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Abstract
Climate-induced variation in lake level can affect physicochemical properties of endorheic lakes, but its conse-

quences for phototrophic production and regime shifts are not well understood. Here, we quantified changes
in the abundance and community composition of phototrophs in Kenosee and White Bear lakes, two endorheic
basins in the parkland Moose Mountain uplands of southeastern Saskatchewan, Canada, which have
experienced > 8 m declines in water level since � 1900. We hypothesized that lower water levels and warmer tem-
peratures should manifest as increased abundance of phytoplankton, particularly cyanobacteria, and possibly trig-
ger a regime shift to turbid conditions due to evaporative concentration of nutrients and solutes. High-resolution
analysis of sedimentary pigments revealed an increase in total phototrophic abundance (as β-carotene) concurrent
with lake-level decline beginning � 1930, but demonstrated little directional change in cyanobacteria. Instead, sig-
nificant increases in obligately anaerobic purple sulfur bacteria (as okenone) occurred in both lakes
during � 1930–1950, coeval with alterations to light environments and declines in lake level. The presence of
okenone suggests that climate-induced increases in solute concentrations may have favored the formation of
novel bacterial habitats where photic and anoxic zones overlapped. Generalized additive models showed that
establishment of this unique habitat was likely preceded by increased temporal variance of sulfur bacteria, but not
phytoplankton or cyanobacteria, suggesting that this abrupt change to physical lake structure was unique to deep-
water environments. Such climate-induced shifts may become more frequent in the region due to hydrological
stress on lake levels due to warming temperatures across the Northern Great Plains.

Local and regional declines in lake levels are of great con-
cern as human water use is expected to increase over the next
century (Vörösmarty et al. 2000; Gaeta et al. 2014). In

addition to anthropogenic uses, lake levels may vary in
response to perturbations in regional hydroclimate, particu-
larly where evaporation rates exceed precipitation levels
(Pham et al. 2009; Xiao et al. 2018). Such hydroclimate
changes and subsequent lake-level declines are widespread in
the Northern Great Plains, particularly in hydrologically man-
aged endorheic basins which depend on spring snowmelt for
water replenishment (van der Kamp et al. 2008; Pham
et al. 2009; Sereda et al. 2011). In these regions, general circu-
lation models (GCMs) forecast warmer temperatures and only
modest changes in precipitation (Tanzeeba and Gan 2012;
Asong et al. 2016; Zhou et al. 2018), potentially resulting in
increased volatility of regional lake levels due to evaporative
forcing. Resultant changes in regional water quality may
include variation in nutrient, carbon, and major ion concen-
trations, proportion of littoral and pelagic habitats, phyto-
plankton community composition and production, and food-
web dynamics including zooplankton and fish communities
(Vinebrooke et al. 1998; Fischer and Öhl 2005; Hambright
et al. 2008; Pham et al. 2009; Gal et al. 2013; Wigdahl
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et al. 2014; Vogt et al. 2018). Despite on-going variation in
lake levels in the Canadian Prairie region (Fritz 1990; van der
Kamp et al. 2008), little is known of the long-term effects of
enhanced evaporative stresses on production, community
composition, and stability of phototrophic assemblages.

Variation in lake levels also affects water-column heating
and circulation, as well as the degree to which irradiance pen-
etrates to stable environments such as lake bottoms or
chemoclines (Zohary and Ostrovsky 2011). Changes in ther-
mal stratification may be particularly noteworthy in shallow
prairie and parkland systems where polymixis is common due
to frequent high winds (Plancq et al. 2018), while variation in
ionic content can affect chemical stratification (Hodgson
et al. 1998). In addition, evaporative concentration of nutri-
ents associated with lake-level decline may favor increased pri-
mary production, particularly under warm conditions
(Vinebrooke et al. 1998; Zinabu 2002). As shallower ecosys-
tems warm more quickly than deeper ones (Dröscher
et al. 2009; Dibike et al. 2016), such conditions can promote
blooms of planktonic algae and potentially-toxic cyano-
bacteria (Davis et al. 2009; Paerl and Paul 2012; Huisman
et al. 2018; Hayes et al. 2019).

Large and disproportionate increases in cyanobacterial
abundance can arise as an abrupt change, or “regime shift”
(sensu lato) in some lake systems (Taranu et al. 2015; Bunting
et al. 2016; Vogt et al. 2018). In some cases, there is increased
temporal variance in the abundance or concentration of phy-
toplankton or cyanobacteria prior to the shift, marking a “crit-
ical slowing down” arising from changes in the strength of
internal feedbacks due to environmental driver(s) (Scheffer
et al. 2001; Scheffer and Carpenter 2003; Carpenter and
Brock 2006; Dakos et al. 2015; Ratajczak et al. 2018). In lake
systems, variation in primary production can rise because of
prolonged gradual increases in nutrient influx (e.g., paradox
of enrichment; Cottingham et al. 2000), after which the
regime shift to prolific cyanobacteria is initiated by relative
minor forcing that push lakes beyond critical thresholds
(Dakos et al. 2015; Bunting et al. 2016). These transitions may
become self-enforcing through positive feedback mechanisms
and result in a transition to an alternate stable state that
exhibits self-maintenance and hysteresis (Scheffer et al. 2001;
Scheffer and Carpenter 2003; Dakos et al. 2015; Ratajczak
et al. 2018). Additional environmental drivers which may
result in a regime shift in lakes include changes in ice-cover
duration, vertical-mixing regime, and water-column warming
(Paerl and Paul 2012; Taranu et al. 2015); although, in theory,
variation in lake level, chemical stratification, or ionic concen-
tration could also induce a regime shift (Garcés et al. 1995;
Hodgson et al. 1998). On the Northern Great Plains, changes
in the interactions between the predominant air masses (Gulf,
Pacific, Arctic) can cause increased evaporative concentration
and salinity (Liu et al. 2008; Pham et al. 2009), variation in
water-column mixing (polymixis to meromixis; Michels
et al. 2007), and large changes (5–10 m) in lake level (van der

Kamp et al. 2008) that could all initiate a regime shift with
large biological responses (Scheffer et al. 2001; Carpenter
et al. 2011).

To date, little is known of whether changes in the physical
status of lakes (deep/shallow, mixed/stratified, etc.) are
recorded by temporal variation in primary production or
whether such changes in physical conditions can initiate true
regime shifts (Bunting et al. 2016; Taranu et al. 2018). Fur-
thermore, it has been established that some regime shifts are
not preceded by rising variance (Burthe et al. 2016; Ratajczak
et al. 2018) and that rising variance in environmentally sen-
sitive proxies does not invariably lead to a regime shift
(Burthe et al. 2016), which makes the establishment of
regime shifts very difficult without abundant a priori knowl-
edge of the impacted system (Scheffer and Carpenter 2003;
Dakos et al. 2015; Burthe et al. 2016). In this context, it may
be useful to retroactively examine systems which have expe-
rienced substantial environmental changes to discover if any
regime shifts occurred, either with or without an associated
rise in variance of key proxies, such as biological production
(Randsalu-Wendrup et al. 2016; Taranu et al. 2018). The
establishment of past regime shifts, or transitions between
alternate stable states, may provide critical insights on how
nonlinear and abrupt changes in ecosystem response to envi-
ronmental change may improve lake management and miti-
gation strategies (Bunting et al. 2016; Randsalu-Wendrup
et al. 2016).

