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Abstract Lakes are classified by thermal mixing regimes, with shallow waterbodies historically categorized
as continuously mixing systems. Yet, recent studies demonstrate extended summertime stratification in ponds,
underscoring the need to reassess thermal classifications for shallow waterbodies. In this study, we examined
the summertime thermal dynamics of 34 ponds and shallow lakes across temperate North America and Europe
to categorize and identify the drivers of different mixing regimes. We identified three mixing regimes: rarely
(n = 18), intermittently (n = 10), and often (n = 6) mixed, where waterbodies mixed an average of 2%, 26%,
and 75% of the study period, respectively. Waterbodies in the often mixed category were larger (≥4.17 ha)
and stratification weakened with increased wind shear stress, characteristic of “shallow lakes.” In contrast,
smaller waterbodies, or “ponds,” mixed less frequently, and stratification strengthened with increased shortwave
radiation. Shallow ponds (<0.74 m) mixed intermittently, with daytime stratification often breaking down
overnight due to convective cooling. Ponds ≥0.74 m deep were rarely or never mixed, likely due to limited
wind energy relative to the larger density gradients associated with slightly deeper water columns. Precipitation
events weakened stratification, even causing short-term mixing (hours to days) in some sites. By examining a
broad set of shallow waterbodies, we show that mixing regimes are highly sensitive to very small differences in
size and depth, with potential implications for ecological and biogeochemical processes. Ultimately, we propose
a new framework to characterize the variable mixing regimes of ponds and shallow lakes.
1. Introduction
Lakes have historically been classified based on mixing regimes (Hutchinson & Loffler, 1956; Lewis Jr., 1983) as
mixing frequency drives key ecosystem processes, including benthic oxygen availability, sediment resuspension,
nutrient and carbon recycling, and greenhouse gas production and emissions (Andersen et al., 2019; Mesman
et al., 2021; Vachon et al., 2019; Wilhelm & Adrian, 2007). While mixing patterns in deepwater lakes are well
established (Hutchinson & Loffler, 1956), shallow waterbodies have more complex mixing regimes that still need
resolution. Lewis Jr. (1983) first incorporated shallow waterbodies into thermal mixing regimes, proposing four
polymictic (i.e., mixing several times per year) categories based on whether systems were cold (ice covered at any
time of year) or warm (no ice cover) and if mixing was continuous (daily) or discontinuous (not occurring every
day). Lewis Jr. (1983) suggested that the boundary between continuous and discontinuous mixing was ∼20 m
deep at a 25 km fetch, with a shallower boundary as fetch decreased. This work prompted the assumption that all
shallow lentic waterbodies are well mixed (Branco & Torgersen, 2009; Choffel et al., 2017; Scheffer, 2004), which
may be incorrect. While some shallow waterbodies do mix continuously for much of the summer (Torremorell
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et al., 2007), others stratify for days to weeks at a time (Andersen et al., 2019; Holgerson et al., 2016; Martinsen
et al., 2019) indicating a much shallower threshold for discontinuous mixing than proposed by Lewis Jr. (1983).
Assuming shallow waterbodies to be well mixed when they actually spend much of the time stratified obscures
important ecosystem processes. As shallow waterbodies are globally abundant and increasingly recognized for
their active role in global biogeochemical cycling (Downing, 2010; Holgerson & Raymond, 2016; Schmadel
et al., 2019), it is critical to understand their mixing and stratification patterns.
The stratification and mixing regimes of a waterbody reflect its heat budget, which differs in smaller, shallower
waterbodies compared to larger, deeper lakes. Stratification occurs when insolation exceeds heat loss; conversely,
turbulence generated from heat loss and wind shear deepens the mixed layer and destabilizes the water column
(MacIntyre & Melack, 2010). Deeper waters have a higher heat capacity and can stratify more strongly than
shallow waters (Magee & Wu, 2017), and larger waters have more turbulence due to wind shear compared to
smaller, sheltered systems where turbulence is driven by convection (Read et al., 2012). As a result, the boundary
between whether a waterbody is mixed or stratified increases as a function of increasing area and depth (Gorham
& Boyce, 1989; Kirillin & Shatwell, 2016; Lathrop & Lillie, 1980). While smaller waterbodies on the scale of a
few hectares or less (commonly referred to as “ponds”; Richardson et al., 2022) have been excluded from these
predictive frameworks, surface area and depth may similarly regulate mixing. For instance, large and shallow
lakes may mix frequently, whereas ponds may often stratify due to sheltering from the surrounding topography
and vegetation (Andersen et al., 2017; Chimney et al., 2006; Markfort et al., 2010). Yet, the interaction between
surface area, depth, and mixing frequency remains unresolved in shallow waterbodies.
While surface area and depth are the primary factors driving mixing regimes, greater light attenuation (i.e.,
decreased water transparency) can also influence mixing by decreasing mixing depth and strengthening stratification (Bukaveckas & Driscoll, 1991; Hocking & Straskraba, 1999; Mazumder & Taylor, 1994). In shallow
systems, where light has the potential to reach a greater proportion of the water column, changes in light attenuation can have particularly strong effects on mixing (Fee et al., 1996; Mesman et al., 2021). For example, increases
in dissolved organic carbon (DOC) concentration (Brothers et al., 2014) and phytoplankton biomass (Shatwell
et al., 2016) each reduce transparency and can cause well-mixed lakes to stratify for large periods of the summer.
Aquatic macrophytes can also strengthen stratification by increasing light attenuation and reducing wind speed
and underwater turbulence, playing a larger role in shallower waterbodies where macrophytes can colonize much
of the surface area (Andersen et al., 2017; Herb & Stefan, 2004; Sand-Jensen et al., 2019).
Climate and weather also influence mixing patterns. Latitude and elevation were central to the first lake mixing
classifications (Hutchinson & Loffler, 1956; Lewis Jr., 1983). At finer scales, local weather affects solar radiation
reaching a waterbody and internal turbulence generated from heat loss, wind, and precipitation. Episodic meteorological events (i.e., storms) can impact lake stability due to increased wind and precipitation, which can induce
partial or complete mixing in stratified lakes (Jennings et al., 2012; Kasprzak et al., 2017; Klug et al., 2012).
We expect different effects in smaller and shallower waterbodies where weak stratification can persist (Doubek
et al., 2021) and a deepening of the thermocline can result in complete mixing to the sediment. We also expect
that precipitation can have more pronounced effects on ponds where the precipitation volume relative to the water
volume is much higher than in deeper, larger lakes. For instance, small and shallow ponds can double in water
depth following heavy rainfall (Holgerson, 2015), which may initially increase mixing but could result in more
stable stratification over time due to deeper waters. Identifying how precipitation events affect mixing in shallow
waters is particularly important as we expect mixing dynamics to shift in response to climatic and environmental
change (Bartosiewicz et al., 2019; Mesman et al., 2021; Woolway & Merchant, 2019).
We currently lack a framework to describe mixing patterns in globally abundant shallow waterbodies, thus
limiting our understanding of ecosystem structure and function (Andersen et al., 2017; Mesman et al., 2021;
Sand-Jensen et al., 2019). This study provides the first examination of mixing regimes across a broad range of 34
shallow lakes and ponds in North America and Europe in order to (a) quantitatively categorize mixing regimes
and (b) identify the drivers of different mixing regimes. We predicted that mixing regimes would vary from
mostly mixed to mostly stratified, and would relate primarily to surface area and depth, with secondary importance from light attenuation, vegetation, water chemistry, and weather events.
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Table 1
Physical, Chemical, and Biological Parameters of the 34 Waterbodies Throughout North America and Europe
Variable

