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Mechanistic understanding of the impacts of changing climate on the thermal stratification
and mixing dynamics of oxygen in lake ecosystems is hindered by limited evidence on
how functioning of individual lakes is affected by interannual variability in meteorological
conditions. We studied two boreal lakes (Kuivajärvi and Vendyurskoe) with different water
clarity during three years representing a gradient of meteorological forcing. The lakes are
located in the same climatic region and have a similar depth, but, because of the difference
in water transparency, they responded differently to the weather fronts. Long spring overturn and relatively cold summer resulted in weak stratification and well-oxygenated water
column in both lakes. However, in dark-water Kuivajärvi, the hypolimnion was unusually
warm leading to high production rate of CO2. Warm summer had the most dramatic impact
on clear-water lake Vendyurskoe changing its mixing regime from typical polymixis to
dimixis, leading to strong oxygen depletion and ensuing anoxia. In dimictic dark-water
Kuivajärvi, hot spring resulted in early onset of stratification with ensuing low hypolimnetic temperatures and persistent oxygen depletion. These results indicate that climate
warming will increase the risk of occurrence of deep water anoxia.
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Introduction
In northern latitudes, freshwater ecosystems are
an intrinsic component of the landscape (Meehl
et al. 2007, van Oldenborgh et al. 2013). In
Europe there are more than 500 000 natural
lakes larger than 0.01 km2 and three out of four
lakes are in Scandinavia, Finland and North
West Russia (https://www.eea.europa.eu/themes/
water/european-waters/lakes). Surface water
temperatures in lakes are increasing throughout
the globe, including the northern areas (O’Reilly
et al. 2015, Weyhenmeyer et al. 2017). Besides
the long-term trends, lakes are facing more regularly extreme events such as spells of strong
winds, episodes of high precipitations and heat
waves (Stocker et al. 2013, Kuha et al. 2016).
Climate change affects water column stratification in global lakes. In some northern lakes,
effects of climate warming may be strong and
eventually lead to a mixing regime shift from
typical polymictic or dimictic to monomictic or
meromictic (Kirillin 2010, Shatwell et al. 2016).
However, this shift is likely controlled by intrinsic characteristics of individual lakes, such as
depth, morphometry and water transparency.
Understanding mechanistic relationships between
mixing regimes of different lakes is needed when
assessing climate change effects on the timing
of emission peaks of greenhouse gases (GHG)
and appearance of noxious phytoplankton blooms.
Increasing air temperatures may result in an earlier and sometimes longer spring turnover periods
(Weyhenmeyer et al. 1999, Arvola et al. 2010).
On the other hand, there is also emerging evidence
that, in some small dark-water lakes surrounded
by forest and sheltered from wind effect, increasingly warm spring weather conditions may lead
to strong stratification arising almost immediately
after ice-cover disappearance. In this weather pattern, spring turnover does not take place and
the lake becomes effectively monomictic, e.g.
as found in Valkea-Kotinen, a lake in Finland
(Huotari et al. 2009, Arvola et al. 2010). Disappearance of spring mixing have significant consequences for lake ecosystem functioning, e.g.
for the development of phytoplankton communities, especially diatoms, and release of GHGs
accumulated in winter underneath the ice cover
(López-Bellido et al. 2009, Ojala et al. 2011).
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Rapid heating of surface water during spring may
also favor strong summertime stratification and
such thermal-shielding (Bartosiewicz et al. 2015)
leads to a relatively cooler temperatures in the
hypolimnion and in the sediments (Golosov et al.
2007, Heiskanen et al. 2015). As temperature regulates microbial processing, these effects can have
consequences for the production of GHGs, such as
carbon dioxide (CO2) and methane (CH4) (Schulz
et al. 1997), and progress of oxygen depletion in
the bottom waters (Golosov et al. 2007).
Strong stratification carries higher risk of
oxygen depletion, especially in lakes, which,
due to higher precipitation and reduced soil
frost, receive enhanced nutrient loadings from
agricultural land. However, hypolimnetic anoxia
is a common feature in boreal forest lakes,
because lakes with high humic content and thus
dark color, typical of lakes surrounded by forested catchments, leads to stronger stratification, warmer epilimnion and colder hypolimnion (Nordbo et al. 2011, Peltomaa et al. 2013,
Heiskanen et al. 2015). On the other hand, clear
water lakes, which are often polymictic, can
develop towards dimixis as a result of warmer
summers, and may experience time periods of
hypolimnetic hypoxia and finally anoxia (Wilhelm and Adrian 2008, Efremova et al. 2015).
The aim of this study is to investigate how
different weather conditions affect water column
stratification and gas concentration patterns
(especially in the hypolimnion) in two boreal
lakes (Kuivajärvi and Vendyurskoe) located
within the same geological and climatological
region, but with differing size and water transparency. We used simultaneous high frequency
water temperature and gas (O2 and CO2) concentration data measured in three years, characterized by different weather conditions and representing three distinct climate forcing patterns.