To better understand how lake-level variation may influ-
ence the temporal variability of lakes, we quantified historical
changes in the production, composition, and variance of
phototrophic assemblages in two proximal endorheic park-
land lakes located in the Moose Mountain uplands of south-
east Saskatchewan, Canada. Kenosee and White Bear lakes are
presently unstratified (Plancq et al. 2018) and have
experienced > 8 m declines in water level over the past cen-
tury (Vance et al. 1997; Vinebrooke et al. 1998; van der Kamp
et al. 2008). Analyses of historical changes in biomarker pig-
ments from algae and phototrophic bacteria (cyanobacteria,
purple sulfur bacteria) were used to: (1) quantify how phyto-
plankton abundance and community composition have var-
ied in response to lake-level changes since � 1900; (2)
determine if climate and lake-level change resulted in dispro-
portionate increases in toxic cyanobacteria as is expected in
warming, shallowing waters (Taranu et al. 2015; Bunting
et al. 2016; Vogt et al. 2018) and (3) determine if any
changes in lake physical structure (i.e., mixing regime, oxy-
genation, light penetration) due to historical lake-level varia-
tion are related to increased temporal variance of
phytoplankton, such as seen in other prairie lakes which
have undergone regime shifts (Carpenter et al. 2011; Bunting
et al. 2016). Analysis of temporal patterns of primary pro-
ducers may provide insights into the ecological effects of
regional changes in lake levels (Dakos et al. 2015; Taranu
et al. 2018) and will help forecast lake response to future
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environmental change under a warmer and potentially more
arid climate (Asong et al. 2016).

Materials and methods
Study sites

Kenosee Lake and White Bear Lake are located in the Moose
Mountain Uplands of southeastern Saskatchewan, Canada
(Fig. 1). These lakes are separated by � 2 km and share a
humid, cold, continental climate (Köppen Dfb) with a mean
annual temperature of 3.7�C and 427 mm yr�1 of precipita-
tion during the 1981–2010 period (Estevan, Saskatchewan,
station data; Environment and Climate Change Canada
[ECCC]; https://climate.weather.gc.ca/climate_normals/results_
1981_2010_e.html?searchType=stnProv&lstProvince=SK&
txtCentralLatMin=0&txtCentralLatSec=0&
txtCentralLongMin=0&txtCentralLongSec=0&stnID=2896&
dispBack=0, accessed April 2021). Historical data suggest that
while mean annual temperatures have increased by � 2�C over
the past 80 yr, rainfall has increased only modestly and there
has been little trend in snowfall (Supplemental Information
Fig. S1; Homogenized Canadian Climate Station Data; ECCC;
https://www.canada.ca/en/environment-climate-change/service

s/climate-change/science-research-data/climate-trends-variability/
adjusted-homogenized-canadian-data.html, accessed August
2021).

The two lakes are of similar size (� 8–9 km2), although
White Bear Lake is deeper (Zmax = 15 vs. 8 m) and drains a
larger area (172 vs. 60 km2) than Kenosee Lake (Table 1; Vance
et al. 1997; van der Kamp et al. 2008). The catchments of
Kenosee and White Bear lakes exhibit poor hydrological inte-
gration and neither lake has channelized inflows or outflows.
Instead, wetlands, sloughs, and lakes in the Moose Mountain
Uplands rely on complex subsurface connections of saline,
carbonate-rich groundwater that is eventually discharged on
the adjacent prairie surface � 150 m below (Vance
et al. 1997). Historically, Kenosee Lake spilled into White Bear
Lake when water levels reached over 742 m above sea level
(asl), but water conveyance between lakes has not been
recorded since 1954 due to water-level low stands (see below)
and the construction of a highway between the basins
(Godwin et al. 2013).

Land use is similar within catchments of Kenosee and
White Bear lakes, with � 55–57% cover by broadleaf decidu-
ous forest primarily comprised of trembling aspen (Populus
tremuloides), balsam poplar (Populus balsamifera), green ash

Fig. 1. (A) Map of Kenosee and White Bear Lakes with marked coring locations. Coring depths are 7.6 and 9.2 m for Kenosee Lake and White Bear Lake,
respectively. Map interpreted from photograph courtesy of the U.S. Geological Survey (Landsat 8 OLI/TIRS database). (B) The location of Kenosee and
White Bear lakes in the Moose Mountain Uplands of southeast Saskatchewan in relation to the Province of Saskatchewan (SK) in Canada.

Bjorndahl et al. Lake-level variation and regime changes

3

https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv%26lstProvince=SK%26txtCentralLatMin=0%26txtCentralLatSec=0%26txtCentralLongMin=0%26txtCentralLongSec=0%26stnID=2896%26dispBack=0
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv%26lstProvince=SK%26txtCentralLatMin=0%26txtCentralLatSec=0%26txtCentralLongMin=0%26txtCentralLongSec=0%26stnID=2896%26dispBack=0
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv%26lstProvince=SK%26txtCentralLatMin=0%26txtCentralLatSec=0%26txtCentralLongMin=0%26txtCentralLongSec=0%26stnID=2896%26dispBack=0
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv%26lstProvince=SK%26txtCentralLatMin=0%26txtCentralLatSec=0%26txtCentralLongMin=0%26txtCentralLongSec=0%26stnID=2896%26dispBack=0
https://climate.weather.gc.ca/climate_normals/results_1981_2010_e.html?searchType=stnProv%26lstProvince=SK%26txtCentralLatMin=0%26txtCentralLatSec=0%26txtCentralLongMin=0%26txtCentralLongSec=0%26stnID=2896%26dispBack=0
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html


(Fraxinus pennsylvanica), white birch (Betula papyrifera), and
Manitoba maple (Acer negundo; Henderson et al. 2002), � 21–
27% cover by other water bodies, � 9–10% by grasses and
shrubs, and < 1% agricultural cover (Agriculture and Agri-Food
Canada 2013). The catchments of Kenosee and White Bear
lakes have never been cleared. A portion of the catchment of
White Bear Lake is encompassed by White Bear First Nations
reserve created in 1875, while the remaining catchment area
of both lakes became part of a Canadian federal forest reserve
in 1894 and a Saskatchewan provincial park in 1931
(Henderson et al. 2002). Despite these designations and pro-
tections, significant recreational development has occurred on
the shorelines of both lakes since the 1960s including the con-
struction of cottages and golf courses. Monthly sampling dur-
ing June–September 2016 showed that both lakes are
currently hyposaline, alkaline, and mesotrophic (Table 1).
Currently, both basins do not stratify, although nothing is
known of the interannual variation in mixing intensity.