n

Range

Mean

Median

Latitude (°)

34

38.9 – 54.0

46.1

45.0

Surface area (ha)

34

0.02 – 823.00

26.86

0.32

Perimeter (m)

29

77 – 11,070

816

250

Fetch (m)

34

22 – 3,190

261

89

Maximum depth (m)

34

0.47 – 4.20

1.58

1.33

Mean depth (m)

16

0.30 – 1.87

0.97

0.86

DOC (mg L )

25

5.0 – 32.5

14.9

14.0

TP (μg L −1)

17

18.6 – 1,871.0

312.2

188.8

TDP (μg L −1)

11

25.9 – 684.4

200.6

131.6

Chlorophyll a (μg L −1)

21

2.7 – 147.8

38.1

28.1

Conductivity (μS cm )

30

8.0 – 5,282.0

614.5

243.9

pH

29

4.5 – 9.2

7.3

7.4

KD (m )

19

2.1 – 14.9

Emergent vegetation cover (%)

31

0 – 93

16

Submerged vegetation cover (%)

32

0 – 95

29

9

Floating vegetation cover (%)

33

0 – 100

31

10

−1

−1

−1

5.1

4.1
10

Note. Sample sizes (n) represent the number of ponds sampled for each variable. DOC = dissolved organic carbon, TP = total
phosphorus, TDP = total dissolved phosphorus, and KD = light attenuation.