Material and methods
Study sites
The study lakes reside in the boreal zone approximately 500 km apart (Fig. 1). Vendyurskoe is a
relatively small (7 km long, 1.5 km wide, surface
area of 10.4 km2) and shallow (mean depth of

BOREAL ENV. RES. Vol. 23 • Effects of similar weather patterns on boreal lakes

239

Fig. 1. Approximate locations (shown by arrows)
and bathymetric maps of
Vendyurskoe and Kuivajärvi. The white crosses
indicate the measurement
locations.

5.3 m, maximum depth 13.4 m) lake of glacial
origin located in southern part of Karelia, Russia
(62°10´–62°20´N, 33°10´–33°20´E, 145 m above
sea level). Vendyurskoe is polymictic, i.e. repeatedly mixed during the open water period. The
lake is currently mesotrophic, and Secchi disk
depth is 3.0 ± 0.5 m. The dissolved organic carbon
(DOC) concentration is 5–6 mg l–1, the organic
nitrogen concentration 400–600 µg l–1 and the
phytoplankton growth is limited by low concentration of phosphorus (inorganic 0–5 µg l–1 and
total 10–25 µg l–1) (Filatov and Kuharev 2013).
Kuivajärvi is a small humic lake (2.6 km
long, 0.4 km wide, surface area of 0.6 km2)
located in southern Finland (61°50´N, 24°17´E,
141 m above sea level) and surrounded by
mixed coniferous forest. There are two distinct
basins within the lake: the deeper southern part
and shallow northern one. Maximum and mean
depth of the lake are 13.2 m and 6.4 m, respectively (Heiskanen et al. 2014). Kuivajärvi is
dimictic, its complete mixing takes place twice a
year, i.e. in the spring after ice-off and during the
autumn cooling after the destruction of the seasonal thermocline. The lake DOC concentration
is 11.8–14.1 mg l–1, total nitrogen concentration
370–500 µg l–1, and the total phosphorus concentration 14–21 µg l–1 (Miettinen et al. 2015).
The Secchi disk depth ranges from 1.2 to 1.5 m.
Data collection and analysis
Years 2010, 2013 and 2015 were chosen for the