Lake-level history
Annual lake-level data for Kenosee and White Bear lakes

were recorded by the Government of Canada (Historical
Hydrometric Data; https://wateroffice.ec.gc.ca/mainmenu/
historical_data_index_e.html, accessed April 2021) between
1964 and 2016. Values for White Bear Lake between 1910 and
1964 were obtained from Cullimore and Griffin (1979). While
no data are available regarding Kenosee Lake’s water-levels
prior to 1964, a strong linear relationship between lakes levels
since 1964 (R2 = 0.72, p < 0.0001) suggest that both basins
would have experienced similar degrees of lake-level variation
during the early 20th century.

Paleolimnological analyses
Sediment cores were collected from deep-water sites from

Kenosee and White Bear lakes using a Glew gravity corer
(Glew 1989) in August 2016 (Fig. 1). The Kenosee Lake core
was collected at � 7.6 m depth (49�49.4550N, 102�18.8820W)
and was � 57 cm in length, while the White Bear Lake core
was taken at � 9.2 m depth (49�49.4550N, 102�18.8820W)
and was � 56-cm long. Both cores were sectioned on site at
0.5-cm intervals, stored in the dark on ice during transport,
and refrigerated until analysis within 4 months of collection.
Sediments from the top 40 cm of each core were freeze-dried
(72 h, 0.1 Pa) for subsequent analyses of 210Pb and 137Cs
activities, stable isotope content (carbon [C], nitrogen [N]),
and pigment biomarker concentrations in the Institute of
Environmental Change and Society at the University of
Regina.

Sediment chronology was based on 210Pb and 137Cs activi-
ties quantified using gamma spectrometric analysis of
12 evenly spaced sections of each core (Appelby et al. 1986).
Sediment age and mass accumulation rates (g cm�2 yr�1) were
calculated using the constant rate of supply (CRS) model
(Binford 1990). Sediment age-depth relationships were refined
using shape-constrained additive models (SCAMs) with mono-
tone decreasing P-splines via the scam package (Pya 2021)
with generalized cross-validation smoothness parameter selec-
tion in R (R Core Team 2021).

Whole dried sediments were analyzed for stable isotope
(δ15N, δ13C) and elemental content (N%, C%) by combustion
using a Thermoquest Delta Plus isotope ratio mass spectrom-
eter equipped with a Thermoquest NC2500 elemental ana-
lyzer (Savage et al. 2004). Carbon and nitrogen isotope
values were standardized against international standards (Pee
Dee Belemnite and atmospheric N2, respectively) and
expressed using standard ‰ notation. Elemental composi-
tion of whole sediments were estimated as % dry mass for N
(N%) and C (C%) content, and were used to estimate C : N
mass ratios.

High-performance liquid chromatography (HPLC) was used
to quantify fossil pigment concentrations from alternate sedi-
ment sections in the Kenosee and White Bear cores following
Leavitt and Hodgson (2001). Pigments were extracted from
15 to 100 mg of freeze-dried sediments by an 80 : 15 : 5
(by volume) solution of HPLC-grade acetone, methanol, and
water. Extracts were filtered (0.22-μm pore) and evaporated
under inert N2 gas, before being redissolved into injection
solution. Concentrations of fossil pigments were measured
using an Agilent model 1260 HPLC calibrated with authentic
pigment standards and using Sudan II as an internal reference.
Pigment interpretation followed Leavitt and Hodgson (2001)
with concentrations of chlorophyll a (Chl a) derivative
pheophytin a, and β-carotene used as indicators of total
phototroph abundance (Leavitt and Hodgson 2001). Other
taxon-specific pigments included fucoxanthin (siliceous
algae), diatoxanthin (primarily diatoms), alloxanthin

Table 1. Summary of physical and chemical characteristics of
Kenosee and White Bear lakes. Surface area (km2) and max depth
(m) were obtained from van der Kamp et al. (2008), while physi-
cal (Secchi depth), chemical (total phosphorus [TP], total nitro-
gen [TN], total organic carbon [TOC]), salinity, pH, and Chl a
were measured once per month from Jun to Sep in 2016 (mean
� standard deviation).

Site Kenosee Lake White bear Lake

Surface area (km2) 8 9

Drainage area (km2) 60 172

Maximum depth (m) 8 15

Lake-level elevation (m asl) 741 729

TN (μg�L�1) 2048�38 2533�116

TP (μg�L�1) 27.50�9.57 14.46�10.41

TOC (mg�L�1) 26.75�0.44 35.03�1.97

Chl a (μg�L�1) 9.44�4.41 8.40�7.79

Salinity (g�L�1) 1.07�0.03 1.84�0.06

pH 8.58�0.14 8.72�0.07

Secchi depth (m) 1.84�1.36 2.58�1.07
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(cryptophytes), pheophytin b (chlorophytes), echinenone
(total cyanobacteria), and canthaxanthin (Nostocales cyano-
bacteria). Lutein and zeaxanthin could not be separated and
were combined as indictors of bloom-forming taxa (Leavitt
and Hodgson 2001). In addition, okenone was used as an indi-
cator of purple sulfur bacteria (Leavitt et al. 1989; Leavitt and
Hodgson 2001). All pigment concentrations were expressed as
nmoles pigment g�1 carbon (Leavitt et al. 1994). The ratio of
Chl a to pheophytin a (Chl : pheo) was used as a metric of
changes in preservation environment (Leavitt and
Hodgson 2001), while the ratio of UVR-absorbing scytonemin
derivatives to the sum of other carotenoids (alloxanthin,
lutein-zeaxanthin, diatoxanthin) was used as an index of past
exposure to UV irradiance (Leavitt et al. 1997).

Numerical analyses
Temporal trends in pigment and other geochemical proxies

were estimated using generalized additive models (GAMs)
using the mgcv package (Wood 2011, 2017; Simpson 2018).
Specifically, pigment concentrations were estimated using a
location-scale hierarchical GAM (HGAM) where both the
mean and scale predictors used a global smooth of year and a
factor smooth for each combination of the 2 lakes and

10 pigments for a total of 20 factors (model GS in Pedersen
et al. 2019). The global smooth accounted for the common
trend between both lakes and all pigments, while the factor
smooth accounted for the deviations at the pigment and lake
level from the global smooth. The model deviations were fit
assuming a common smoothness parameter between lakes
and pigments, but do not account for common trends
between lakes or pigments separately. Both the global smooth
and the factor smooth were fit using cubic regression splines.
Finally, the scale predictor also accounted for the period of
time represented by each core slice to account for changes in
temporal averaging between adjacent samples. This was facili-
tated with the addition of a smooth of each sample’s log-
transformed temporal interval and by fitting the smooth with
adaptive splines.

