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810 Whatcoat St., Oxford, Georgia, 30054 

Corresponding author: Melissa.hage@emory.edu 
 

Abstract 
Harmful algal blooms (HABs) have been increasing over the last 50 years due to 
anthropogenic nutrient enrichment and increasing temperatures. One HAB control 
method is the use of solar-powered mixers. In this study we investigated the timing of 
thermal stratification, depth of the thermocline and oxycline, and dispersion of nutrients 
within the water column by comparing two reservoirs in Georgia, U.S.A. over a three-year 
period – Lake Varner (LV), which utilizes mixers, and Hard Labor Creek Reservoir 
(HLCR), which does not. Our data show that the onset of thermal stratification is within 
± 2 days and appears at the same depth within both reservoirs.  The timing of fall turnover 
consistently occurred one month earlier in LV than in HLCR. Both reservoirs had similar 
oxygen profiles during stratification, but in LV, dissolved oxygen levels increased more 
quickly in autumn compared to HLCR in all years. Both reservoirs had similar nutrient 
concentrations throughout the years and water column. These findings suggest the 
thermal, oxygen, and nutrient dynamics in the reservoirs are similar, despite LV having 
solar-powered mixers. Any differences can be attributed to LV being a slightly smaller and 
shallower reservoir. 
 
Keywords: Thermocline, oxycline, dissolved oxygen, total phosphorous, nitrate 
 

INTRODUCTION 
Cyanobacterial harmful algal blooms (HABs) have been increasing in frequency for at 
least 40-50 years and are expected to continue to increase due to ongoing anthropogenic 
nutrient enrichment and increasing global temperatures  (Heisler et al. 2008; Paerl et al. 
2011; O’Neil et al. 2012; Upadhyay et al. 2013; Huisman et al. 2018; Ho and Michalak 
2020; Paerl et al. 2020; Smucker et al. 2021). When a reservoir becomes enriched in 
nutrients, most commonly nitrogen and phosphorous, eutrophication can occur and lead 
to an increasing amount of algal growth (Hecky and Kilham 1988; Schindler et al. 2008; 
Maberly et al. 2020). In reservoirs, P and N can be loaded both internally through 
organisms' interaction with their environment (Cottingham et al. 2015) and sediment 
release (Mortimer 1941; Mortimer 1942; Boström et al. 1988; Hupfer and Lewandowski 
2008; Tammeorg et al. 2020), and externally from point sources, such as municipal 
sewage waste facilities, and nonpoint sources, such as agricultural runoff (Hudnell 2010). 
Warm water temperatures favor cyanobacteria growth over other species of 
phytoplankton, increasing likelihood of HABs (Wagner and Adrian 2009; Reinl et al. 
2021).  HABs can impact lake ecosystem function by limiting light penetration, decreasing 
oxygen levels, and producing toxins (Khan and Ansari 2005; Conley et al. 2009; Chislock 
et al. 2013). These processes can have severe ecological, economic, and societal impacts, 
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as they are detrimental to important ecosystem services including wildlife habitat, carbon 
sequestration, hydrological buffering and regulation, sediment and nutrient retention 
and processes, water usage for irrigation and drinking water, and recreational use 
(Schallenberg et al. 2013; Zhong et al. 2019; Sterner et al. 2020).  

Convective mixing and the structure of thermal stratification, alongside wind-
induced currents, are the main controllers of the vertical distribution of heat, dissolved 
substances, and nutrients in the water column of lakes (Elçi 2008; Yang et al. 2018; 
Mesman et al. 2021). In lake areas deeper than about 3 – 3.5 m, warm air temperature 
and sunlight can lead to a temperature gradient in the water column that creates a 
physical force strong enough to resist the wind's mixing forces. The lake stratifies into 
cooler bottom waters (hypolimnion), warmer upper waters (epilimnion), and a 
transitional metalimnion where there is a steep thermal gradient.  Increasing global 
temperatures continue to warm surface temperatures of lakes, which intensifies and 
lengthens the period of thermal stratification (Adrian et al. 2009; Williamson et al. 2009; 
O’Reilly et al. 2015; Niedrist et al. 2018; Reinl et al. 2021). Stratification during the 
summer acts as a barrier restricting mixing of the water column. The warm water in the 
epilimnion is unable to move into the cold, dense water of the hypolimnion.  As a result 
of incomplete mixing of the water column and lack of light for photosynthesis in the 
hypolimnion, this portion of the water column can become anoxic. Stratification is 
weakened by natural convection when surface water cools. The vertical descent of this 
denser, cooled water leads to the nightly formation of a mixed surface layer and the 
seasonal deepening of the surface layer that may culminate in full lake turnover.  

