS Water | https://doi.org/10.1371/journal.pwat.0000012 April 21, 2022 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Flynn KF, Cutting KA, Jaeger ME, Warren

JM, Johnson T, Kron D, et al. (2022) Solar

circulator to restore dissolved oxygen in a hypoxic

ice-covered lake. PLOS Water 1(4): e0000012.

https://doi.org/10.1371/journal.pwat.0000012

Editor: Sher Muhammad, ICIMOD: International

Centre for Integrated Mountain Development,

NEPAL

Received: August 27, 2021

Accepted: December 16, 2021

Published: April 21, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pwat.0000012

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: The final dataset are

available on Dryad: https://doi.org/10.5061/dryad.

m37pvmd4j.

https://orcid.org/0000-0002-8617-7282
https://orcid.org/0000-0003-0177-0464
https://orcid.org/0000-0002-7507-2821
https://doi.org/10.1371/journal.pwat.0000012
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pwat.0000012&domain=pdf&date_stamp=2022-04-21
https://doi.org/10.1371/journal.pwat.0000012
https://doi.org/10.1371/journal.pwat.0000012
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://doi.org/10.5061/dryad.m37pvmd4j
https://doi.org/10.5061/dryad.m37pvmd4j


penetration and photosynthetic production of oxygen by macrophytes and algae [8]. At the

same time, bacterial respiration, and decomposition of organic material in the bottom sedi-

ments and suspended sediment particles in the water column continue to consume DO [9]. If

the duration of ice cover lasts several months, oxygen levels continue to decrease until either

hypoxia or anoxia is reached [10]. The period of low oxygen oftentimes lasts until near the

break-up of lake ice during the spring [10], when oxygen exchange can resume with the

atmosphere.

Lake depth is a major factor that determines if a lake becomes hypoxic during winter. In

contrast to deep lakes, shallow lakes commonly undergo winter hypoxia, are commonly eutro-

phic, have high hydraulic residence times [11], exhibit high surface area to lake volume ratios

[12], and suffer from high winter oxygen depletion rates [10, 12–14]. Additionally, the dura-

tion and spatial extent of hypoxia depends on the oxygen storage capacity of the lake prior to

ice formation, and duration of ice cover [10, 14]. Factors that increase the probability of hyp-

oxia include indirect effects of air temperature on the duration of ice-cover, snow accumula-

tion changes on light penetration and associated photosynthetic activity by macrophytes and

algae [3, 15, 16], percentage of lake volume converted to ice [17], and limited inflow or outflow

exchange of water [17].

Hypoxia during winter can result in large die-offs of aquatic organisms including fish that

affects species abundance, persistence, and composition [2, 17–22]. Winter is therefore consid-

ered a limiting time for many aquatic organisms in lake systems [23, 24]. Shallow lake systems

with prolonged ice cover are particularly vulnerable to winterkill [25]. Decomposition and

microbial processes in the benthic layer can cause long-term changes in composition of

macrobenthos [26], trigger the release of potent greenhouse gases (e.g., methane and nitrous

oxide; [27, 28]) or toxic levels of arsenic [29], and/or can cause changes to nutrient dynamic

processes (e.g., internal regeneration or changes to nutrient cycling processes [30, 31]). Delete-

rious effects of winter hypoxia are therefore widespread and well-characterized, making the

analysis of winterkill conditions and associated environmental management of such ecosys-

tems a topic of high societal and conservation interest.

Many strategies have been considered to remediate hypoxia and avert large-scale winterkill

of aquatic organisms [9, 10, 32–34]. Proposed restoration activities that can reverse the nega-

tive impacts of hypoxia within a winter include artificial aeration to add dissolved oxygen,

snow clearing to promote in-lake photosynthesis, lake level adjustment or depth augmenta-

tion, macrophyte control which limits decomposition, and circulation enhancement (Table 1).

Nearly all these approaches attempt to delay the winter oxygen depletion rate (hereafter;

WODR) or enhance oxygen exchange with the atmosphere during the ice-on period [35].