Pigment variances were extracted from pigment concentra-
tions by calculating the product of the mean and shape esti-
mates from the concentration HGAM. Credible intervals
(95%) for the variance values were obtained by running
10,000 simulations and taking the 2.5% and 97.5% quantiles
of the posterior distributions. Resultant pigment variances
were also modeled using an HGAM under the same parame-
ters as described above. In addition, Chl : pheo ratios and UV
indexes were modeled individually using HGAMs with
Gamma and Tweedie distributions, respectively. Both models
used a smooth for year and lake, such that each lake had a dif-
ferent smoothness parameter (model I in Pedersen
et al. 2019). In all models, observations were weighted by tem-
poral resolution and the smoothness parameter was estimated
using a restricted maximum likelihood approach (Simpson
2018). To identify periods of significant change, the first deriv-
ative of the estimated smooth trend was evaluated from the
relevant model of each proxy (Bunting et al. 2016;
Simpson 2018). Here, the first derivative of each proxy
smooth was estimated using the gratia package in R
(Simpson 2021). Periods of significant change were identified
where the 95% credible interval on the estimated derivative
excluded 0.

All statistical analyses were performed in the R statistical
environment (R Core Team 2021). The tidyr and dplyr packages
(Wickham 2021; Wickham et al. 2021) were used for data
wrangling, while plots were created using the ggplot2 and
cowplot packages (Wickham et al. 2016; Wilke 2020). Code for
analyses is available on GitHub at https://github.com/
simpson-lab/kenosee-white-bear.

Results
Lake-level

Historical records suggested that both Kenosee and White
Bear lakes experienced water-level variation of > 8 m since
the early 20th century (Fig. 2). Taking the first common year
of record (1964) as a benchmark, water levels in White Bear
Lake were � 4 m higher between � 1910 and � 1930 before

Fig. 2. Water levels of Kenosee Lake (red) and White Bear Lake (blue) rel-
ative to their levels in 1964. Data from 1964 to 2015 were obtained from
the Government of Canada Water Office; data prior to 1964 for White
Bear Lake were obtained from estimates from Cullimore and
Griffin (1979).
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declining toward a plateau by 1950. While lake levels rose
� 2 m during the 1950s, values declined again to the late
1960s. The water levels of both lakes were stable until
� 1975 when marked declines of up to 6 m and 3 m
occurred in White Bear and Kenosee lakes, respectively.
Water levels reached a minimum at � 2010 (�4 to �5.5 m)
before rapidly rising by 2 m in White Bear Lake and 4 m in
Kenosee Lake in recent years (Fig. 2). Given the strong

correlation between Kenosee and White Bear lake levels
since 1964 (R2 = 0.72, p ≤ 0.0001), it is likely that Kenosee
Lake experienced similar water-level fluxes prior to 1964.
Together, these findings suggest that Kenosee and White
Bear lakes have experienced water-level variations equiva-
lent to � 75% and � 55% of their present depth, respec-
tively, with only very recent increases toward historical
benchmarks (Fig. 2).

Fig. 3. Activities of 210Pb and 137Cs with associated error estimates (1 σ) by core depth for Kenosee Lake and White Bear Lake. Age-depth relationships
were estimated using SCAMs (shape-constrained additive models)-based CRS (constant rate of supply) models of 210Pb activity in each core. Inferred
dates are also presented with error ranges (1 σ) by core depth for Kenosee Lake and White Bear Lake.
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Sediment chronology
Activity of 210Pb declined with sediment depth in the

Kenosee and White Bear cores with little evidence of sediment
mixing (Fig. 3). Activity profiles of 137Cs were well defined in
White Bear Lake sediments, with a clear maximum in 210Pb-
dated intervals corresponding to peak atmospheric nuclear
testing in 1963 at 14 cm (Fig. 3). The 137Cs peak was less well
defined in Kenosee Lake, with a maximum at � 17 cm. Age-
depth models suggested that bulk dry sediment accumulation
rates were comparable between sites, whereas SCAMs based on
the CRS models suggest that ages at � 30 cm were essentially
the same; � 1830 and � 1810 for Kenosee and White Bear
lakes, respectively (Fig. 3).

Geochemistry and stable isotopes
Geochemical trends in stable isotope values were generally

similar in the cores from Kenosee and White Bear lakes
(Fig. 4). In both cores, C and N content (% by mass) was low
prior to � 1930, but rose rapidly afterward to a transient

plateau ca. 1950–1975, before continuing to historical max-
ima in the most recently deposited sediments. The C : N ratios
of both lakes exhibited an inverse relationship to C and N
content, with stable values of � 18 prior to 1900, declining to
a plateau before accelerating to a minimum after ca. 2000
(Fig. 4). Sedimentary δ13C values were relatively stable and ele-
vated at both sites before � 2000 (� 15‰), after which iso-
tope values declined to � �22.5‰ in both lakes (Fig. 4). In
contrast, trends in δ15N were markedly different between
lakes. In Kenosee Lake, δ15N ratios decreased from � 6‰ to
� 4‰ after approximately 1925 before returning to more
enriched values after � 1960 (Fig. 4), whereas in White Bear
Lake, δ15N ratios continue to decline after � 1960 with deple-
tions to � 2‰ in sediments deposited since ca. 2000 (Fig. 4).

Phototrophic pigments
Analysis of sedimentary carotenoid and chlorophyll pig-

ments revealed significant changes in the composition, con-
centration, and variance of primary producers over the

Fig. 4. Carbon (C%) and nitrogen (N%) content, C : N ratios, and stable isotope ratios of δ13C and δ15N (‰) plotted by year for Kenosee Lake and
White Bear Lake.
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past � 200 yr of Kenosee and White Bear lakes (Fig. 5). In
these analyses, significant changes refer to periods of time
when the slope (i.e., the first derivative) of pigment concentra-
tions and variances are statistically significant from 0 (see the
Methods section). In Kenosee Lake, concentrations of pig-
ments indicative of siliceous algae (fucoxanthin), diatoms
(diatoxanthin), cryptophytes (alloxanthin), chlorophytes
(pheophytin b), and other bloom-forming taxa (lutein-zeaxan-
thin) were generally low, but did show periods of significant
increase prior to � 1900. Abundances of chlorophytes
(pheophytin b) increased significantly after � 1900, with the
largest changes occurring after � 1930, concomitant with
lake-level fall, whereas densities of diatoms (diatoxanthin),

cryptophytes (alloxanthin), and bloom-forming taxa (lutein-
zeaxanthin) increased significantly across the 20th century
with periods of minor declines centered at � 1975 and addi-
tional decreases in lake level (Figs. 2, 5). Trends in these phy-
toplankton were similar in White Bear Lake sediments, with
the exception of a slightly delayed onset of significant
increases at � 1930 (Fig. 5). In that lake, diatoxanthin
exhibited distinctly high concentrations prior to 1900, but
declined throughout the 20th century with statistically signifi-
cant intervals of decline at � 1930 and � 1970 (Fig. 5).