2. Methods
2.1. Study Sites
We studied 34 waterbodies throughout North America and Europe (Figure S1 in Supporting Information S1),
with all sites located in temperate ecoregions (Olson & Dinerstein, 2002). All waterbodies were shallow (range:
0.47 – 4.2 m; Table 1), and most were small (median: 0.32 ha; range: 0.02–823 ha; Table 1). Most waterbodies
were small and shallow enough to be considered “ponds,” which tend to be <5 ha in size (Biggs et al., 2005;
Oertli et al., 2005, 2009; Richardson et al., 2022), and we also included several larger and shallow waterbodies,
representative of “shallow lakes” (Scheffer, 2004). We included a size gradient in order to capture potential shifts
in mixing patterns that could help to functionally differentiate ponds and shallow lakes (Fairchild et al., 2005).
2.2. Field Sampling
Waterbodies were sampled during the open-water period between 2013 and 2020; only one season of data was used
per waterbody. We recorded water temperatures using multiple thermistors that spanned the water column near
the waterbody's maximum depth. While the exact deployment setup differed among sites (Table S1 in Supporting
Information S1), each waterbody had a minimum of three thermistors to record benthic and surface temperature
along with at least one mid-water column temperature, and most waterbodies had additional sensors (mean: 5,
max: 8). Thermistors recorded water temperature every 10 – 30 min (Table S1 in Supporting Information S1). For
sites where depth fluctuated, we monitored changes over time manually or using pressure transducers.
We measured the physical, chemical, and biological characteristics of each study site at least once during the
study period (Table 1). Measurements included maximum depth, surface area, perimeter, fetch (longest axis),
pH, conductivity, DOC, total phosphorus (TP) and/or total dissolved phosphorus (TDP), chlorophyll a, light
attenuation (KD), and the percent cover of emergent, submerged, and floating macrophytes. We estimated KD from
either water column profiles of photosynthetically active radiation (PAR) or using recently deployed light sensors
(prior to any biofouling) measuring illuminance in lux. We converted lux to PAR based on Long et al. (2012), and
calculated KD as the slope of a linear regression model of PAR (natural log) versus depth. We measured on-site
HOLGERSON ET AL.
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meteorological data at a subset of waterbodies, including wind speed, precipitation, and air temperature; the data
for remaining sites were compiled from local meteorological stations (Table S1 in Supporting Information S1).
2.3. Quality Assurance
We conducted quality assurance checks for each waterbody by (a) plotting water temperatures for all sensors
through time, and (b) creating heatmaps interpolating water column temperatures through time using the R
rLakeAnalyzer package (Winslow et al., 2019), which we modified to allow depth to fluctuate. All quality assurance checks and statistical analyses hereafter were performed in R (R Core Team, 2020). We identified and
removed any irregular data, such as periods where the sensors were out of the water (large temperature swings) or
submerged in sediments (limited temperature change). Density plots and heat maps can be interactively explored
online (https://jroith.shinyapps.io/Ponds_Plot_Dashboard/) using the shiny dashboard (Chang et al., 2021) and
static plots are provided in the supplement (Figure S8 in Supporting Information S1).
2.4. Classifying Mixing Versus Stratification
To determine mixing and stratification dynamics, we examined differences in water density gradients between
the top and bottom of the water column. We calculated water density from water temperature using the rLakeAnalyzer package (Winslow et al., 2019). Density calculations assumed freshwater (salinity = 0) as we lacked
conductivity or salinity water column profiles for most sites. While this assumption likely holds for most of our
study sites, waterbodies near roads, within agricultural, or within urban landscapes could develop salinity gradients which might facilitate stratification (Ladwig et al., 2021). We compared the water density from the deepest
and shallowest sensors and divided by the distance separating the two sensors to create a density gradient in units
of kg m −3 m −1. Density gradients are commonly used to examine mixed layer depth (Gray et al., 2020); however,
other parameters can also be used to examine stratification and mixing (e.g., buoyancy frequency, Schmidt stability; Read et al., 2011). As density gradient, buoyancy frequency, and Schmidt stability performed similarly in
three ponds with different mixing regimes (Figures S2 – S4 in Supporting Information S1), we used density
gradients to maximize the number of study sites since we did not have bathymetry data for all waterbodies.
To exclude seasonal impacts on mixing, we focused our data analysis on a summer period when thermal stratification was potentially at its maximum. For each waterbody, we determined the day of year when the density
gradient was the highest and took the median value across all sites (10 July). We established a date range of
30 days before and after 10 July to include in our analysis to exclude sampling that may incorporate transitional
season mixing at higher latitudes. This range (10 June – 9 August) included the maximum density gradient for
28/34 waterbodies (82%), with 33/34 waterbodies (97%) reaching over 85% of their recorded maximum density
gradient value during this period. The one remaining site (Pond E1) had the maximum density gradient on 8 June
(2 days before our cutoff). Our analysis only included sites with a minimum of 21 unique, but not necessarily
sequential, days within this time window.
To classify ponds as mixed or stratified at a given time point, we examined different possible density gradient
thresholds, which vary in the literature from 0.03 to 0.50 kg m −3 m −1 (see Gray et al., 2020). We calculated the
proportion of time each waterbody mixed during the day, night, and combined for thresholds ranging from 0.000
to 0.400 kg m −3 m −1 by increments of 0.001 kg m −3 m −1. We conducted a k-means clustering analysis to evaluate
whether waterbodies grouped together based on the proportion of time mixed during the day and night. Across
thresholds, we identified the mixing regime clusters that performed the best (lowest within sum of squares), with
all clusters having n > 1 waterbodies. To select a density gradient threshold for further analyses, we ran a sensitivity analysis to examine all possible mixing thresholds and selected the threshold that explained the greatest
proportion of variance for the clusters.
2.5. Analyzing Drivers of Mixing Regimes
We examined the time of day when mixing occurred in each cluster using a subset of sites that mixed at least
once during the entire study period (n = 26 waterbodies). To establish the time when the mixing event began, we
identified any time of day that the density gradient crossed from above the threshold to below. These times were
converted to seconds past midnight (considering the local time zone) using the lubridate package in R (Spinu
HOLGERSON ET AL.
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et al., 2021) and analyzed using a Kruskal-Wallis test to compare the time of day mixing occurred among the
three clusters. Results were transformed back to time of day on a 24 hr scale to interpret when mixing began
among the clusters.
We examined the relationship between environmental variables (Table 1) and the mixing regime clusters using
analysis of variance (ANOVA) and examined pairwise differences with Tukey's honestly significant difference
(HSD) tests. To examine which environmental variables predicted the mixing regime clusters, we used classification and regression tree (CART) analysis using the rpart package in R (Therneau et al., 2019). Prior to the CART
analysis, we examined correlations among possible predictor variables after transforming any variables with
strongly non-normal distributions (Table S3 in Supporting Information S1). Due to both collinear variables with
similar predicted effects on mixing (e.g., surface area, perimeter, and fetch) and a limited sample size relative to
the possible number of predictor variables, we built our classification tree with a subset of environmental variables: surface area, maximum depth, DOC, chlorophyll a, percent submerged vegetative cover, percent floating
vegetative cover, and percent emergent vegetative cover. When we substituted out collinear variables in the CART
model, the pruned tree remained the same. Trees were fit using a complexity parameter of 0.01, minimum bucket
size of three, and minimum split of two. We pruned the tree based on the minimum classification error.
We evaluated the relationship between three daily meteorological-related variables that drive surface water energetic exchange (sum of shortwave radiation, maximum wind shear stress, and mean convective heat transfer) and
the mean daily density gradient for each waterbody. Hourly weather data were downloaded from two different
reanalysis data sources: the North American Land Data Assimilation System (NLDAS-2, Xia et al., 2012) and the
European Center for Medium-Range Weather Forecast European ReAnalysis (ECMWF ERA5, Muñoz-Sabater
et al., 2021). Shortwave radiation (SW radiation) is the daily sum of shortwave radiation (W m −2). Wind shear
stress was calculated from Read et al. (2011):
𝜏𝜏 = 𝐶𝐶𝑑𝑑 𝜌𝜌𝐴𝐴 𝑈𝑈 2
(1)

where τ is the wind shear stress (N m −2), Cd is the dimensionless drag coefficient (0.001 if wind speed <5 m s −1,
0.0015 otherwise), ρA is the air density (kg m −3), and U is the wind speed at 10 m (m s −1). Convective heat transfer
was calculated using Newton's Law of Cooling:
𝑄𝑄conv = ℎ (𝑇𝑇air − 𝑇𝑇water )
(2)