The creation of an anoxic hypolimnion during stratification also influences 
nutrient concentrations, which can result in elevated HAB frequencies and intensities 
(Paerl et al. 2011; O’Neil et al. 2012; Paerl et al. 2020).  In lakes that experience periods 
of hypolimnetic anoxia, internal phosphorous loading takes on an important role. At low 
oxygen concentrations, the sediment Fe(III) is reduced to Fe(II). This results in the 
breakdown of Fe-P complexes and the dissolution of the associated phosphate into 
overlying lake water. Fall lake turnover provides a mechanism for transferring these 
nutrients up into the photic zone where they may support cyanobacterial productivity 
(Mortimer 1941; Mortimer 1942; Boström et al. 1988; Hupfer and Lewandowski 2008; 
Tammeorg et al. 2020).  

Artificial mixing has been used for many years to reduce the presence and impact 
of HABs. Artificial mixers facilitate a change from cyanobacterial dominance to green 
algae and diatoms by decreasing the stability of the water column.  Many species of 
cyanobacteria have positive buoyancy mechanisms that allow them to remain shallower 
in the water column to receive more light than other negatively buoyant phytoplankton. 
Negatively buoyant phytoplankton, including many green algae and diatoms, have 
population losses due to sinking and sedimentation losses. Artificial mixing prevents 
sedimentation losses of desirable phytoplankton, while creating more turbulent mixing 
conditions that lead to a lower light dose for buoyant cyanobacteria. The net effect is a 
decrease in the population of cyanobacteria as compared to green algae and diatoms 
(Reynolds 2006; Visser et al. 2016; Huisman et al. 2018; Reinl et al. 2021). Solar-powered 
mixers differ from other artificial mixing regimes in that the goal is to reduce HABs by 
only mixing the epilimnion, instead of fully mixing the water column and dissolving lake 
stratification. 
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Solar-powered mixers are often appealing to lake managers for their potential to 
reduce HABs, which is why much of the published literature focuses on the beneficial 
effects of artificial mixing on controlling HABs. However, there is a lack of investigations 
on the potentially larger implications of the use of these mixers on overall lake 
temperature, oxygen, and nutrient dynamics. Therefore, the goal of this project is not to 
determine the impact of solar-powered mixers on HABs or other biological components, 
but rather the mixers impact on the timing of thermal stratification, the depth of the 
thermocline and oxycline, and the dispersion of nutrients within the water column. This 
is accomplished by comparing two similar reservoirs, of which only one has solar-
powered mixers. Although the scope of the investigation is spatially limited (i.e., data 
comes from a single location in each lake), we have compiled a comprehensive dataset 
spanning three full years. While preliminary, our conclusions can begin to address the 
current knowledge gap regarding the effects of solar-powered mixers on the physical and 
chemical dynamics of reservoirs. It is critical to gain a thorough understanding of these 
dynamics throughout the entire water column for assessing both the overall health of the 
ecosystem and ensuring the implementation of solar-powered mixers do not have a 
negative impact on natural temperature, nutrient, and oxygen levels dynamics, which are 
essential for reservoir health. 

 
MATERIALS AND METHODS 

Site Description 
The state of Georgia, USA, has very few naturally occurring lakes; instead, reservoirs 
make up over 99% of its freshwater lentic systems (Cowie et al. 2002; Parker 2019). Both 
Hard Labor Creek Reservoir (HLCR) and Lake Varner (LV) are classified as warm 
monomictic reservoirs and are located in the Georgia Piedmont province (Figure 1). The 
Piedmont is Georgia’s most populous region, with more than 4.5 million inhabitants 
(Atlanta Regional Commission 2022). The region is characterized by rolling hills, shallow 
valleys, and red clay soil. Additionally, it is underlain by late Paleozoic igneous and 
metamorphic rock. LV sits at an elevation of 215 m and HLCR is at 225 m. On average, 
the study area receives 1270 mm of precipitation annually (Rose and Peters 2001).  

LV and HLCR were selected for study for their physical and geographic similarities, 
as well as logistical access. Both reservoirs have large, open water areas deep enough to 
allow thermal stratification, as well as being similar with respect to reservoir surface area, 
watershed size, and land-use within their watersheds. Land use was considered due to its 
potential impact on nutrient loading. Logistically, the managing bodies of both reservoirs 
granted us permission for long-term data collection. Additionally, both reservoirs are 
located within 30 km of the researchers’ academic institution. Currently, time and 
resource limitations have resulted in the collection of data from only one location at each 
reservoir (Figure 1). However, we are in the process of establishing more temperature 
arrays and collection locations to better capture whole lake dynamics. No site-specific 
weather data are available for either location, however rainfall data were retrieved from 
the US National Weather Service.  