Table 1. Literature methods used to improve winter oxygen conditions in winterkill prone lakes.

Technology Type Methods

Artificial aeration Compressed air injection (bubblers); mechanical surface splashers/sprayers; pump-and-

baffle (cascade) aeration

Physical treatments Snow removal; carbon application; snow fencing; submerged aquatic vegetation

treatments; ground source heat pumping; molecular O2 addition; ice removal/cutting holes

in ice; pumping water onto the ice; fish population manipulation

Lake level adjustment Dredging; dam construction; increase flow

Circulation

enhancement

Inflow augmentation; pumped destratification

Source(s): [32–34, 39–41].

https://doi.org/10.1371/journal.pwat.0000012.t001
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Several restorative methods tend to create an area of open water, defined as a ‘polynya’, to

maintain oxygen exchange during the winter months between the atmosphere and water col-

umn. Oxygen transfer through the polynya occurs through surface turbulence, convective

flow, and/or the displacement of warmer hypolimnetic water which creates upwelling [36, 37].

Artificial aeration has been the most widely used restorative action [33], which typically

involves injection of air under the ice, aeration of a pumped water stream, surface splashers, or

molecular oxygen addition [37–40]. Such efforts provide guidance for conventional artificial

aeration applications to hypoxic water bodies during winter.

A crucial decision in selecting an aeration approach for ecological restoration is whether

electrical power can be supplied to the site [42]. Remote geographic locations may not have

access to the electrical power grid which limits the type of mechanical aeration as a means of

reducing hypoxia. Ashley [40] describe pros and cons of off-grid power sources used in British

Columbia for artificial aeration including: (1) generators, (2) wind power, and (3) photovoltaic

(PV) systems (i.e., solar). In review, internal combustion-powered equipment (e.g., compres-

sors or generators) are not appropriate for unattended operation in remote locations due to

excessive noise pollution, emissions, refueling, and maintenance [42, 43]. Similarly, windmill

aerators, while proven effective in small lakes [33, 44], require considerable up-front cost, a

consistent wind source, and constant maintenance to avoid mechanical breakdowns of wind

powered compressors or moving parts [33]. As a result, solar-powered circulation systems

have been considered due to technological advancements in solar panels and battery storage

[40, 45–47].

The use of solar-powered circulation to reduce hypoxia in lake-systems is particularly

attractive due to relatively low initial costs, minimal operation and maintenance cost, low

mechanical complexity, and limited carbon footprint. Ward et al. [45] document a solar circu-

lator application in Menzies Lake, BC using a 375-watt solar panel and battery storage. That

application opened a polynya 6 m across after 10 days of operation at a time when there was

0.6 m of ice depth. In a separate trial, a direct drive PV pump mounted on a raft and tested in

Kilpoola Lake, BC ran for seven months through the winter without maintenance [47]. No

other studies on solar-powered circulators in ice-covered lakes, or its effectiveness on promot-

ing oxygen exchange, exist in the literature. The purpose of the current study is to document

the application of a solar-powered circulator in a remote shallow lake during the winter season

as a means of minimizing the duration and spatial extent of hypoxia within a lake system that

routinely turns hypoxic for several months during winter. We test the hypothesis that the

solar-powered circulator will lead to the formation and maintenance of a polynya, enhance

DO exchange near the circulator, and result in a shorter ice-covered period, ultimately reduc-

ing the duration of under-ice hypoxia. The current study characterizes for the first time the

utility of solar-powered circulation on the spatial and temporal patterns of DO during the win-

ter season in a shallow ice-covered lake system located in a high-elevation and remote

landscape.

Materials and methods

Study area

Our study focused on Upper Red Rock Lake (URRL), Montana USA (Fig 1), which is a shal-

low, high-elevation lake dominated by macrophytes with high potential for winterkill [48].