where Qconv is the heat transferred by convection (W m −2), h is the heat transfer coefficient (W m −2 °C −1), Tair is
the air temperature at 10 m (°C), and Twater is the surface water temperature (°C). The heat transfer coefficient, h,
was calculated as a constant (17.5 W m −2 °C −1, Singh et al., 1994) or as a function of wind speed (2.8 + 3.0U,
Watmuff et al., 1977). Because of a high degree of correlation between the two convective heat transfers (r = 0.97,
p < 0.001), we used the constant calculation to isolate heat transfer from wind shear stress. We acknowledge that
our Qconv and h terms are simplistic and they would be more accurately characterized by calculating heat budgets
(MacIntyre et al., 2010; Read et al., 2012; Woolway et al., 2015) with required data that were not available for
most of our waterbodies.
For each waterbody, we calculated z-scores for all three meteorological-related energy transfer variables to
standardize comparisons. We calculated the relationship between the density gradient and each energy transfer
variables simultaneously by fitting regression coefficients (β) and modeled the residuals using the auto.arima
function in the R forecast package which fits the best AutoRegressive Integrated Moving Average (ARIMA)
model based on minimizing AICc values (Hyndman et al., 2021). We calculated whether each β was significantly
different from 0 using a one-sample t-test and Holm-corrected p-values for the multiple comparisons across all
sites with family α = 0.05. Based on the results from the ARIMA time series analysis, we investigated whether
geomorphological characteristics (maximum depth and surface area) could predict which waterbodies were most
responsive to solar radiation, wind shear stress, and heat transfer for mixing regime clusters using linear regression models. We examined the relationship between both morphological variables with each β using either simple
linear regression or exponential model fit, selecting the model with the lowest AICc.
We identified large precipitation events as those that had more than 25.4 mm (1 inch) of precipitation on any
single day; this daily total precipitation generally exceeds the 90th percentile for temperate regions (Palecki
et al., 2005). To isolate the effect of single precipitation events, we selected days with large precipitation events
HOLGERSON ET AL.
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(>25.4 mm) that had only minimal precipitation (<25.4) on the preceding or following day, resulting in 30
large precipitation events across all sites. We examined the daily averages of the density gradient from the day
before the event (day = −1), the day of the event (day = 0), to the day after the event (day = 1) using the mean
daily density gradient. To standardize across events, we used the percent change in density gradient from the
day preceding the precipitation event to each of the next 2 days. For the day of the precipitation event and
the day after the precipitation event, we compared the percent change in density gradient between clusters using
a non-parametric Kruskal-Wallis test.
To determine if waterbodies across the landscape responded synchronously to precipitation, we identified a 2 day
precipitation event (30 June–01 July 2019) impacting 12 study sites in southeastern Minnesota, USA. This precipitation event was not included in the prior analysis because of the two consecutive days of precipitation. We used
precipitation data collected at the Katharine Ordway Natural History Study Site, which is centrally located and
<50 km from the 12 waterbodies. We examined density gradient patterns over 6 days (28 June–03 July 2019)
with 2 days preceding, 2 days during, and 2 days following the precipitation event. We analyzed the change in
daytime maximum density gradients during the 2 days of precipitation events and the 2 days after, relative to the
maximums during the 2 days preceding the precipitation events.

3. Results
3.1. Mixing Regimes
The 34 waterbodies exhibited a wide range of mixing conditions, from sites that never mixed to sites that mixed
for most of the summer. Our clustering analysis identified three distinct mixing regimes, which were robust
across a wide range of density thresholds (Figure 1, Figure S5 in Supporting Information S1). We found that the
density thresholds of 0.032 and 0.287 kg m −3 m −1 each explained 92.1% of the variance in clusters. However,
0.287 kg m −3 m −1 appeared more stable, whereas 0.032 kg m −3 m −1 was immediately followed by a reduction
in the proportion of deviance explained where multiple waterbodies switched clusters (Figure S5, Table S2 in
Supporting Information S1). Across the entire threshold gradient from 0.032 to 0.400 kg m −3 m −1, 74% of waterbodies did not change clusters (Table S2 in Supporting Information S1). Of the remaining nine waterbodies, only
four switched clusters when the mixing threshold was ≥0.100 kg m −3 m −1 (Figure 1; Table S2 in Supporting
Information S1). We therefore selected 0.287 kg m −3 m −1 as our mixing threshold (Figure 1c), and identified that
18 waterbodies mixed rarely or never, 10 mixed intermittently, and six mixed often.
Across clusters, we observed clear differences in mixing conditions via density gradients and water temperature
patterns (Figure 2; Figures S5 and S6 in Supporting Information S1). Rarely mixed waterbodies were mixed for
2% of the study period on average (range: 0% – 13%) and were similarly stratified during day and night (Figure 1c).
The rarely mixed category included eight waterbodies that never crossed the density threshold (Figures 2a and 2b)
and ones with relatively few time points that crossed that threshold (Figures 2c and 2d). Intermittently mixed
waterbodies were mixed 26% of the time on average (range: 17%–41%; Figure 1c), and daily stratification often
weakened or broke down overnight (Figures 2e and 2f). Consequently, waterbodies were mixed 31% of the time at
night, on average, compared to 24% of the daytime. Lastly, often-mixed systems were isothermal 75% of the time
on average (range: 58% – 88%), with rare instances of stratification (Figures 2g and 2h). Mixing was the norm at
night, occurring 86% of the time on average, compared to 69% of the time during the day (Figure 1c).
Clusters differed in the time of day when mixing occurred (Figure 3). The time at which mixing occurred was
mid-afternoon (mean: 14:20 ± 06:12 SD; mode: 16:30) in often mixed waterbodies, whereas it was morning in rarely
mixed (mean: 07:15 ± 05:39 SD; mode: 05:30) and intermittently mixed (mean: 09:46 ± 08:08 SD; mode: 03:30)
waterbodies. These times were all statistically significantly different (Kruskal-Wallis, χ2 = 96.32, p < 0.01, df = 2).
3.2. Environmental Predictors of Mixing Regimes
Mixing clusters were most strongly related to waterbody morphometry, as determined by both examining individual environmental predictor variables and using a predictive CART model. Often mixed waterbodies had greater
surface area, perimeter, and fetch when compared to rarely or intermittently mixed sites (Tukey HSD, p < 0.01,
Figure S7, Table S4 in Supporting Information S1). Rarely mixed waterbodies had a greater maximum depth
(mean ± SD: 1.9 ± 0.9 m) than intermittently mixed sites (1.1 ± 0.6 m; Tukey HSD, p < 0.01), with a similar
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but non-statistically significant trend when compared to often mixed sites
(1.1 ± 0.4 m; Tukey HSD, p = 0.07); mean depth was similar among the
three clusters (ANOVA, F2,13 = 0.356, p = 0.71). For water chemistry, there
were no significant differences in DOC, TP, or TDP among mixing clusters
(ANOVA, p > 0.15), although often mixed waterbodies had higher conductivity (Tukey HSD, p = 0.02) and pH (Tukey HSD, p = 0.04) than intermittently mixed sites, with a similar but weaker trend seen in comparison to
rarely mixed sites (Tukey HSD, p < 0.10). Chlorophyll a concentrations, KD,
and the percent coverage of submerged and emergent plants were all similar
among the mixing clusters (ANOVA, p > 0.20). However, often mixed waterbodies had less floating plant cover than rarely mixed sites (Tukey HSD,
p = 0.05), with a similar but weaker trend in comparison to intermittently
mixed sites (Tukey HSD, p = 0.09).
Surface area and maximum depth best predicted mixing cluster from the
pruned regression tree (Figure 4a). The first split was based on surface
area, where waterbodies ≥4.17 ha were often mixed. Mixing in waterbodies <4.17 ha was related to depth: sites <0.74 m mixed intermittently, sites
between 0.74 – 2 m were hardest to classify but tended to mix rarely or intermittently, and sites >2 m rarely mixed (Figure 4b).
3.3. Daily Density Gradient and Meteorological Data