In Kenosee Lake, concentrations of pigments from cyano-
bacteria (echinenone and canthaxanthin) were relatively ele-
vated at � 1800 and rose significantly to � 1850 before

Fig. 5. Mean concentrations (left) and concentration variances (right) of fossil pigments by year in sediments from Kenosee Lake and White Bear Lake.
Pigment mean concentrations and concentration variances are fitted with hierarchical generalized additive models (HGAMs). In all plots, solid lines are
the fitted model trends, gray shading represents 95% confidence intervals of the trends, and emboldened sections of the trends represent significant
changes in pigment mean concentration or concentration variance. Fuco = fucoxanthin (siliceous algae), Diato = diatoxanthin (primarily diatoms),
Allo = alloxanthin (cryptophytes), Pheo B = pheophytin b (chlorophytes), Lut Zea = lutein-zeaxanthin (chlorophytes and cyanobacteria pigments,
i.e., “bloom-forming” taxa), Echin = echinenone (total cyanobacteria), Canth = canthaxanthin (Nostocales cyanobacteria), Oken = okenone (purple sul-
fur bacteria), Pheo A = pheophytin a (total production), β car = β-carotene (total production).
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declining significantly to 1900 (Fig. 5). Abundance of total
cyanobacteria (echinenone) then rose significantly from
� 1930 to 1950 alongside falls in lake level (Figs. 2, 5). In con-
trast, potentially N2-fixing colonial cyanobacteria (canthaxan-
thin) declined throughout the early 20th century, reaching
stable and relatively low concentrations between � 1930 and
2000 before rising significantly after � 2000 (Fig. 5). Concen-
trations of both pigments were low in White Bear Lake prior
to 1900, despite periods of significant increases during this
time, and slowly rose over the 20th century, with significant
increases in echinenone at � 1930–1950 alongside declines in
lake level (Figs. 2, 5). In both lakes, concentrations of okenone
from obligately anaerobic purple sulfur bacteria were negligi-
ble prior to � 1900, but increased substantially during the
early 20th century and reached maxima at � 1950, a period of
stable water levels at both sites (Figs. 2, 5). Thereafter, concen-
trations of okenone declined significantly in Kenosee lake dur-
ing periods of lake-level increase (� 1950–1970) and
subsequent decline (� 1970–2010) (Figs. 2, 5). These declines
in okenone concentration did not reach pre-1900 minimum
values. In White Bear Lake, concentrations of okenone

plateaued during � 1950–2000 despite substantial lake-level
changes, before rising significantly thereafter (Figs. 2, 5). In
addition, overall biomarkers of total phototroph production
(pheophytin a, β-carotene) were relatively stable before �
1900, but increased significantly between � 1900 and 1950 in
Kenosee Lake and between � 1930 and 1970 in White Bear
Lake (Fig. 5). Maximum values of these pigments occurred in
both lakes after � 2000, coeval with recent increases in lake
levels (Figs. 2, 5).

Temporal trends in variance of primary producers were sim-
ilar in Kenosee and White Bear lakes sediments (Fig. 5). At
both sites, variance of diatoms (diatoxanthin), cryptophytes
(alloxanthin), and green algae (pheophytin b, lutein) was ele-
vated during the mid-19th century, centered at � 1840–1860,
before declining significantly to low values by 1900 (Fig. 5).
Variance measures of these phytoplankton remained low
through the period of lake-level variation during the 20th cen-
tury before increasing significantly after � 2000 (Figs. 2, 5). In
Kenosee Lake, variance in cyanobacterial abundance (ech-
inenone, canthaxanthin) increased significantly prior
to � 1850 then significantly declined to low values by 1900

Fig. 6. Precursory Chl a to derivative pheophytin a (Chl : pheo) ratios and estimated UV index values plotted by year for Kenosee Lake and White Bear
Lake. In all plots, solid lines are the fitted model trends, gray shading represents 95% trend confidence intervals, and emboldened sections represent
periods of significant change.

Bjorndahl et al. Lake-level variation and regime changes

9



(Fig. 5). In White Bear Lake, 19th century changes in variance
of these pigments were much less marked, although still sig-
nificant increases in cyanobacterial variance were recorded up
to � 1850 (Fig. 5). Similarly, variance in purple sulfur bacteria
(okenone) differed between lakes before � 1900, with slightly
elevated values in Kenosee in the mid-19th century, but con-
sistently low variance in White Bear Lake during the same
interval (Fig. 5). Changes in okenone variance were more
coherent between lakes after � 1900, rising significantly
between � 1930 and � 1950 during the period of lake-level
decline (Figs. 2, 5). These peaks in okenone variance were
short-lived and declined significantly to � 1975, a period of
substantial lake-level variation. In contrast to other pigments,
variation in okenone time series did not rise again during late
20th century periods of lake-level decline, nor did it increase
significantly when lakes refilled after � 2010 (Figs. 2, 5).
Finally, there were few common patterns of historical change
in variation of total primary producers (pheophytin a, β-caro-
tene), with a higher amount of significant variance changes
across the 20th century in Kenosee Lake and more significant
changes during the 19th century at White Bear Lake (Fig. 5). In
both basins, variance of these pigments rose significantly
after � 2000 (Figs. 2, 5).

Analysis of changes in preservation environment
(as Chl : pheo ratios) suggested that there was little variation
in sedimentary pigment preservation in either lake until the
most recently deposited sediments (Fig. 6). Although changes
in Chl : pheo ratios were significant in Kenosee Lake for the
first 150 yr of the record, these changes were minor relative to
those seen after � 2000. Reconstruction of the UVR index
suggested that phytoplankton were exposed to relatively high
levels of UV radiation during the 19th century, but that expo-
sure declined significantly through the 20th century, culminat-
ing in minimum values in the recent sediments of both
lakes (Fig. 6).

Discussion
Kenosee and White Bear lakes have experienced lake-level

variability of > 8 m during the last century (Fig. 2), likely
reflecting rising regional temperatures, increased evaporation,
and complex interactions between Arctic, Gulf, and Pacific air
masses which affect regional snowpack, spring runoff, and
groundwater availability (Bonsal et al. 2006; Pomeroy
et al. 2007; Liu et al. 2008; van der Kamp et al. 2008;
McCullough et al. 2012). Lake-level decline was marked by
coeval increases in primary production beginning ca. 1930,
including elevated abundance of total phytoplankton, dia-
toms, cryptophytes, and chlorophytes (Fig. 5), concomitant
increases in sedimentary C and N content (Fig. 4) and bulk
sedimentation rates (Fig. 3). However, despite increasing tem-
peratures and loss of over 50% of lake depth, neither total nor
colonial diazotrophic cyanobacteria increased substantially
during the 20th century relative to prior levels (Fig. 5). Instead,