URRL is in a shallow postglacial wetland depression located at Red Rock Lakes National Wild-

life Refuge on the western side of the Greater Yellowstone Ecosystem (GYE) [49]. URRL con-

tains endemic Montana Arctic Grayling (Thymallus arcticus), which a glacial-relict population

believed to be one of the few remaining viable native adfluvial (lake-dwelling) grayling
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populations south of Canada and Alaska [50, 51]. The population is genetically distinct from

other Montana grayling, has undergone significant range contractions, and has recently expe-

rienced a decline in both abundance and distribution [51, 52]. Given their adfluvial life history,

the population resides in URRL for much of the year, except in the spring when they ascend

stream tributaries to spawn [48, 53]. Prior investigators [48, 50, 53] have documented ice-cov-

ered hypoxic and anoxic conditions in URRL, noting wintertime lake conditions are believed

to limit the spawning population the subsequent spring [52]. Spawning migration in grayling

is largely controlled by water temperature [54]. In this regard, the cooling of water from the

polynya could possibly delay migration to spawning areas.

URRL is a high elevation (2,080 m) lake with a surface area of 893 ha, maximum depth of 2

m during the ice-free season, and total water volume of 0.0128 km3 [50, 55]. Like many high-

latitude high-elevation lakes, URRL experiences long winters with ice-cover extending from

November to April [50, 53]. Shallow water depths, appreciable snow and ice cover, enriched

organic sediments, and abundant rooted macrophytes (Potamogeton spp.) contribute to

declining DO levels leading to hypoxia during winter. Based on lake morphology (Table 2),

winter hydraulic residence time (calculated at 143 days) is estimated to be approximately the

same as the duration of ice-cover (165 days), with a sediment surface area to lake volume ratio

of 0.93, signifying extremely high WODR [12] (S1 Table). Due to appreciable winds and lack

of stratification, URRL is believed to be polymictic and should be fully aerated at the time of

ice cover. URRL is a designated wetland Wilderness area and is part of the largest wetland

complex in the GYE [56]. Permission was obtained from Red Rock Lakes National Wildlife

Fig 1. Upper Red Rock Lake. (a) Lake bathymetry and monitoring array configuration (solid gray circle with triangles represent

location of solar circulator and real time data sonde, while solid black dots show locations of data sondes; bathymetry redrawn from

Davis et al. 2019 with data from Esri Data & Maps. USA State Boundaries. 2021. Available online: https://www.arcgis.com/home/item.

html?id=540003aa59b047d7a1f465f7b1df1950 (accessed on 15 May 2021). (b) Vertical configuration of MiniDOT oxygen loggers under

the ice.

https://doi.org/10.1371/journal.pwat.0000012.g001
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Refuge to access the study site and a scientific collector permit was not required for this study

since only abiotic parameters were measured and all installed instrumentation was temporary.

Solar circulator

On 26 September, 2019, a SolarBee SB10000LH [58] PV lake circulator (Fig 2) was installed

near the west-central portion of URRL for operation during the winter season. The SolarBee is

an updraft, low head, high volume axial pump, designed to circulate large volumes of water

(up to 0.631 m3/s) upward through a draft tube and then laterally, distributing oxygenated

water outward using an impeller and distributor dish. A single SolarBee is reported to be able

aerate a small ice-free 10-ha area [58] and is powered by three mono-crystalline 90 watt (W)

photovoltaic modules totaling 270 W that do not require direct sunlight with battery storage

for up to 24-hour operation during low light conditions [59, 60]. Electronic logs attached to a

SB10000LH unit indicate they run continuously throughout the year at 98% full speed in

northern latitudes (personal communication, J. Bleth Medora Corporation, April 9, 2019).

During periods of prolonged inclement weather, oiled freeze sleeves on the impeller shaft

Table 2. Morphometric and environmental characteristics of Upper Red Rock Lake, Montana, USA.