Figure 1. The proportion of time 34 waterbodies were mixed during the day
and night were used to identify three mixing regimes (Rare = rarely mixed;
Intermittent = intermittently mixed; Often = often mixed) using a cluster analysis
across a range of density gradients from 0.000 to 0.400 kg m−3 m−1. Four
examples are shown here: (a) 0.032, (b) 0.100, (c) 0.287, and (d) 0.400. Thresholds
from (a and c) were identified from the sensitivity analysis, and (b and d) were
selected to show the range of thresholds evaluated. The number of waterbodies in
each cluster are identified on the figure. Dashed lines represent the 1:1 lines.

HOLGERSON ET AL.

Of the three energy transfer variables we examined (shortwave radiation,
wind shear stress, and convective heat transfer), shortwave radiation had
the largest number of significant relationships (21/34) with daily density
gradient and all were positive trends (Figure 5a). However, the significant
relationships differed by cluster with 50% significant relationships in rarely
mixed sites, 70% in intermittently mixed sites, and 83% in often mixed sites.
Conversely, maximum daily wind shear stress had fewer significant relationships (11/34) and was negatively related to daily density gradients in most
significant relationships (Figure 5b). The pattern differed by cluster where
28% of daily density gradients were significantly related to wind shear stress
in rarely mixed sites, 10% in intermittently mixed sites, and 83% in often
mixed sites. Convective heat transfer was only related to density gradients
in a few sites (7/34) (Figure 5c). When examining by cluster, 11% of daily
density gradients were significantly related to convective heat transfer in
rarely mixed sites, 50% in intermittently mixed sites, and 0% in often mixed
sites. Most of the time series models were simple models with the residuals
including only first or second order auto-regressive and, at most, two moving
average terms (Table S5 in Supporting Information S1). As the maximum
depth increased, the relationship between short wave radiation and density
gradient exponentially decreased (Figure
𝐴𝐴 6a, 𝐴𝐴 = 0.27𝑒𝑒−0.71∗𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚, df = 32,
2
p = 0.037, R = 0.19). There was an inverse relationship between waterbody surface area and the density gradient response to wind shear stress,
with larger waterbodies more affected by wind (Figure 6b, β = −0.06−0.04
log(surface area), F1,32 = 10.9, p = 0.002, R 2 = 0.23). There were no other
relationships between maximum depth or surface area and other βs.
3.4. Precipitation Events
We identified 30 precipitation events across 22 waterbodies where there was a
day of minimal precipitation (<25.4 mm), followed by a day with >25.4 mm
of precipitation, followed by a day with minimal precipitation. In 77% of
the precipitation events, the density gradient showed a decreasing pattern
7 of 18
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Figure 2. Examples of the wide range of mixing patterns observed in shallow waterbodies, from never mixed to often mixed. (a) density gradient for Gibson Pond
- never mixed, this category was grouped with rarely mixed but is shown for illustrative purposes, (b) heatmap of Gibson Pond, (c) density gradient for Bethel Lake rarely mixed, (d) heatmap of Bethel Lake, (e) density gradient for Pond 4A - intermittently mixed, (f) heatmap of Pond 4A, (g) density gradient for Simpson Bay - often
mixed, (h) heatmap of Simpson Bay. In the left-hand column, the black solid lines are locally estimated scatterplot smoothing fits and dashed horizontal lines are the
0.287 kg m −3 m −1 mixing threshold. In the right-hand column, the black solid line at the bottom of the heat map represents the waterbody's maximum depth, which
varied in some sites.
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either the day of or day following the precipitation event (Figure 7a). On the
day of the precipitation event, five sites exhibited mixing where the density
gradient dropped below the 0.287 kg m −3 m −1 threshold. Of those five waterbodies with mixing events, four were in the intermittently mixed cluster and
one was in the often mixed cluster. For two additional sites, waterbodies had
density gradients below the mixing cutoff prior to the precipitation event and
stayed mixed throughout the event. When the density gradients were standardized as percentage decrease relative to the day preceding the event, the
median density decrease was −17.8% on the day of the event and −25.8% on
the day following the event (Figure 7b). When broken down by cluster, only
two precipitation events occurred in often mixed sites (Figure 7c); therefore,
we only compared between the rare and intermittent clusters. There were no
statistical differences between the decline in percent change in the density
gradient on the day of the event (χ 2 = 1.8, p = 0.18, df = 1, Figure 7c) or the
day after the event (χ 2 = 0.07, p = 0.79, df = 1, Figure 7c).

Figure 3. Probability density functions showing the time on each day when
waterbodies within each cluster dropped below the 0.287 density gradient
threshold, signifying mixing. The vertical black lines represent sunset (21:30)
and sunrise (06:00) for 10 July at the median latitude from all study sites.
Rare = rarely mixed; Intermittent = intermittently mixed; Often = often
mixed.

In 2019 in southern Minnesota, there were 2 days (28–29 June 2019) with no
rain followed by a 2 day event resulting in 56.6 mm of total precipitation (26.4
and 30.2 mm on 30 June 2019 and 01 July 2019, respectively; Figure 8b).
We monitored 12 waterbodies in this region, 11 of which were in the rarely
mixed cluster and the remaining site (Big Pond) was in the intermittently
mixed cluster. Across most of the 12 sites, the density gradient responded
quickly to precipitation (Figure 8a). During the intense early morning rain on
30 June, the density gradient between top and bottom waters decreased in all
12 waterbodies. There was a slight rebound during the break in precipitation
during the day, followed by another midday rain that interrupted the increasing density gradient. During the large rain event overnight, the density difference continued to drop and remained depressed with delayed and minimal
increases the next day. In general, during the 2 days with precipitation, the
maximum density gradient was 70% lower compared to the preceding 2 days