Watersheds for both reservoirs were delineated using data from the United States 
Geologic Survey (USGS) National Hydrography Dataset, as well as digital elevation model 
data from the USGS 3D Elevation Program (U.S. Geological Survey 2013; U.S. Geological 
Survey 2019a; U.S. Geological Survey 2019b). The National Hydrography Dataset had 
watershed and waterbody shapes delineated for LV from 2013, but neither of these were 
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Figure 1. Location of the two reservoirs within the Piedmont of Georgia, the outline of each reservoir’s 
watershed, and detailed site information about each reservoir.  
 
 
delineated for HLCR. The digital elevation model was used to estimate how water would 
drain over the terrain. Using the estimated flowlines, the watershed for HLCR was 
manually digitized, and LV’s watershed shape was visually verified. HLCR’s waterbody 
was manually digitized using 2019 satellite imagery from the National Agricultural 
Imagery Program (USDA-FSA-APFO 2019a, USDA-FSA-APFO 2019b).  Land-use 
characteristics were compared between watersheds using the 2019 Cropland Data Layer 
(CDL) from the United States Department of Agriculture (USDA) Cropscape data 
program (USDA National Agricultural Statists Service 2019). The CDL did not fully 
reflect the HLCR waterbody, so the waterbody shape as delineated from satellite 
imagery was overlaid onto the CDL. 
 
Lake Varner (LV) 
LV is an ~350 ha reservoir in Newton County, Georgia that opened in 1993 after the 
damming of Cornish Creek. It has an average depth of 5.5 m and a maximum depth of ~ 
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11 m. The watershed of LV is 63.5 km2 and is predominantly forested (58.8%) and 
grass/pastureland (24.4%), with only 7.1% developed area (Figure 2). In addition to 
rainfall and runoff into the Cornish Creek watershed, water is pumped from the nearby 
Alcovy River during periods of drought to meet water demand and stored in the reservoir 
(Figure 1). The total treatment capacity of LV is ~9.46 x 104 m3 per day and allows Newton 
County to reliably access drinking water (About the Facility | Newton County, GA 2022). 

In 2013, 12 SolarBee® lake circulators were deployed in LV for the purpose of 
strengthening mixing and reducing algal growth. Previously, cyanobacterial growth was 
managed using chemical control methods. These mixers are anchored in place to the 
bottom of the lake and are distributed throughout the main body of the reservoir (Figure 
1). They have batteries so that they are able to run continuously throughout the day and 
night. SolarBee® mixers use an up-flow water circulator to pump water through an intake 
pipe with a diameter of 1.8 m at the bottom of the mixer from a depth of 3 m below the 
surface and distribute the water across the surface radially in a long-distance flow pattern. 
These mixers operate at the same flow rate of 39 m3 per minute year-round.   

No robust water column temperature, dissolved oxygen, or nutrient data is 
available prior to solar-powered mixer deployment to compare the direct impacts. 
Additionally, there have been no periods when the mixers were not operating, so no data 
are available to inform the “natural” mixing conditions within LV.  
 
Hard Labor Creek Reservoir (HLCR) 
The construction of the HLCR dam began in 2012 on the southeast side of Walton County, 
and the reservoir was filled by 2018. HLCR has a surface area of ~555 ha and a storage 
volume of ~4.54 x 107 m3, indicating an average depth of 8 m. It has a max depth of 28 m 
near the reservoir’s dam (Hard Labor Creek Regional Reservoir). The reservoir has a 
dendritic morphology, with multiple branches of varying depth. The cove in which our 
data were collected has a maximum depth of ~12 m. The watershed of HLCR is 77.3 km2 
and the land use is predominantly forested (51.8%) and grass/pastureland (28.6%), with 
only 9.5% developed areas (Figure 2). While no water is currently withdrawn from the 
reservoir, there are plans to construct the first water treatment facility onsite around 2023 
– 2024 and deploy solar-powered mixers (J. Parker, personal communication, June 4, 
2021). Data presented in this study from when mixers were not present in HLCR will 
allow for a better comparison of direct impacts of solar-powered mixers on lakes after the 
mixers have been installed.  
 
Data Collection and Analysis 
From January 2020 – December 2022, Onset Hobo Pendant® MX Water Temperature 
Data Loggers were deployed at one-meter increments along a 10-meter-deep array in 
each reservoir. The measurement accuracy of these sensors is ±0.5ºC from -20º to 70ºC, 
with 0.04ºC resolution.  The sensor array in LV was located at least 60 m from any of the 
installed solar-powered mixers. Each sensor collected a temperature value every two 
hours. Temperature arrays were checked monthly, and all data were offloaded at that 
time. Once logged, daily averages were calculated from the two-hour readings at each 
depth for each reservoir and were used to create annual heatmaps.  For the purposes of 
this study, a thermocline is present when the difference between seven-day average 
temperatures at adjacent depths exceeds 1ºC (Wetzel 2001) and persists for at least 10  
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Figure 2. Watershed delineation and land-use determination for Lake Varner and Hard Labor Creek 
Reservoir. 
 
days. Mean temperatures from each reservoir from depths of 1, 3, 6, and 9 m were 
compared when the reservoirs were stratified (April – September), in fall transition 
(October – November), and mixed (December – February). 