Attribute Quantity Source

Surface Area 893 ha [49]

Volume 0.0128 km3 [49]

Depth (mean | max) 1.4 m | 2 m [49]

Inflows (winter conditions)

Red Rock Creek 0.572 m3/s [57]

Tom Creek 0.047 m3/s

Elk Springs Creek 0.278 m3/s

Shambow Creek 0.058 m3/s

Grayling Creek 0.079 m3/s

Hydraulic Residence Time 143 [57]

Elevation 2,080 m AMSL [47]

https://doi.org/10.1371/journal.pwat.0000012.t002

Fig 2. SolarBee circulator [58]. (a) 3D drawing of the floats and draft tube. (b) Diagram illustrating how the SolarBee mixer circulates

large volumes of water upward through a draft tube then laterally distributing oxygenated water using an impeller and distributor dish

(figure modified from manufacture website).

https://doi.org/10.1371/journal.pwat.0000012.g002
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allow the shaft to turn freely inside the sleeve if ice forms over the lake or waterbody in which

the unit is installed.

The SolarBee is designed for remote settings as it requires only sunlight for power genera-

tion (a renewable energy source), has no emissions, requires no ground disturbance, produces

minimal sound, and generates electricity with no moving parts and little maintenance [58].

Lastly, it was ideal for shallow depth application as the machine’s intake (draft tube) can be set

to mix only the top 1 m of water without disturbing the bottom 1 m, which minimizes sedi-

ment resuspension, especially critical for our study site. Finally, no published studies docu-

ment SolarBee application under severe winter conditions.

Lake monitoring

To assess the duration and effectiveness of the PV circulator’s influence on winter conditions,

DO, water temperature, and turbidity measurements were made continuously in the vicinity

of the circulator. A NexSens CB-50 data buoy with an iridium satellite telemetry option,

equipped with YSI EXO2 datasonde was tethered to one of the floats on the circulator (latitude

44˚ 36’ 43.488” N, longitude 111˚ 43’ 41.412” W). The sonde was positioned at a depth of 0.89

m (total depth of water column is 1.59 m so it was located at 56% of the total depth) and mea-

sured the following attributes at two-hour intervals beginning on 25 October, 2019: tempera-

ture (˚C), dissolved oxygen (mg/L and % saturation), pH (S.U.), specific conductivity (μS/cm),

and turbidity (NTU). Real-time observations from the sonde were uploaded via satellite trans-

mission using WQData LIVE. To measure the spatial extent of the affected area caused by the

solar circulator, two transects of Precision Measurement Engineering miniDOT dataloggers

were installed once the ice was safe enough to walk on 19 December, 2019. Holes were augured

in the ice with a hand auger (10 cm diameter). Dataloggers were spaced radially from the PV

circulator at the following distances in the south and east directions (Fig 1a and S2 Table): (1)

250 m, (2) 500 m, (3) 750 m, and (4) 1000 m based on observed gradients and oxygen isopleths

from [37]. Loggers were vertically deployed at 1/3 and 2/3 the overall depth of the water col-

umn (Fig 1b, S2 Table). Individual miniDOT loggers were set to log at an interval of every 10

minutes with an accuracy of ±0.3 mg L−1 and ±0.10˚C [61]. Air temperature data was obtained

from a nearby weather station, Red Rock RAWS RRDM8 near Lakeview (latitude 44˚ 40’ 59”

N, longitude 111˚ 49’ 59” W), located 12 km northwest and 22 m above the lake elevation [62].

Statistical analyses

Data were analyzed using statistical and graphical procedures in R [63], including rLakeAnaly-

zer [64] and gStat [65]. Inverse distance weighting (IDW) procedures for spatial data analysis

employed a pixel size of 10 m. While certain authors choose to analyze time-series in both the

time and frequency domain, i.e., to better understand time scales and processes responsible for

response variables; [66, 67], we elected to use simplistic methods since our objective was to

document solar circulator winter performance relative to the temporal and spatial patterns of

DO under the ice.