Figure 4. Surface area and maximum depth best predicted the probability that the water column will mix during the summer season, which was used to categorize
waterbodies into distinct mixing clusters. (a) The classification and regression tree (CART) model identified two splits, first by surface area at 4.17 ha and a second split
based on maximum depth at 0.74 m. Barplots represent the number of sites in each cluster when following the two splits. (b) Biplot of surface area and maximum depth,
colored by cluster. Dashed lines indicate locations of CART splits based on surface area and maximum depth. Rare = rarely mixed; Intermittent = intermittently mixed;
Often = often mixed.
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Figure 5. Relationship between z-transformed (a) total daily shortwave radiation (SW rad.), (b) maximum wind shear stress
(wind τ), and (c) mean convective heat transfer (heat transfer) and the daily mean density gradient for all 34 waterbodies in
this study. * indicates β was significantly different than 0. The waterbodies are ranked by cluster (rare, intermittent, and often
mixed) and then by SW radiation β. Error bars are standard errors and may be obscured by the size of the point.

across all 12 waterbodies. Three waterbodies located in close proximity to each other, Roseville Church, William
Street, and Alameda, were all urban sites with lower diel amplitudes in density gradients, and did not respond
with the same magnitude as the other nine sites (Figure 8a). In the 2 days following the major precipitation events,
the maximum density gradients rebounded close to the pre-event days (i.e., 87% of the 2 days preceding the
precipitation events). Across the 2 days of precipitation, the only site (Big Pond) to completely mix represented
the only site in the intermittently mixed category; this pond remained mixed for most of those 2 days.

4. Discussion
By examining 34 temperate ponds and shallow lakes, our study rejects the long-held assumption that shallow waterbodies are continuously mixed systems. Rather, shallow waterbodies commonly stratify during the
summer and can be grouped into one of three mixing regimes: rarely, intermittently, and often mixed, with rare
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mixing regimes most prevalent in this study. The three mixing clusters were
best predicted by surface area and depth, similar to drivers of mixing and
stratification identified in larger lakes (Gorham & Boyce, 1989; Kirillin &
Shatwell, 2016; Lathrop & Lillie, 1980). Larger waterbodies (≥4.17 ha) mixed
often and density gradients responded to solar radiation and wind shear; in
smaller waterbodies, stratification was more common and mixing was related
to solar radiation and heat transfer. We also found that large precipitation
events caused short-term increases in mixing. Identifying distinct mixing
regimes in shallow waterbodies is foundational to understanding key ecosystem properties, including oxygen availability, thermal habitats, and nutrient
and carbon cycling.
4.1. Three Mixing Regimes and Their Drivers
While small and shallow waterbodies have been assumed to be continuous
polymictic (Lewis Jr., 1983; Scheffer, 2004), only six of our 34 study sites
were in the often-mixed cluster, which mixed 75% of the time on average
(Figure 1c). All six sites were relatively large (>2.1 ha) and shallow (<2 m
maximum depth), representative of shallow lakes, which are differentiated
from deeper lakes due to greater light penetration, macrophyte cover, nutrient recycling, and mixing (Fairchild et al., 2005; Richardson et al., 2022;
Scheffer, 2004). The relatively large fetch and strong wind shear relative
to water depth supports a well-mixed water column, even in the summer
(Padisák & Reynolds, 2003; Scheffer, 2004; Torremorell et al., 2007). Our
analysis supported the importance of wind-driven mixing: wind shear weakened stratification in often-mixed sites (Figure 5b), with the strongest effects
in larger waterbodies (Figure 6b). Additionally, often-mixed sites tended
to mix mid-afternoon (Figure 3) when wind speeds are strongest (Dai &
Deser, 1999). While continuous mixing waterbodies were rare in our data
set, they are likely common in regions with abundant shallow lakes, such
as the tropics and subtropics (e.g., Pampean lakes in Argentina; Diovisalvi
et al., 2015) or the circumpolar Arctic (Rautio et al., 2011).
While shallow lakes are described to range in surface area from less than
a hectare to over 100 km 2 (Scheffer, 2004), we found that mixing regimes
differed across the size gradient and may help functionally distinguish ponds
Figure 6. (a) Exponential relationship between the short wave radiation (SW
from shallow lakes (Fairchild et al., 2005). Specifically, we identified a
Rad.) time series coefficient (β between z-transformed total daily SW Rad.
size threshold of 4.17 ha between continuously mixed shallow lakes (i.e.,
and daily mean density gradient) and maximum depth in each waterbody. (b)
“often mixed” cluster) and discontinuously mixed ponds (i.e., “intermittently
Linear relationship between wind shear stress (Wind τ) time series coefficient
mixed” and “rarely mixed” clusters), which stratified for days to weeks at
(β between: z-transformed max daily wind τ and daily mean density gradient)
and surface area in each waterbody. Sites are colored by mixing cluster (rare,
a time (Figure 4). Reduced mixing in ponds can be explained by a smaller
intermittent, and often mixed). Black line indicates least-squares best fit
fetch and greater sheltering from surrounding vegetation and topography that
regression line across all clusters.
dampen wind-generated turbulence (Markfort et al., 2010). With reduced
wind shear and smaller volume, ponds respond strongly to solar radiation
(Figure 5a) and can heat up dramatically during the day, inducing stratification. Water depth further explains pond mixing: shallow ponds <0.74 m mix intermittently whereas deeper ponds
mix rarely or never (Figure 4). Less water volume in shallower waters means that thermal dynamics can strongly
respond to solar radiation (Figure 6a) and heat transfer (Figure 5c), allowing for convective cooling to mix waters
overnight (MacIntyre et al., 2010; Read et al., 2012). The timing of mixing also provides evidence of convective
cooling in ponds: rarely and intermittently mixed ponds tended to mix in the morning, compared to afternoon
mixing in shallow lakes (Figure 3).
While we identified 0.74 m as a breakpoint between intermittently and rarely mixed sites, ponds 0.74 – 2 m
included both rarely- and intermittently- mixing ponds, whereas deeper ponds (>2 m) mixed rarely (Figure 4).
Sheltering, pond bathymetry, watershed size, residence time, water transparency, salinity, and groundwater
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inputs could all potentially shift the mixing regime in these intermediately
deep ponds (e.g., Winslow et al., 2015). Future research should explore this
mixing regime transition (0.74 – 2 m), especially the role of sheltering as
ponds in open landscapes may mix more easily than ponds surrounded by
forest or riparian vegetation. Ultimately, depth differences of less than a few
meters can dramatically change pond mixing regimes, explaining why similarly sized ponds (<0.5 ha) can mix nightly or weekly if shallow (<1 m;
Andersen et al., 2017; Branco & Torgersen, 2009; Holgerson et al., 2016), or
can stratify for much of the summer if deeper (e.g., 4 m; Moss, 1969).
Besides surface area and depth, no other pond characteristics predicted the
three mixing clusters and few characteristics differed among the mixing clusters (Table S4, Figure S7 in Supporting Information S1). We expected reduced
mixing with increased KD due to greater chlorophyll a, DOC, and vegetative
cover. Previous studies found that increased DOC reduced mixing in a small
(3 ha) and shallow (<3 m) lake (Brothers et al., 2014), and increased phytoplankton could reduce water transparency, increase stratification, and induce
mixing regime shifts in lakes 5 – 8 m deep (Shatwell et al., 2016). Vegetative
cover, particularly by submerged macrophytes, can also strengthen stratification by physically blocking light to the benthos, dissipating kinetic energy, and
converting radiant energy to heat to warm the water above the macrophytes
(Chimney et al., 2006; Herb & Stefan, 2004; Sand-Jensen et al., 2019). It is
possible that the impact of altered light attenuation on mixing is more evident
when comparing changes within a single waterbody, where depth and area
are constant. The lack of relationship between mixing and submerged vegetation may also relate to the positive correlation between fetch and submerged
cover (r = 0.44, Table S3 in Supporting Information S1) as high wind speeds
may negate the stabilizing role of submerged macrophytes. Future studies
could use whole-pond experiments to examine the interaction of light attenuation and macrophytes on mixing regime.
4.2. Meteorological Impacts on Mixing
Overall, solar radiation increased density gradients across all waterbodies,
with the strongest responses in the shallowest waterbodies, whereas wind
shear broke down stratification, with the strongest responses in the biggest
waterbodies (Figure 5). The different responses relate to waterbody morphometry, as turbulent mixing is dominated by wind shear in large waterbodies
and by convective cooling in small waterbodies (Read et al., 2012). Daily
precipitation did not directly link to density gradients (data not shown)
Figure 7. All precipitation events with >25.4 mm precipitation in a single day
because there were many days with no or small amounts of precipitation.
with the day prior to the event (day = −1), day of the event (day = 0), and day
after the event (day = 1) for waterbodies compared across (a) the mean daily
However, moderate to large precipitation events reduced the magnitude of
density gradient, (b) percent change in density gradient from the day before the
stratification substantially and, in some cases, mixed the ponds (Figures 7
event with the black line representing the average change across sites, and (c)
and 8). One mechanism for this could come from the direct contribution
the percent change relative to the day before the event broken down by cluster.
of colder water to the pond. For example, 25.4 mm of precipitation would
Boxplots represent the median ± interquartile range with whiskers extending
directly increase volume of our study ponds by 1.4%–8.4% depending on
to 5th and 95th percentiles. Rare = rarely mixed; Intermittent = intermittently
mixed; Often = often mixed.
pond depth, but only represent an additional 0.4% of volume in a larger lake
with a mean depth of 7 m. Consequently, while water temperatures in lakes
may not respond to small precipitation events (Andersen et al., 2020; Doubek
et al., 2021), ponds may have a greater response as they take less energy to mix. In addition to precipitation,
storms could also reduce stratification strength through drops in air temperature, reduced solar radiation, and
increases in wind speed (Jennings et al., 2012; Song et al., 2013).
We observed a macrosystem response where 12 waterbodies within one region responded similarly to a single
storm (Figure 8). Heavy precipitation weakened stratification in 11 rarely mixed ponds, with no noticeable
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changes to wind speed. The one intermittently mixed pond in this region
mixed completely during the storm, also likely driven by precipitation
although wind speeds did increase at this site for a few hours during the
storm. Our observation of a few days of rain is much smaller in scope but
analogous to extreme events like tropical cyclones that can weaken or
disrupt summer stratification of multiple lakes and reservoirs across broad
scales (Klug et al., 2012; Woolway et al., 2018). For these smaller precipitation events, the responses occur at a sub-daily temporal scale where there
is a quick response to the precipitation followed by a return to diel trends
(Figure 8; Andersen et al., 2020; Woolway et al., 2018). The response of
waterbodies' mixing regime to meteorological variables is especially important in the context of the rapidly changing climate. For example, stratification will likely get stronger due to both warmer air temperatures (Oleksy &
Richardson, 2021) and atmospheric stilling (Woolway et al., 2017), whereas
more intense storm events may simultaneously increase the frequency of
complete mixing events in ponds.
4.3. Defining Mixing Using Density Thresholds