The data loggers were occasionally prone to failure. These failures were identified, 
and sensors replaced at the monthly collections, a total of 110 times (averaging 1.5 per 
reservoir per month), which resulted in missing 17% of daily average temperature over 
three years. To mitigate this, in cases where temperatures were available at depths 
adjacent to missing data, nearby datapoints were used to interpolate the missing values. 
For example, if the values immediately above and below were both present, an average of 
the two was calculated.  If data were missing at two or three consecutive depths, a linear 
interpolation was done between the nearest available temperatures. Collectively, this 
technique filled in all but 2% of the missing data, which were instances of data missing 
from one of the ends of the sensor array (i.e., 1 m or 10 m depth). While interpolation was 
used, extrapolation was not. To validate the interpolation, the same calculations were 
applied to non-missing measurements and compared to the actual values. Based on this 
validation, 90% of all heatmap data, including actual measurements and interpolated 
values, was estimated to be within 0.5 ºC of the actual temperature.  

When temperature data were retrieved each month, an In-Situ smarTROLL 
Multiparameter Handheld Sonde was also utilized to collect dissolved oxygen (DO) 
concentrations. The measurement accuracy of this instrument is ±0.2 mg/L from 0 to 8 
mg/L, with 0.01 mg/L resolution.  From January 2020 – May 2020, data were collected 
only from depths of 1, 3, 6, and 9 m in each reservoir at the same location as the 
temperature array.  Starting in June 2020, data were collected at one-meter increments 
along the entire length of the ten-meter array at each reservoir. For all data collection, 
readings were recorded at each depth every ten seconds for ~ 60 seconds and an average 
value for each parameter was calculated. For the purposes of this study, the oxycline is 
defined as the greatest decrease of DO concentrations between 1 m intervals, so long as 
that difference exceeds 1 mg/L/m.  

Water samples for ex situ analysis were collected once each month from 1, 3, 6, and 
9 m depths from each reservoir using a horizonal Van Dorn water sampler.  
Concentrations of nitrate-nitrogen (NO3- –N) and total phosphorous (PO4-3-P) were 
determined by analyzing a single water sample from each collection event using a HACH 

LV 
HLCR 
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DR3900 spectrophotometer. Photometric measuring range is ±3.0 Ab (wavelength range 
340 – 900 nm) and photometric accuracy is 5 mAbs at 0.0 – 0.5 Abs and 1% at 0.50 – 2.0 
Abs. A cadmium reduction method was used to determine NO3- –N concentrations, with 
a detection limit of 0.1 mg/L (Hach Company 2014). PO4-3-P concentrations were 
determined using the low-range USEPA PhosVer® 3 with Acid Persulfate Digestion 
Method (EPA 365.3; USEPA, 1978), which has a detection limit of 0.06 mg/L.  

 
RESULTS 

Temperature 
Lake Varner (LV) 
The maximum reservoir temperatures in LV for 2020 – 2022 were 32.2ºC, 31.9ºC, and 
31.7ºC, respectively. These temperatures were all recorded at a depth of 1 m between the 
last week of June and the end of July. The minimum reservoir temperatures in LV for 
2020 – 2022 were 8.0ºC, 7.4ºC, and 6.8ºC, respectively. These temperatures were 
recorded at depths between 6 and 9 m between the end of December and early February. 
Thermal stratification in LV was established on March 12, 2020 (2 – 3 m), March 13, 2021 
(3 – 4 m), March 30, 2022 (7 – 8 m). In mid-April to mid-May 2020, the thermocline 
disappeared before reappearing and staying present until fall turnover. The location of 
the thermocline deepened throughout the summer and fall, before disappearing on 
November 1, 2020, October 28, 2021, and October 20, 2022 (Figures 3A, 4A, and 5A). 
 
Hard Labor Creek Reservoir (HLCR) 
Between 2020 – 2022, the maximum reservoir temperatures in HLCR were 32.5ºC, 
32.1ºC, and 32.4ºC, respectively. These temperatures were recorded at a depth of either 
1 or 2 m, between the middle of June through the start of August. The minimum reservoir 
temperatures in HLCR were 9.4ºC, 8.1ºC, and 8.0ºC, respectively, and were recorded at 
a depth of 7 or 8 m between the end of December and early February. HLCR became 
thermally stratified on March 11, 2020 (2 – 3 m), March 11, 2021 (3 – 4 m), and March 
21, 2022 (7 – 8 m) and stayed stratified until November 28, 2020, November 23, 2021, 
and November 18, 2022, with the thermocline getting progressively deeper until it 
disappeared (Figures 3B, 4B, and 5B). 
 