fossil concentrations of okenone from anaerobic purple sulfur
bacteria increased in both lakes during � 1930–1950 (Fig. 5),
showing that light penetrated to anoxic habitats during this
interval (Pfennig 1978; Leavitt et al. 1989). While variance in
total primary production did not increase substantially prior
to the development of illuminated anoxic habitats during
intervals of stable and low lake level, temporally coherent and
significant increases in okenone variance occurred during
lake-level declines between � 1930 and 1950 suggesting that
the development of illuminated and anoxic habitats in both
Kenosee and White Bear lakes may represent a regime shift
with respect to bacteria and physical lake structure (Scheffer
et al. 2001; Dakos et al. 2015). These patterns are consistent
with the establishment of bacterial plates within transient
chemoclines following lake-level decline and evaporative con-
centrations of solutes in deep waters (Leavitt et al. 1989;
Vinebrooke et al. 1998; Pham et al. 2009). This novel physical
lake structure does not appear to represent an alternate stable
state, as subsequent and substantial changes in lake-level
restricted the anoxic and illuminated environments and sug-
gests that any possible regime shift was transient and lacked
hysteresis (Dakos et al. 2015; Ratajczak et al. 2018). Regardless,
these abrupt changes in lake level, mixing, oxygenation, light
penetration, and biotic structure may become more common
in the Northern Great Plains, where future climate change is
expected to increase evaporative forcing by 2050 due to a
� 5�C warming and only a modest (< 5%) increase in precipi-
tation (Asong et al. 2016; Sauchyn et al. 2020).

Climate forcing of upland lakes
Lake levels at Kenosee Lake and White Bear Lake

declined > 8 m since 1910 (Fig. 2). While extraordinary rela-
tive to many boreal lakes, such large excursions are common
in the Northern Great Plains (Fritz 1990; van der Kamp
et al. 2008) due to water deficits (precipitation-evaporation)
ranging �20 to �60 cm yr�1 (Pham et al. 2009; Haig
et al. 2020, 2021), and pronounced shifts in the relative
importance of winter air masses that control the hydrodynam-
ics of snow accumulation and melting (Bonsal et al. 2006;
Pomeroy et al. 2007; Liu et al. 2008). In the Canadian Prairie
region, > 70% of annual precipitation falls as summer rain,
but up to 80% of regional runoff is derived from spring snow
melt (Akinremi et al. 1999). This snowmelt recharges surface
and intermediary-depth aquifers (van der Kamp and
Maathuis 1991) that can also contribute water to some prairie
and parkland lakes (Shaw and Prepas 1990). In general,
regional precipitation is regulated by a complex interplay
between air masses from the Arctic, Pacific Ocean, and Gulf of
Mexico (Bryson and Hare 1974) that is additionally influenced
by the El Niño-Southern Oscillation, North Atlantic Oscilla-
tion, and Pacific Decadal Oscillation climate systems
(Trenberth and Hurrell 1994; Hurrell 1995; Mantua
et al. 1997). Paleoclimate and modeling analyses reveal that
centennial- and continental-scale variation in these air masses
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affect the position of the winter jetstream and, in turn, the
precipitation supply which creates decadal-scale changes in
runoff, lake level, and salinity (Fritz 1990; Michels et al. 2007;
Liu et al. 2008; McCullough et al. 2012). Relationships
between runoff and lake level are further complicated by
the presence of numerous shallow water bodies within lake
catchments (Fig. 1) that variously “fill and spill” depending on
antecedent meteorological conditions (Coles and McDonnell
2018; Haig et al. 2021). Finally, land-use practices can
alter lake levels by channelizing surface flow, removing wet-
lands, extracting for human use, modifying forests, or through
agricultural irrigation (Fang et al. 2007; Mao and
Cherkauer 2008).

Patterns of hydrology in White Bear and Kenosee lakes
(Fig. 2) are consistent with known variability in regional cli-
mate and land-management practices (Vance et al. 1997;
Vinebrooke et al. 1998). For example, stable elevated lake
levels were recorded in White Bear Lake until onset of the pro-
longed prairie droughts of the 1920s and 1930s when blocking
high pressure cells reduced the influx of moisture from the
Gulf of Mexico (Bonsal et al. 2006). Lake levels recovered
briefly during the 1950s before declining again to a plateau
until the early 1970s. These events correspond to rapid
changes between arid and pluvial conditions during the 1950s
and 1960s (Henderson et al. 2002). After � 1970, lake levels
declined continuously until the early 21st century, reflecting a
both 0.95 cm yr�1 decline in prairie winter precipitation dur-
ing this interval (Akinremi et al. 1999; Henderson et al. 2002)
and local water management practices which included water
extraction for nearby golf courses and the construction of a
highway that restricted flow between adjacent waterways,
including Kenosee and White Bear lakes (Godwin et al. 2013).
Finally, sudden recent increases in lake level of 2–4 m may
reflect changes in the supply of moisture into the region, simi-
lar to the step-change increase in precipitation and runoff in
nearby Manitoba during the 1990s (McCullough et al. 2012;
Dumanski et al. 2015). In this case, delays in lake-level
response (Fig. 2) may arise because antecedent arid conditions
created substantial hydrological sinks in both lakes’ catch-
ments by lowering water levels in many small water bodies
(Fig. 1). The presence of empty hydrological sinks decoupled
precipitation and runoff until the sinks were filled and
regained a steady state (“fill and spill”) exchange of influx and
outflow of water (Coles and McDonnell 2018; Haig
et al. 2021), although further local research is needed to vali-
date this mechanism.

Phototroph response to lake-level declines
Analysis of chemically stable algal and cyanobacterial pig-

ments revealed similar increases in primary production in
Kenosee and White Bear lakes during the 20th century (Fig. 5).
Specifically, when analyzed using GAMs, mean concentrations
of biomarkers for diatoms (diatoxanthin), cryptophytes
(alloxanthin), chlorophytes (pheophytin b, lutein), total

cyanobacteria (echinenone), and all primary producers
(pheophytin a, β-carotene) increased significantly
from � 1930 until the 21st century, although onset of eutro-
phication was delayed in White Bear Lake, compared to sig-
nals from Kenosee Lake (Fig. 5). Elevated lake production is
consistent with trends seen in lowland lakes throughout the
Canadian Prairies and normally reflect substantial changes in
land use and nutrient influx (Leavitt et al. 2006; Pham
et al. 2008; Maheaux et al. 2016). In contrast, catchments of
upland Kenosee and White Bear lakes have not been subject
to extensive modification, beyond shoreline development,
suggesting that more extensive algal growth arose because of
marked lake-level declines after � 1930 and � 1975 (Fig. 2).
Although speculative, we note that shallow lakes are usually
more productive than deeper basins of given size (Jeppesen
et al. 2014) due to a higher fraction of profundal sediments in
contact with warm surface waters and consequently elevated
rates of internal nutrient loading (Søndergaard et al. 2013).
Furthermore, phytoplankton production in prairie lakes can
increase when evaporation concentrates epilimnetic nutrients
and other solutes (Oduor and Schagerl 2007; Wissel
et al. 2011; Vogt et al. 2018).