Figure 8. (a) Density gradient of 12 waterbodies from southeastern
Minnesota during a 6 day period from 28 June 2019 to 03 July 2019 with (b)
56.6 mm precipitation occurring on 30 June and 01 July (and 70.4 mm total
precipitation across all 6 days). Three sites are highlighted in color including
Prairie Pond (peak density gradient), Big Pond (dropped below the mixing
threshold indicated by dashed line), and Roseville Church Pond (one of three
with low amplitudes prior to the precipitation event); the remaining nine are
in gray behind. Precipitation totals were collected at the most central location
and were similar across all 12 waterbodies (range in 2 day precipitation total:
39.2–56.6 mm).

Temperature or density differences, density gradients, and turbulence measurements have all been used to define mixing in lentic ecosystems (reviewed
in Gray et al., 2020). Using density is preferable due to the non-linear relationship between water temperature and density, and because water density
differences directly establish strata. Similarly, other metrics like the relative
thermal resistance to mixing or Schmidt stability have been used to identify
thermal stratification (e.g., Oleksy & Richardson, 2021; Siver et al., 2018).
However, the choice of a density gradient, density difference, or other stratification metric thresholds have been arbitrary or based on subjective visual
assessments (e.g., Giling, Staehr, et al., 2017; Staehr et al., 2012) and could
have implications for weakly stratified or polymictic systems. In this study,
pond clusters were relatively insensitive to the range of density gradient
cutoffs from literature (Gray et al., 2020) with most ponds fitting stably
into one cluster (Table S2 in Supporting Information S1). However, the
proportion of time that an often mixed pond was considered mixed changed
with the density gradient threshold. For example, as the density threshold
increased, the proportion of time a pond was mixed during the day doubled
in the often mixed cluster (Figures 1a–1d), with less dramatic changes at
night and in the other two clusters. We concur with Gray et al. (2020) that
it is valuable to consider a range of density thresholds when quantifying
mixing.