Results

Surface conditions of URRL were visually observed approximately monthly and followed the

seasonal progression shown in Fig 3. Beginning with ice-free conditions in October, the lake

progressed into consolidated ice by 28 October, with an ~25 m diameter polynya on 7 Novem-

ber. Following this cold period in late-October/early-November, the polynya increased to ~65

m diameter on 25 November. The polynya remained ice-free until at least 25 November, indi-

cating the polynya was ice-free for 30–40 days longer than the other parts of the lake. After this
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Fig 3. Photo series of SolarBee installation during the transition from fall-to-winter of 2019 to 2020. (a) 26 September, 2019 –open water

deployment. (b) 7 November, 2020 –Circulator operational and ~ 25m polynya present. (c) 25 November, 2020 –Circulator operational and ~65m

polynya present. (d) 19 December, 2020 –unit frozen into the ice but still operational. (e) 21, January, 2020 –Circulator is non-functional and buried

in snow such that solar panels are barely visible.

https://doi.org/10.1371/journal.pwat.0000012.g003
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date, the polynya froze, and became heavily snow-covered by 19 December. The solar circula-

tor was still in operation on 19 December.

DO concentrations prior to ice-on (i.e., late-October), were 10.5 mgO2/L (~100% of satura-

tion), water temperature of 2–3˚C, with a turbidity of 250 NTU (Fig 4). Water temperature at

the YSI sonde was 0˚C on 27 October, 2019 and warmed slowly thereafter to 4˚C, an indicator

of ice-covered conditions whereby heat flux from the lakebed rewarms the water column [38,

68]. Air temperature during this time was generally below freezing and visual observations

suggest several cycles of freezing and reopening prior to complete ice establishment.

Over the next 3 weeks, a polynya was present at the solar circulator that resulted in water/

atmospheric oxygen exchange. The polynya then fully iced over sometime in late-November

to early-December and the circulator eventually became non-operational sometime between

December 20, 2019 and January 21, 2020 due to snow and ice cover on the solar panels. The

Fig 4. Meteorological, YSI EXO2 sonde, and miniDOT data recorded in URRL during the winter of 2019 through 2020. (a) Air temperature.

(b) Solar radiation. (c) Water temperature. (d) Dissolved oxygen (DO) and DO saturation as calculated by elevation and water temperature, and

(e) turbidity. Note: Real-time YSI sonde failure on 1/9/2020 denoted by the dashed vertical lined; data were substituted with the average of the

most proximal miniDOT loggers (i.e., 250 m away).

https://doi.org/10.1371/journal.pwat.0000012.g004
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real-time YSI datasonde buoy (also charged by solar panels) experienced a similar fate with the

last communication occurring on 09 January, 2020 11:00:00, approximately three weeks after

the continuous recording MiniDOT dataloggers were deployed.

DO initially increased in URRL after ice-on in late-October (Fig 4) going from saturation

(10.5 mgO2/L) to approximately 140% of saturation (>14 mgO2/L), presumably from macro-

phyte photosynthesis. We then observed a nearly linear decline over a 41-day period beginning

from 29 November, 2019 to 09 January, 2020 when the YSI sonde failed. During this time DO

dropped from 13.5 to 1.6 mg/L, which equates to a localized WODR of 0.21 gO2/m2/d (assum-

ing a depth of 1.4 m). Lake DO level declined further thereafter, nearly reaching anoxic condi-

tions (<0.1 mg/L) in late winter as will be discussed subsequently. At the same time

background turbidity levels fell to between 3 and 5 NTU due to cessation of large-scale turbu-

lent wind mixing in conjunction with under-ice particle settling.

MiniDOT array data provide an understanding of 2- and 3-dimensional lake processes, fill-

ing the temporal data gaps identified earlier. Two types of spatial gradients were noted in the

water column. In most cases, a vertical gradient in DO was noted. Concentrations at the top of

the lake were higher than the bottom during the initial ice cover (Fig 5). This was found to

occur until early-February when the entire array experienced near anoxic conditions that per-

sisted until mid-April. Unexpectedly, and in advance of ice breakup on 28 April, 2020, DO at

the bottom sonde rebounded two weeks sooner and was appreciably higher than the top sonde

DO suggesting a possible lakebed DO source.