Comparison 
During periods of stratification (April – September) and during the fall transition 
(October – November), mean water temperatures at depths of 1 m and 3 m in all three 
years were warmer in HLCR than in LV (Table 1). However, the mean difference in daily 
readings from corresponding depths was never greater than 0.4ºC during these periods. 
During periods of stratification, the mean difference in daily temperature in HLCR was 
1.2ºC colder at 6 m and 3.7ºC colder at 9 m than in LV. During fall turnover, the mean 
difference in daily temperature in HLCR was 3.0ºC colder at 9 m than in LV. When the 
reservoirs were mixed (December – February), mean water temperatures at depths of 1 
m, 3 m, 6 m, and 9 m across all three years were warmer in HLCR than in LV. However, 
the mean difference in daily readings from corresponding depths was never greater than 
0.5ºC.  
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Figure 3. Heat maps of daily average temperatures for Lake Varner (A) and Hard Labor Creek Reservoir (B) for 2020. The solid line represents 
the thermocline. A break in the solid line represents a time period when the thermocline temporarily disappeared. 
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Figure 4. Heat maps of daily average temperatures for Lake Varner (A) and Hard Labor Creek Reservoir (B) for 2021. The solid line represents 
the thermocline. 
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Figure 5. Heat maps of daily average temperatures for Lake Varner (A) and Hard Labor Creek Reservoir (B) for 2022. The solid line represents 
the thermocline.  
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Table 1. Mean temperatures during the 3-year study period (2020 
– 2022) at different depths during periods of stratification, fall 
turnover, and when the reservoirs are mixed. 
  1 m 

(ºC) 
3 m 
(ºC) 

6 m 
(ºC) 

9 m 
(ºC) 

St
ra

tif
ie

d 
(A

pr
. –

Se
p.

) 
Lake Varner 26.16 

± 4.30 
25.40 
± 4.16 

19.07 
± 2.24 

15.40 
± 1.24 

Hard Labor Creek Res 26.29 
± 4.24 

25.73 
± 4.25 

17.87 
± 2.84 

11.69 
± 0.90 

Tu
rn

ov
er

 
(O

ct
. –

N
ov

.) 

Lake Varner 19.71 
± 3.25 

18.81 
± 3.44 

18.43 
± 2.91 

16.60 
± 1.60 

Hard Labor Creek Res 19.79 
± 3.22 

19.15 
± 3.27 

18.39 
± 2.61 

13.62 
± 0.82 

M
ix

ed
 

(D
ec

.–
Fe

b.
) 

Lake Varner 10.33 
± 2.01 

10.37 
± 1.71 

10.10 
± 1.73 

10.12 
± 1.62 

Hard Labor Creek Res 10.75 
± 1.92 

10.84 
± 1.63 

10.61 
± 1.46 

10.28 
± 1.53 

 
 
Dissolved Oxygen (DO)  
Lake Varner (LV) 
Between 2020 – 2022, DO concentrations ranged from 0 to 10.1 mg/L, 10.4 mg/L and 
10.6 mg/L, respectively. Peak oxygen concentrations were observed in March 2020 at 1 
m, February 2021 at 3 m and 4 m, and February 2022 at 2 m. The entire water column 
was oxygenated (greater than 1 mg/L) during the annual period of reservoir mixing 
(November – April) in all three years. An oxycline was established by March and persisted 
through November, displaying a clinograde oxygen curve (Figures 6A, 7A, and 8A).  
 
Hard Labor Creek Reservoir (HLCR) 
Between 2020 – 2022, DO concentrations ranged from 0 to 9.7 mg/L, 10.2 mg/L, and 9.6 
mg/L, respectively.  Peak oxygen concentrations occurred in March in all three years, at  
a depth of 1 m in 2020 and 2021 and a depth of 2 m in 2022. The entire water column was 
oxygenated (greater than 1 mg/L) during the annual period of reservoir mixing 
(November – April) in all three years.  An oxycline was present from March to November, 
displaying a clinograde oxygen curve during all three years (Figures 6B, 7B, and 8B). 
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Figure 6. Dissolved oxygen (DO) concentrations sampled monthly throughout the 10 m water column of Lake Varner (A) and Hard Labor Creek 
Reservoir (B) in 2020. The DO measurements were recorded at 3 m depth intervals during the first 5 months of the year (January – May) and 
recorded at 1 m depth intervals for the remainder of 2020 (June – December). No data were collected in January and April 2020. The solid line 
represents the oxycline. 

(A) Lake Varner 2020

(B) Hard Labor Creek Reservoir 2020
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Figure 7. Dissolved oxygen (DO) concentrations sampled monthly throughout the 10 m water column of Lake Varner (A) and Hard Labor Creek 
Reservoir (B) in 2021. The DO measurements were recorded at 1 m depth intervals. The solid line represents the oxycline. 
 