For future studies, calculations of heat budgets and additional stratification parameters would be valuable,
particularly comparing water friction velocity (u*, units: m s −1) and waterside velocity for convection (w*) to
differentiate between wind shear and convection (Imberger, 1985). However, the underlying assumptions for
these calculations were derived for lakes and may not scale to smaller waterbodies. For example, we used 10 m
wind speeds to calculate wind shear stress in this study and u* is scaled to wind speeds 10 m above the water
surface (e.g., Read et al., 2011). However, typical boundary layer scaling of wind speed (e.g., Amorocho &
DeVries, 1980) may be unrealistic in ponds where small fetch and sheltering could prohibit boundary layers from
forming the same way as they do in lakes (Markfort et al., 2010; Vesala et al., 2006). Therefore, evaluating the
wind shear stress that ponds experience will require measurements of sheltering by surrounding vegetation (i.e.,
trees, emergent macrophytes) and wind measurements in the middle of the pond. Additionally, w* and other
lake mixing metrics (e.g., lake number and Wedderburn number) require estimating exact thermocline depths
or metalimnion boundaries, which may be at scales smaller than the thermistor sensor resolution deployed in
most studies. These challenges will be important to address when applying lake stratification metrics to small or
shallow waterbodies.
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4.4. Implications for Ecological and Biogeochemical Processes
Different mixing regimes likely impact key ecosystem processes, including oxygen availability, nutrient recycling, ecosystem metabolism, and greenhouse gas production and emissions. For example, often mixed shallow
lakes may have high oxygen availability throughout the water column, whereas smaller ponds may have hypoxic
or anoxic bottom waters during periods of stratification. Hypoxic waters can be energetically expensive and even
limit survival for many organisms, including fish, amphibians, and invertebrates (Saari et al., 2018). Hypoxic
waters also have higher concentrations of redox-sensitive nutrients and contaminants, which can be brought to
the surface during short-term mixing events (Barrett et al., 2018; Taguchi et al., 2020; Wilhelm & Adrian, 2007).
For instance, short-term mixing events can increase surface water nutrient concentrations and promote phytoplankton or cyanobacteria blooms (Giling, Nejstgaard, et al., 2017; Wilhelm & Adrian, 2007) and even elevate
gross primary production for weeks after mixing (Giling, Nejstgaard, et al., 2017). Similarly, mixing regimes
can affect greenhouse gas production and emissions. Anoxic bottom waters promote methane (CH4) production,
which can be released to the atmosphere if a waterbody mixes quickly (Erkkilä et al., 2018; Vachon et al., 2019).
As such, carbon emissions may increase when ponds mix overnight, a phenomenon seen in a large shallow lake
(Podgrajsek et al., 2014) and a boreal fen (Godwin et al., 2013). A corollary is that stratification may reduce
emissions, as seen in farm ponds that consume nitrous oxide (Webb et al., 2019). Mixing regime may also influence the balance of carbon storage versus emissions as increased stratification can promote carbon burial in lakes
through cooler bottom water (Bartosiewicz et al., 2019) and anoxia (Carey et al., 2022). As mixing regimes may
regulate ecology and biogeochemistry, monitoring mixing patterns may be necessary to predict greenhouse gas
budgets and accurately model ecosystem dynamics.
4.5. Conclusion: An Updated Paradigm on Mixing in Small, Shallow Waterbodies
We identified that small, shallow waterbodies have a variety of mixing regimes, and can no longer be assumed to
be continuously polymictic. Rather, we propose a new paradigm where temperate shallow waterbodies have three
mixing regimes (Figure 9), which are likely functionally distinct in ecological and biogeochemical processes
(Fairchild et al., 2005; Richardson et al., 2022). First, larger shallow lakes that continuously mix are distinguished
from smaller ponds that commonly stratify. Second, discontinuously mixed ponds can be split into shallow ponds
that mix intermittently versus deeper ponds that mix rarely. The exact size and depth transitions among catego-

Figure 9. Proposed paradigm of mixing in small and shallow waterbodies in temperate regions. Small (<∼4 ha) and shallow
(<∼4 m) ponds mix discontinuously, with intermittent mixing in shallower compared to deeper ponds, which rarely mix.
In larger, shallow waterbodies (i.e., shallow lakes), continuous mixing occurs. The exact boundaries (dashed lines) among
categories depend on fetch, sheltering, and transparency, and need further resolution. In particular, this study did not address
the upper boundaries between polymictic and dimictic/monomictic systems (see text).
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ries need further resolution, and may respond to other variables such as sheltering and water transparency. For
instance, increased sheltering or decreased transparency would trap more heat in the surface waters and increase
stratification (Kirillin & Shatwell, 2016). Mixing regimes in shallow waterbodies may also differ outside of
temperate regions; for example, high latitude systems potentially mix more often due to cooler temperatures
especially in more open landscapes.
Our study did not specifically evaluate the upper boundary between polymictic and dimictic/monomictic systems.
We propose 4 m as the maximum depth transition, which was informed by the depth cutoff for shallow lakes
(3–5 m; Padisák & Reynolds, 2003; Richardson et al., 2022; Scheffer, 2004) and the location where the size-depth
relationship may break down in lakes (4 m; Lathrop & Lillie, 1980). The transition between polymictic and
dimictic is particularly relevant for eight ponds in the discontinuous rarely mixed cluster that were always stratified during our study. Determining whether their mixing regime is discontinuous or dimictic requires examining
the spring and fall shoulder seasons as well as ice cover; for example, 120 days of stratification has been proposed
as a cutoff between polymictic and dimictic lakes (Kirillin & Shatwell, 2016). Ultimately, this updated paradigm
(Figure 9) captures the prevalence of stratification and variability of mixing regimes in ponds and shallow lakes,
which impact key ecosystem processes.

Data Availability Statement
Data are archived in a Dryad data repository https://datadryad.org/stash/share/sifvTmDNSjif7RrkzEZIAQLjGzuYv6tGW409JC38V1g, available here: https://10.5061/dryad.t4b8gtj4q. Data from Ponds E1 and E3 can also be
found in Bansal et al. (2020) and data from Bethel Lake found in Kinzinger and North (2021).
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