Historical variation in geochemical and isotopic sediment
features were generally comparable in Kenosee and White Bear
lakes and were consistent with pigment inferences of
increased lake production after � 1930 (Figs. 3, 4). Specifically,
variation in C and N content were inversely correlated with
White Bear Lake water levels (R2

adj = 0.76, 0.89), whereas
C : N mass ratios varied with lake level until the � 2010 mini-
mum. Similarly, bulk sedimentation in White Bear Lake, and
to a lesser extent Kenosee Lake, exhibited marked acceleration
during intervals of declining lake level in the 20th century,
with more modest rates of accumulation between � 1940 and
1970 when lake levels were generally stable beyond a transi-
tory 2 m change during the 1950s (Fig. 3). Together, these pat-
terns are consistent with increased deposition of organic
matter resulting from elevated autochthonous primary pro-
duction (Meyers and Teranes 2001), as recorded by coeval
declines in C : N ratios from values characteristic of terrestrial
plants (C : N � 20–25) to those associated with autochtho-
nous organic matter (C : N � 8–12; Gu et al. 2006; Woodward
et al. 2012). Depleted δ13C values in both lakes are also consis-
tent with elevated in situ primary production during the 20th

century, reflecting increased photosynthetic uptake of isotopi-
cally depleted CO2 from respired in situ sources (Meyers and
Teranes 2001; Woodward et al. 2012) as seen in other
eutrophied prairie lakes (Bunting et al. 2016).

Unlike most biogeochemical proxies, late 20th century mea-
sures of nitrogen cycling (as δ15N) differed between Kenosee
and White Bear lakes, with sedimentary enrichment at the for-
mer site and depletion at the latter (Fig. 4). In general, histori-
cal patterns of δ15N were correlated strongly with
concentrations of okenone from purple sulfur bacteria
(R2

adj = 0.79, p < 0.0001), taxa known to fix nitrogen in
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illuminated anaerobic habitats (Madigan 1995). We infer that
cyanobacteria did not contribute substantially to fixed N pools
(c.f., Hayes et al. 2019), as concentrations of canthaxanthin
from potentially diazotrophic cyanobacteria (Leavitt and
Hodgson 2001; Hayes et al. 2019) were uncorrelated to histori-
cal variation in δ15N values (Figs. 3, 5). Thus, while it is possi-
ble that enhanced shoreline development since the 1960s
(e.g., cottages and golf courses) may have added isotopically
enriched N from fertilizers or wastes (Botrel et al. 2014), the
absence of common patterns in δ15N of the lakes since the
1960s is more consistent with differential supply of fixed N
from diazotrophic purple sulfur bacteria.

Historical variation in Nostocales cyanobacteria (cantha-
xanthin) did not show a close correspondence to either
observed changes in lake levels (Fig. 2) or other sediment
proxies of lake production (Figs. 3–5), despite cyanobacterial
preference for warm, nutrient-rich, shallow conditions (Paerl
and Paul 2012; Vogt et al. 2018), their presence in the current
phytoplankton (Bos et al. 2019), and fossil concentrations
which were similar those in other regional eutrophic lakes
(Leavitt et al. 2006; Bunting et al. 2016; Maheaux et al. 2016).
For example, Nostocales were most abundant in Kenosee Lake
during the 19th century and declined to stable low values until
the 2000s, whereas this group varied little over the past 200 yr
in White Bear Lake until recent years (Fig. 5). While we cur-
rently lack a definitive mechanistic explanation for either the
19th century maximum in Kenosee Lake, or the marked differ-
ence with nearby White Bear Lake, anecdotally low water
levels during the late 19th century (Henderson et al. 2002)
may have favored anthropogenic eutrophication either from
initial settler recreational activities, or cultural use of the lakes
by regional First Nations. Although further research is required
to resolve the reasons for elevated cyanobacteria during the
19th century, the absence of marked increases in Nostocales
during the 20th century contrasts sharply with other lakes that
similarly underwent pronounced eutrophication and/or
regime shifts (Scheffer et al. 2001; Carpenter and Brock 2006;
Bunting et al. 2016).

Preferential increases in eukaryotic phytoplankton (diatoms,
cryptophytes, and chlorophytes) over cyanobacteria during the
past 200 yr appears to have reduced the mean exposure of pho-
totrophs to UV radiation (Fig. 6). In general, changes in UVR
exposure were unrelated to observed lake levels. Significant
declines in UVR indices occurred earlier (late 1800s) in Kenosee
Lake than in White Bear Lake (� 1930), similar to timing of sig-
nificant increases in biomarkers from eukaryotic phytoplankton
and declines in lake level (Figs. 2, 5, 6). We infer that reduced
UVR exposure arose from progressive, but slightly asynchro-
nous, eutrophication of both lakes, as declines in lake level
should have increased mean UVR exposure. Similar declines in
UVR exposure are recorded elsewhere in lakes undergoing cul-
tural eutrophication (Stevenson et al. 2016).

Concentrations of most fossil pigments increased signifi-
cantly after � 2000 in both Kenosee and White Bear lakes

(Fig. 5), concomitant with 2–4 m increases in lake level
(Fig. 2). In part, these changes reflect post-depositional pig-
ment transformation, as indicated by rapid changes in
Chl : pheo ratios in sediments deposited since � 2000 (Fig. 6).
Such first-order decay is observed in sediments of other prairie
lakes (Patoine and Leavitt 2006), but is usually restricted to
labile pigments with oxygen- or N-rich functional groups
(e.g., Chl a, fucoxanthin, and peridinin) rather than less-
substituted hydrocarbons (e.g., β-carotene, alloxanthin,
diatoxanthin, lutein-zeaxanthin, etc.; Cuddington and Leav-
itt 1999; Leavitt and Hodgson 2001). Given that chemically
stable pigments also increased markedly toward the surface of
the core, we infer that both Kenosee and White Bear lakes
may be undergoing modern eutrophication, possibly reflecting
increased nutrient transfer from the landscape due to
increased runoff and subsequent lake-level rise (McCullough
et al. 2012; Tanzeeba and Gan 2012; Asong et al. 2016). Fur-
thermore, elevated concentrations of stable phototrophic bio-
markers (e.g., ubiquitous β-carotene) in recent sediments from
both study lakes are also consistent with documented water
quality problems in both Kenosee and White Bear Lakes since
2000, including the formation of algal blooms (Godwin
et al. 2013; Bos et al. 2019).