The dynamic nature of the water column during the deployment period from 20 December,

2019 through 30 April, 2020 is documented for vertically nested dataloggers at 500 S (Fig 6),

indicating rapid winter depletion and then reoxygenation of water in the vicinity of the circu-

lator. It is important to note that the circulator did not turn back on during spring and mini-

DOT loggers observed a return to atmospheric saturation, reflecting complete mixing of the

shallow system coinciding with spring ice breakup during last week of April. Prior to ice-off

we note the possibility of an under-ice bloom for a brief period as DO was supersaturated, an

occurrence which has been reported by others [69].

A DO gradient was also observed extending outward from the solar circulator with the

highest oxygen concentrations occurring near the circulator, declining radially, and changing

rapidly through time (Fig 7). In this regard, we believe the circulator did enhance DO concen-

trations up to 1000 m away from the unit during a short transitional period between early to

late November when a polynya was present, and the lake was below oxygen saturation. The

oxygenated area closed quickly thereafter. Macrophyte photosynthesis then supersaturated the

water column until the ice become snow covered, the plants senesced, and DO depletion

became dominant. DO and temperature levels were surprisingly different in the southern and

eastern miniDOT arrays, indicating a lack of symmetry about the circulator likely due to lake

currents driven by the slope of the lakebed as under-ice water flowed towards the outlet of the

lake in the northwest corner. As anticipated, water temperature during ice-cover was consis-

tently warmer near the bottom than the top due to sediment heat flux which causes inverse

stratification since water is most dense at 4.0˚C (S1 Fig). Over the course of the winter, water

temperature ranged from approximately 2 to 4˚C prior to ice off in the last week of April, not-

ing changes in water temperature at the top position along the 1000-m transect largely mir-

rored the lower, albeit 2 to 3˚C cooler. Changes in water temperature along the 1000-m

transect at the bottom were warmer (~4.0˚C) along the east than south (3 to 3.5˚C) transect.

Weak inverse stratification was present near circulator as noted by difference (Δ) between the

bottom and top logger, relative to adjacent loggers which were more strongly stratified (S2

Fig), suggesting the circulator was indeed influencing under-ice water movements.
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Discussion

Vertical circulation of lakes has been proposed to increase dissolved oxygen for aquatic ecosys-

tem restoration; however, few studies have documented the efficacy of ultra-low head, large

flow PV circulation during winter months in remote settings. Ashley [40]) describes this tech-

nology at preventing winterkill of aquatic organisms in northern latitudes, and Ward et al.

[45] used a Wardun WD 20 Sunstirrer unit to create a 120 m2 polynya after 10 days of trial

operation during winter. The batteries in this unit however were soon depleted to between 1/3

to 1/2 full charge following a five-day snowstorm, resulting in a significant reduction in oxygen

exchange across the air-water interface [47]. Results from the current study suggest the solar

circulator in general, experience similar issues and may not be a feasible alternative for long-

term remote unattended operation throughout the winter season. For instance, daily incoming

global solar radiation on winter solstice in 2019 was 59 W/m2, which is slightly greater than

Fig 5. Dissolved oxygen data near the solar circulator recorded at the top (1/3 depth) and bottom (2/3 depth) of the

water column in the monitoring array. Distances (m) away from SolarBee are denoted in titles of figure panels for the

south (S) and east (E) transects (e.g., 250 S = 250 m south of the circulator). The diameter of the polynya on 25

November was 26% and 6.5% of the 250-m and 1000-m long spacing, respectively.

https://doi.org/10.1371/journal.pwat.0000012.g005
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the motor’s operating power requirement of 40 to 50W. However, during the time of polynya

closure in late-November to early-December, two- and five-day average incoming solar radia-

tion was just 19 W/m2 and 34 W/m2 (Fig 4). This demonstrates the energy dilemma for winter

circulation. While on clear-sky days there is enough watt-hours of energy to power the motor

during the day and nighttime and charge the batteries, the influence of multi-day cloudy,

inclement weather on power generation appears to be a limitation. A need exists for advanced

power generation or battery storage that can extend period of operation during inclement

weather, or when charging is not available (e.g., nighttime).