 
 

(A) Lake Varner 2021

(B) Hard Labor Creek Reservoir 2021
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Figure 8. Dissolved oxygen (DO) concentrations sampled monthly throughout the 10 m water column of Lake Varner (A) and Hard Labor Creek 
Reservoir (B) in 2022. The DO measurements were recorded at 1 m depth intervals. The solid line represents the oxycline. 

(A) Lake Varner 2022

(B) Hard Labor Creek Reservoir 2022
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Oxygen Saturation  
During thermal stratification in both reservoirs, DO levels in the epilimnion were 
consistently within 1 mg/L of saturation values (Figure 9A). In many cases, DO values 
exceeded the saturation point, reaching oxygen supersaturation levels up to 125%. In the 
metalimnion and hypolimnion, DO concentrations begin decreasing as thermal 
stratification was initiated, starting from around 2.5 mg/L below saturation levels in 
February of all three years and reaching values near 0 mg/L by May (Figure 9B and 9C).  

In the epilimnion, maximum DO levels (between 9.5 and 10.6 mg/L) were 
observed around the time of initial stratification each year. From there they steadily 
decreased by an average of 0.40 mg/L/month in LV and 0.46 mg/L/month in HLCR each 
summer, reaching minimum values (between 5.2 and 7.4 mg/L) during the autumn 
turnover. When the reservoirs became fully mixed by December, DO concentrations in 
both reservoirs’ epilimnions began increasing again by an average of 0.91 mg/L/month 
in LV and 1.11 mg/L/month in HLCR, reaching saturation by March as the reservoirs 
began to warm (Figure 9A). 

During the fall turnover periods, DO levels in the metalimnion and hypolimnion 
increased, but did not reach or exceed saturation values. In both reservoirs in all three 
years, hypolimnetic DO rose from near 0 mg/L to within 1 mg/L of epilimnetic DO by 
December. However, this rate of increase in oxygen concentrations in the metalimnion 
and hypolimnion was greater in LV than in HLCR for all three years (Figures 9B and 9C). 
For example, in 2020 at HLCR, the oxygen concentration in the hypolimnion increased 
by 5.2 mg/L over 2 months, going from 0.1 mg/L in October to 5.3 mg/L in December 
(Figure 9C). The oxygen concentration in the hypolimnion in LV increased by 8.8 mg/L 
over the same time, going from 0.1 mg/L in October to 8.9 mg/L in December. In HLCR, 
DO levels of this magnitude were not reached until February 2021. In February 2021, LV’s 
oxygen concentration had further increased to its maximum at 10.1 mg/L. In both lakes, 
hypolimnetic DO continued to increase after full mixing in December, tracking or lagging 
slightly behind epilimnetic DO, before beginning to decrease again with spring 
stratification. (Figure 9B and 9C). 
 
Nutrients 
Lake Varner (LV) 
Maximum NO3- –N concentrations were 1.4 mg/L (2020) and 0.4 mg/L (2021 and 2022), 
with 90% of values across all years being below 0.5 mg/L (Figure 10A). Concentrations 
were generally stable throughout the water column, however, there were a few instances 
in 2020 when concentrations decreased with depth. Generally, the lowest NO3-–N values 
were measured during the summer months. The highest NO3- –N concentrations found 
throughout the entire water column were measured on December 17, 2020, when values 
ranged from 0.5 – 1.4 mg/L (Figure 10A). 

Maximum PO4-3–P concentrations were 0.6 mg/L (2020), 1.1 mg/L (2021), and 
1.3 mg/L (2022) with 90% of values across all years being below 0.7 mg/L. Overall, PO4-

3–P concentrations were not depth dependent, with values relatively stable throughout 
the water column. Overall, the lowest PO4-3–P values were measured during the summer 
months. The highest concentrations were found throughout the water column in 
November 2022, with December 2020, January 2021, and August 2021, also being 
times of higher PO4-3–P concentrations (Figure 10C). 
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Figure 9. Dissolved oxygen (DO) concentrations in the epilimnion (A), metalimnion (B), and hypolimnion 
(C) for Lake Varner and Hard Labor Creek Reservoir compared with the oxygen saturation levels based on 
water temperature from October 2019 through February 2022. Fluctuation periods respond to the 
reservoirs' periods of mixing (white bars), transition (light grey bars), and stratification (dark grey bars). 
For ease of visualization, a particular depth was selected to represent each layer of the reservoir. While the 
exact depth of the thermocline, epilimnion, metalimnion, and hypolimnion changed throughout the period 
of thermal stratification, the thermal heatmap data indicate that it is overall appropriate to use a depth of 1 
m to represent the epilimnion, a depth of 6 m to represent the metalimnion, and a depth of 9 m to represent 
the hypolimnion. Nearby depths show very similar patterns in each case.