Evidence of possible regime shifts in upland lakes
Declines in regional lake level between � 1930 and � 1950

resulted in the formation of illuminated, anoxic, deep-water
habitats that were ideal for the proliferation of obligately
anaerobic purple sulfur bacteria (Pfennig 1978) in both
Kenosee and White Bear lakes (Fig. 5). The development of
such bacterial populations between � 1930 and 1950 prereq-
uisites either the illumination of anoxic lake sediments
(Jørgensen and Postgate 1982; Maheaux et al. 2016) or the for-
mation of strong seasonal or semi-permanent chemoclines
resulting from concentrating solutes associated with climate-
mediated lake-level decline (Züllig and Rheineck 1985; Leavitt
et al. 1989). We infer that permanent meromictic conditions
were not established in either Kenosee Lake or White Bear
Lake as there were few concomitant changes in the preserva-
tion of labile pigments as okenone concentrations increased
(Fig. 6), total okenone concentrations were much lower than
those seen in fully meromictic systems (Züllig and Rhe-
ineck 1985; Leavitt et al. 1989; Vinebrooke et al. 1998), and
peak concentrations of okenone in Kenosee Lake were twofold
greater than those in White Bear Lake (Fig. 5), as would be
expected given the greater illumination of sediments in the
shallower lake following lake-level declines (Table 1; Fig. 6).
Alternatively, the observation that both lakes are currently
hyposaline (Table 1), despite recent increases in lake level
(Fig. 2), suggests that salt concentrations were substantially
higher during the lake-level low-stands of the 20th century. As
shown in other regional lakes, declines in lake level due to
evaporative forcing and reduced runoff are associated with
higher deep-water salt concentrations that favor establishment
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of meromictic conditions in even shallow prairie lakes (Garcés
et al. 1995; van der Kamp et al. 2008; Pham et al. 2009).

Alongside increases in pigment concentrations, variance of
okenone time series also rose significantly, beginning
at � 1930 and reaching maximum values at � 1950 (Fig. 5).
Rising variance has been considered as a predictor of a regime
shift in some lake systems undergoing eutrophication
(Carpenter and Brock 2006; Bunting et al. 2016), although
some work suggests that regime shifts can occur without pre-
ceding increases in variance, or that rising variance does not
always result in a regime shift (Burthe et al. 2016; Ratajczak
et al. 2018). As well, it has been noted that rising variance can
also be indicative of changes in the variability of environmen-
tal forcing agents (e.g., climate, nutrient flux, etc.), indepen-
dent of the occurrence of regime shifts (Dakos et al. 2015;
Burthe et al. 2016). In our case, as pigment variances were cal-
culated from pigment mean concentrations, an increase or
decrease in the latter will result in the change in the former,
making it difficult to assess the validity of any possible regime
changes. Furthermore, differences in temporal averaging of
core sediments (yr cm�1) due to physical compression of
deposits also makes it difficult to evaluate whether rising vari-
ance is truly antecedent to the peak okenone concentrations,
despite our attempts to weight samples by temporal resolution
in HGAM analyses (see the Methods section). Taken together,
these observations suggest that further research is needed to
determine how sedimentary records may be used to record
changes in variance as a means of distinguishing between
abrupt ecosystem changes, regime shifts, or true alternative
stable states (Taranu et al. 2018). Regardless, we note that the
marked rise in okenone is an unambiguous marker for the
establishment of a novel, illuminated, anoxic environment,
and that the coeval rise in variance of okenone ca. 1930–1950,
but not algal or cyanobacterial pigments, is consistent with
potential establishment of an abrupt change in the deep-water
environment (Fig. 5). Further research is needed to evaluate
these possibilities, including analysis of variance in potential
forcing functions, addition of limnological proxies to comple-
ment paleolimnological knowledge, and other factors
influencing variance (c.f., Bunting et al. 2016).

Periods of illuminated deep-water anoxic habitats appear to
have been ephemeral or unstable in both Kenosee and White
Bear lakes (Fig. 5). Therefore, in these cases, rising variance
does not appear to signal lake transition to an alternate stable
state nor represent the establishment of internal feedback
mechanisms that favor hysteresis between states (Scheffer
et al. 2001; Dakos et al. 2015; Ratajczak et al. 2018). Instead,
the > 8-m rise and fall of lake levels appears to have resulted
in a series of novel phototroph communities whose composi-
tion reflected extant hydroclimate and lake-level conditions
(McCullough et al. 2012; Asong et al. 2016), physical processes
such as mixing and light penetration (Garcés et al. 1995;
Hodgson et al. 1998), and landscape influences on nutrient
supply (Taranu et al. 2015; Bunting et al. 2016). As well,

despite evidence of warming temperatures and increased
nutrient concentrations during the 20th century, there was lit-
tle evidence of increased cyanobacterial populations until after
the large concentrations of okenone had abated in the latter
half of the century (Fig. 5). These findings are in stark contrast
to many studies that highlight increased cyanobacterial pro-
duction under warm and nutrient-rich conditions such as
those present at Kenosee and White Bear lakes (Paerl and
Paul 2012; Vogt et al. 2018). We speculate that intervals of
reduced mixing, anoxia, or even weak meromixis may have
favored internal nutrient supply from sediments that
sustained cyanobacteria through the last half of the 20th cen-
tury (Fig. 5). However, we also note that continued lake-level
declines may have eventually restricted anoxic, illuminated
habitats and sulfur bacterial growth after 1950, possibly due to
the influence of high regional winds (Plancq et al. 2018). This
hypothesis is consistent with the more pronounced declines
in okenone in shallower Kenosee Lake compared to deeper
White Bear Lake (Fig. 5).

Conclusions
Kenosee and White Bear lakes have experienced > 8 m

declines in lake level over the last century due to increased
temperature and evaporations rates, combined with variations
in climate systems that regulate introduction of moist oceanic
air and precipitation (Akinremi et al. 1999; Bonsal et al. 2006;
Michels et al. 2007; Pham et al. 2009). Quantification of his-
torical changes in sedimentary stable isotopes, geochemistry,
and biomarker pigments suggests that both lakes began
to eutrophy during the early 20th century, coeval with
documented declines in lake levels (Fig. 2). By the mid-20th

century, declines in lake levels and increased solute concentra-
tions allowed the development of illuminated anoxic habitats
that allowed expansion of obligately anaerobic purple sulfur
bacteria (Züllig and Rheineck 1985; Leavitt et al. 1989). How-
ever, despite evidence of eutrophication in biomarkers from
eukaryotic phytoplankton, Kenosee and White Bear lakes did
not exhibit substantial increases in colonial cyanobacteria,
nor the significant increases in temporal variation of primary
producers typical of lakes undergoing nutrient-driven regime
shifts (Taranu et al. 2015, 2018; Bunting et al. 2016). Instead,
the establishment of anoxic habitats for photosynthetic sulfur
bacteria was recorded by rising variance only in their bio-
marker okenone, and suggests that only deep-water habitat
and taxa, rather than the entire ecosystem, underwent a tran-
sition to a novel structure. Overall, it appears that rising vari-
ance of okenone did not constitute either an alternate state
change or true regime shift (sensu Burthe et al. 2016; Rata-
jczak et al. 2018), but instead illustrates that climate-induced
changes in lake-level can result in abrupt variation in lake
structure that reconfigures deep-water habitats and biological
communities (Fig. 5). Given that GCMs predict that the north-
ern Great Plains region will rapidly become more arid in
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coming century (Tanzeeba and Gan 2012; Asong et al. 2016;
Sauchyn et al. 2020), we anticipate the development of similar
deep-water and biotic assemblages in other regional lakes.

Data Availability Statement
Data from this study is open and available on github at

https://github.com/simpson-lab/kenosee-white-bear.
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