A supplemental generator in the form of a small wind microturbine [70], with enhanced

battery storage technology (e.g., lithium-iron-phosphate battery or ultra-low temperature bat-

tery technology), could potentially extend the operation of the solar circulator during the win-

ter months. URRL is often windy and although the wind would be insufficient on its own to

solely source wind power [57], it may be an excellent companion technology to solar-based

power circulation. Another issue is fouling of the solar panels. As noted in Figs 2 and 3, the

SolarBee solar panels are in close vertical proximity to the water/ice surface such that coverage

from wind drift of snow and ice is a problem at recharging the batteries. Future applications

could consider elevated panels, or panels that have wipers to prevent accumulation of blowing

or drifting snow.

A secondary consideration is whether the circulator decreased the duration of ice-cover,

which can shorten the oxygen-exchange time between the water and atmosphere. During our

study, the period of ice-cover lasted at approximately 183 days, extending from 27 October,

2019 to the last week of April, 2020. However, the lake did not fully freeze until at least late-

November at the circulator, even though the rest of the lake, and an adjacent lake, had become

iced over prior to that time. This suggests a localized decrease in ice-cover duration of approxi-

mately 30 to 40 days (i.e., ~20% of winter), and that the polynya surrounding the solar circula-

tor created an oxygenated area in the vicinity of the circulator (Fig 6).

Many researchers refer to ice-on and ice-off as an event that occurs over a single day [71,

72]. Recent high-frequency data suggests it is a longer process taking upwards of several days

to weeks [67, 72]. We confirmed multiple freeze and thaw episodes visually at URRL and note

Fig 6. Temporal changes in the vertical DO gradient in the water column 500 m south of solar circulator, December 20, 2019

through April 30, 2020. Interpolation assumes DO = 0 mg/L at the lakebed.

https://doi.org/10.1371/journal.pwat.0000012.g006
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that quantifying a statically based decrease in the period of ice-cover is difficult. The duration

of ice cover at URRL was reported to be 143 and 124 days during the winters of 2013–2014

and 2014–2015, respectively [48]. This is considerably shorter than was observed in 2019–2020

(i.e., 183 days). In this regard, the duration of ice cover surrounding the circulator, while

decreased by about 4 weeks, was still longer than in previous years and probably did not mean-

ingfully contribute to a reduction in lake ice cover or the number of days of hypoxia experi-

enced around the circulator.

Barica and Mathias [10] and Ellis and Stefan [9] indicate that winterkill lakes behave as

closed systems, such that the critical time to reach hypoxia is a function of the initial oxygen

storage at the time of freezing and the winter DO depletion rate caused by sediment and/or

biochemical oxygen demand. In the current study, DO in URRL was approximately 100% of

atmospheric saturation at the time of freezing (Fig 4). Furthermore, the water became super-

saturated from photosynthetic activity by macrophytes, which has been reported in other shal-

low productive systems [41]. Dynamic changes in DO brought about by under-ice biological

processes add complexity to the use of solar circulators.

Another under-ice consideration is suppression of the initial oxygen storage from sus-

pended organic particles and biochemical oxygen demand [73], which could have dramatic

Fig 7. Horizontal DO gradients in the vicinity of the solar circulator at one-week intervals after the closure of the polynya taken as the

average of the top and bottom miniDOTs at midnight. (a) December 21, 2019 (shortly after miniDOT deployment), (b) December 28, 2019, (c)

January 4, 2020, and (d) January 11, 2020.

https://doi.org/10.1371/journal.pwat.0000012.g007
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consequences on the ability to overwinter fish and may shorten the time to anoxia [10]. In this

case, URRL turbidity was high at the time of freezing in the fall; however, macrophyte photo-

synthetic oxygen production sufficiently overcame the oxygen sink from suspended particles

until the turbidity under the ice declined. Snow-clearing has been proposed as a potential rem-

edy to increase macrophyte production [32]. However, a practice such as this is challenging

especially in remote locations with considerable amounts of snowfall and wind drifting.