(A)

(B)

(C)
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Figure 10.  Nitrate-nitrogen concentrations in Lake Varner (A) and Hard Labor Creek Reservoir (B), and phosphate concentrations in Lake Varner 
(C) and Hard Labor Creek Reservoir (D) collected monthly from 1, 3, 6, and 9 m depths. Times when data were not collected are represented by N/A. 
Times when the concentration was below the detection limit of the spectrophotometer are represented by B/D.  
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Hard Labor Creek Reservoir (HLCR) 
Maximum NO3- –N concentrations were 5.1 mg/L (2020), 1.5 mg/L (2021), and 0.9 mg/L 
(2022) with 90% of values across all years being below 0.8 mg/L. During summer, 
concentrations were stable throughout the water column, however, in winter they 
generally decreased with depth. Generally, the lowest NO3- –N values were measured 
during the summer months. The highest NO3- –N concentrations throughout the water 
column were measured on December 17, 2020, when values ranged from 1.5 – 3.9 mg/L 
(Figure 10B). 
 Maximum PO4-3–P concentrations were 0.6 mg/L (2020), 3.1 mg/L (2021) and 0.7 
mg/L, with 90% of values across all years being below 0.6 mg/L. Typically, no relationship 
was found between PO4-3–P concentration and depth, with values being relatively stable 
throughout the water column. Generally, the lowest PO4-3–P values were measured 
during the summer months. Higher concentrations were found throughout the water 
column in December 2020, January 2021, August 2021, and November 2022. The highest 
concentrations were found at 1 m depth in October and November 2021, at 3.1 mg/L and 
1.5 mg/L, respectively (Figure 10D).  
 

DISCUSSION 
Temperature 
Despite differences in lake size and depth and the presence or absence of solar-powered 
mixers, there is general consistency in the timing and depth of the onset of stratification 
between the two reservoirs. The onset of thermal stratification at the two reservoirs is 
within ± 2 days in 2020 and 2021 and within ± 9 days in 2022. While the depth of initial 
thermocline varies year to year, the thermocline occurs at the same depth in both 
reservoirs in all three years (Figures 3, 4, and 5). In LV, the thermocline temporarily 
disappeared from mid-April to mid-May 2020. The reason for the warming throughout 
the water column has yet to be determined.  

While onset of thermal stratification occurred at the same time in both reservoirs, 
the timing of fall turnover differed slightly. In LV, where solar-powered mixers are 
present, the thermocline disappeared about one month earlier than in HLCR in all three 
years (Figures 3, 4, and 5). Because the timing of reservoir turnover is dependent on the 
size and depth of the lake (Wetzel 2001), the colder hypolimnetic waters found in the 
deeper HLCR relative to LV could be the driving cause for this difference. A study trying 
to create a model for predicting the date of fall turnover found that the best prediction 
could be achieved by using mean depth, adjusted latitude, and hypolimnetic temperature, 
with deeper lakes having colder hypolimnetic temperatures turning over later (Nürnberg 
1988). However, we hypothesize that the presence of mixers in LV may also play a minor 
role. Solar-powered mixers are designed to only perform epilimnetic mixing. The intake 
for mixers in LV is located at 3 m depth, and when the thermocline is located below this 
depth it restricts vertical water mixing due to temperature-induced density differences. 
When temperatures cool in the fall, the epilimnion cools, the slope of the thermal gradient 
across the metalimnion decreases, and the thermocline gets deeper. Even though the 
depth of the solar mixer intakes remains constant, water from deeper in the water column 
can move upward towards those intakes as the thermal barrier is weakened. If the colder 
deep water is pumped to the reservoir’s surface by the solar mixers, the turnover process 
may be accelerated, contributing to the faster autumn mixing observed in LV compared 
to HLCR.   
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Dissolved Oxygen (DO)  
In both reservoirs, a clinograde oxygen profile is observed during thermal stratification, 
when the epilimnion (where photosynthesis dominates) is saturated and DO decreases 
with water column depth, approaching anoxia in the hypolimnion (where respiration 
dominates) (Figures 6, 7, and 8). During autumn mixing, DO monotonically increases at 
all depths.  However, LV’s DO levels increase at a faster rate than HLCR (Figure 9). The 
increase in DO was observed at all depths in all three years and is likely directly related to 
the more rapid thermal overturn, which can be attributed to the smaller size and 
shallower depth of LV relative to HLCR. We hypothesize that it might also be plausible 
that the solar-powered mixers may be a minor contributing factor in the oxygen 
dynamics.  The earlier disappearance of the thermocline in LV allows the oxygen being 
produced in the epilimnion to begin mixing earlier, leading to the increase in 
concentration with depth. This increase in DO could also be the result of more 
photosynthesis occurring in LV, compared to HLCR.  
 
Nutrients 
Over the three-year study period, there were variable levels of both NO3- –N and PO4-3–P 
in both reservoirs, but no consistent patterns driven by seasonality or depth for either 
nutrient in either reservoir were found (Figure 10). For example, from spring to summer 
of 2020, NO3- –N levels generally decline across all depths in both reservoirs. However, 
in 2021 and 2022 the pattern does not hold, with low concentrations throughout the water 
column and throughout the year. While HLCR had several months in late 2021 with 
higher shallow-depth PO4-3–P concentrations than LV, levels are nearly identical between 
reservoirs for the same months and depths in 2020. Both reservoirs have a greater 
concentration of PO4-3–P throughout the water column in November 2022, but the same 
pattern is not found in 2020 or 2021. Without seasonal patterns, we began to investigate 
other potential sources of nutrient variation, either allochthonous or autochthonous.  

Watershed area and land use are similar, with both being dominated by forest and 
grass/pastureland (Figure 2), suggesting that allochthonous nutrient input differences 
between the reservoirs should be minimal.  DO can also influence nutrient dynamics. Both 
reservoirs experience periods of higher PO4-3–P concentrations, which has the potential 
to increase biological growth, as freshwater microbial populations are often phosphate 

limited. However, PO4-3–P increases are not consistently related to DO concentrations. 
We would expect PO4-3–P concentrations to increase in the summer when DO levels are 
lowest, especially in the hypolimnion where conditions are close to anoxic. While not 
measured directly in this study, it is likely that sediment pore water is also anoxic during 
times of hypolimnetic anoxia (Beutel 2003). If sediments experience periods of anoxia, 
the redox potential can become reducing, resulting in favorable conditions for P release 
into the water column (Moore, Jr. and Reddy 1994; Welch and Cooke 2005). This process 
could explain the higher levels of PO4-3–P measured in Aug. 2021 in both reservoirs and 
in Aug. 2020 in HLCR, as DO levels in the hypolimnion are close to 0 mg/L. However, we 
would expect to only see higher PO4-3–P levels below the thermocline due to the lack of 
mixing during thermal stratification (Welch and Cooke 2005), which is not the case. 
Additionally, both reservoirs also have higher levels of PO4-3–P in winter of all three years, 
when DO levels are increasing at their fastest rate. Based on this comparison of nutrient 
and DO data, it does not seem that the variations in nutrient dynamics are related to DO 
differences.   
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If the mixers were driving variation in nutrient dynamics between the reservoirs, 
we would expect to observe some consistent difference in nitrate or phosphorous 
concentrations, at least at certain times of year when we have established that the thermal 
stratification patterns are different (i.e., LV mixing more quickly in fall turnover than 
HLCR). However, no systematic differences between reservoirs are apparent, with both 
LV and HLCR lacking seasonal and depth patterns in nutrient concentrations (Figure 10). 
If we had found an allochthonous or autochthonous source of variation, it could be 
possible for the mixers to be counteracting that in some way, but no such source was 
identified. It is possible that a longer study may reveal more consistent patterns in 
nutrient dynamics, but with the data currently available, the similarities between nutrient 
concentrations throughout the year and water column between the reservoirs suggests 
that the mixers are not influencing nutrient dynamics.    
 
Conclusions and Future Directions 
While the impacts of solar-powered mixers on lake cyanobacterial populations in the 
epilimnion have been well studied, it is important to have a complete understanding of 
the potential impacts of the mixers on the physical and chemical dynamics of the entire 
lake water column as these mixers become more prevalent to mitigate or prevent HABs 
in lakes and drinking water reservoirs.  While preliminary, the findings of this study 
suggest the impact of epilimnetic mixers on full lake thermal, oxygen, and nutrient 
processes in LV are minimal.  

LV has been established for longer than HLCR, so we hypothesize that it might 
contain a more mature lacustrine biome. One study examining lakes and reservoirs in 
southern Italy found that in the absence of watershed agriculture and urbanization, 
planktonic communities tend to become more complex and to increase their species 
richness over time (Alfonso et al. 2010).  Additionally, the mixers may be creating an 
environment where the phytoplankton community shifts from cyanobacterial to green 
algal and diatom dominant  (Visser et al. 2016; Huisman et al. 2018; Reinl et al. 2021), 
and diatoms are among the most productive and environmentally flexible eukaryotic 
microalgae, typically having a greater productivity than other algal classes (Hildebrand et 
al. 2012). Water samples were collected and frozen during this study period, and future 
biological analysis of those samples may yield new findings about biodiversity, water 
chemistry, and nutrient dynamics.  

Data collection is continuing, and additional years may clarify patterns or 
relationships, including how the reservoirs may be impacted by the long-term effects of 
climate change. Additional temperature arrays and collection locations in HLCR were 
established in September 2023 to better capture whole lake dynamics. This will be of 
particular importance for HLCR where it is likely that solar-powered mixers will be 
installed at some point in the next 1 – 5 years after a water treatment facility is 
constructed. We will then be able to have robust water column temperature, dissolved 
oxygen, and nutrient data before and after solar-powered mixer deployment to better 
compare the direct impacts.  
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