As noted in the current and previous studies [3, 5, 6], DO concentrations are heteroge-

neously distributed in the water column of ice-covered waterbodies and are often depth- and/

or location-dependent due to water inputs (i.e., tributaries), sediment-water interactions,

under-ice photosynthesis, or other waterbody-morphometric features. Even with artificial cir-

culation in URRL, DO gradients (Figs 6 and 7) and thermostratification (S1 Fig) were noted

both in vertical and horizontal directions around the circulator. The lack of horizontal symme-

try was particularly surprising, and it is unclear if this was related to ice-cover variability over

the entire lake, stream inflows, or some other spatial phenomenon (e.g., convective currents or

under ice seiche [74, 75]) that we were unable to ascertain given the available data. Possibly the

gradient could have been a transient remnant of localized DO at the circulator center that was

depleted over time due to horizontal diffusion and SOD.

In closed-basin and shallow-lake systems, the highest oxygen concentrations typically occur

directly under the ice and decline with depth [17, 48]. Prior investigators note in some

instances fish have been shown to avoid hypoxic conditions by either moving to the ice-water

interface, towards highly oxygenated stream inlets, or migrating entirely from the lake [48, 70].

As is the case of our study system, Arctic grayling select areas with deeper and more well-oxy-

genated waters along with congregating near stream tributaries [48, 50]. In this regard, under-

standing the contribution of dissolved oxygen sources reoxygenating the water column from

either macrophyte or plankton photosynthesis, tributary sources, or groundwater inflow

require further investigation [75].

Potential limitations and hazards of solar-circulation devices should be recognized. These

include whole lake cooling from increased exposure to the atmosphere [76], resuspension of

sediments due to mixing [39], increases in sediment oxygen demand rates [9, 33], and open

water conditions that create a hazard to winter lake recreation or wildlife [9]. It is believed neg-

ative outcomes such as these were largely minimized in our study based on evidence that only

a small polynya (~65 m in diameter) was present and for a limited duration during early winter

(limiting thermal loss), turbidity during the circulation period following ice cover as turbidity

was<5 NTU (sediment resuspension was not a concern), and the remote location of our

study site largely precluded hazards to recreationalists or wildlife.

Finally, it is important to recognize that prior experience with solar circulator technology in

shallow ice-covered lakes is limited. Solar circulators have been used in deeper lakes during

winter months [45, 47], or for reservoir mixing or destratification and aeration of effluents dis-

charged from wastewater treatment facilities during open water conditions [59]. Based on the

current study, we are of the opinion that applications in shallow lakes at similar latitudes and

extreme winter conditions for ecological restoration purposes will be of limited success with-

out additional technological development. Future research into renewable lake aeration tech-

nologies should be undertaken to address the abovementioned limitations before practitioners

can remedy hypoxic conditions during the winter using such technology.

Conclusion

We found the use of a solar circulator to be insufficient for maintaining an open water polynya

or for appreciably improving dissolved oxygen concentrations throughout the entire winter.
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We found the circulator may have improved DO conditions for upwards of 30–40 days during

the initial ice cover but then failed during the subsequent winter months during times of low

incident radiation. Despite the limitations of our results, solar-powered circulation methods

should not be discarded but rather necessitate additional research and development. A pri-

mary benefit of solar circulators is that they only require sunlight as a power supply, there are

no direct fossil fuel emissions, and they can generate electricity with no moving parts and little

maintenance. However, the use of solar mixers at restoring under-ice hypoxia thereby improv-

ing conditions for aquatic organisms (e.g., fish) is limited at this time. Additional research

should be pursued to better understand the benefits and limitations in hostile environments

where species of high conservation concern reside.
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