analysis since they present three different meteorological conditions and have extensive data
coverage in both lakes.
In Vendyurskoe, measurements of water
temperature (Twater) and dissolved oxygen (DO)
were carried out in the central deep-water part
of the lake (Fig. 1). The thermistor chain was
equipped with temperature sensors TR-1060
(range –5 to +35 °C, accuracy ±0.002 °C, resolution < 0.00005 °C) and dissolved oxygen sensors DO-1050 (range 0%–150%, accuracy ±1%)
(RBR Ltd., Canada). There were 9–11 sensors
between 2 and 11 m with slight changes to the
exact depths each year. Time interval for the
readings was 1 min. Meteorological data, including wind speed, precipitation and air temperature
(Tair), were obtained from the nearest weather
station “Petrozavodsk” located at a distance of
70 km from the study site.
In Kuivajärvi, measurements were carried
out on a platform in the central deep-water part
of the lake (Fig. 1). Twater was measured with a
thermistor chain equipped with 16 Pt-100 resistance thermometers (accuracy 0.2 °C, depths 0.2,
0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0,
6.0, 7.0, 8.0, 10.0, and 12.0 m). Also the vertical profiling of DO concentration (mg l–1, YSI
ProODO, Yellow Springs Instruments, Yellow
Springs, OH, USA) was carried out in 2013 and
2015 near the thermistor chain. Profiling was
performed every week at 0.5 m intervals between
the surface and 9 m and deeper than 9 m at 1 m
intervals down to near the sediment (Miettinen
et al. 2015). Partial pressure of CO2 (pCO2)
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Fig. 2. Air temperatures in 2010, 2013 and 2015 at Vendyurskoe (a, b, c), and at Kuivajärvi (d, e, f). Examples of warm
fronts are indicated by upward red arrows and cold fronts by blue arrows. Data are 3 hours and 30 min averages.

throughout the water column was estimated in
2010 from weekly manual samples using the
head space method as described in López-Bellido
et al. (2009). In 2013 and 2015, continuous measurements of CO2 at 7 m depth were performed
with airstream circulation system as described
in Hari et al. (2008). Meteorological data were
collected on a platform in the middle of the lake.
More details related to meteorological measurements are given in Heiskanen et al. (2014) and
Mammarella et al. (2015).
The combined information on water temperature and bathymetry was used in the Lake Analyzer 3.4 program (Read et al. 2011) to calculate
the Schmidt stability (St), which describes the
water column stability as resistance to mechanical
mixing that is caused by the potential energy of
the stratification (Idso 1973). The Pearson’s linear
correlation method was used to calculate correlation coefficients between the time series (Tair and
air pressure) measured at the two lake stations.

Results
The lakes were exposed to same major weather
events in all studied years, indicated by the
similar Tair (Fig. 2) and atmospheric pressure
(not shown) time series, and by the occurrence

of warm and cold fronts. The correlation coefficients between the Tair time series were 0.95, 0.92
and 0.89 for 2010, 2013, and 2015, respectively.
Similar high correlation values were found for
atmospheric pressure time series (0.91 for 2010,
0.82 for 2013 and 0.97 for 2015). Annual amount
of precipitation in Vendyurskoe were 588 mm (in
2010), 545 mm (in 2013) and 551 mm (in 2015),
while corresponding values in Kuivajärvi were
720 mm (in 2010), 630 mm (in 2013) and 670
mm (in 2015).
Long spring overturn and hot summer in
2010
The winter 2010 (January–March) was the coldest, Tair being mainly between –5 and –20 °C
with an average value of –10.9 °C for Kuivajärvi area and –9.4 °C for Vendyurskoe area
(Table 1). Starting on 23 March, the daily mean
values of Tair were above 0 °C, and a long period
of warming followed until mid-July, when daily
mean value of Tair of about 30 °C was reached.
July was particularly warm with average Tair of
22.3 °C and 20.6 °C for Vendyurskoe and Kuivajärvi areas, respectively (Table 1).
Ice-off occurred on Vendyurskoe on 1 May
2010. Due to long spring and relatively slow
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Fig. 3. Isotherms (°C) in 2010, 2013, and 2015 for Vendyurskoe (a, b, c), and Kuivajärvi (d, e, f). White areas indicate missing data and horizontal grey bars ice cover. ? = the exact date of ice off is not known.

warming, the overturn continued to mid-June
(Fig. 3a). Along with the very strong warm front
in mid-May, the water column started to stratify,
but lake Vendyurskoe entered again into state
of complete mixing after the front had passed.
When the weather continued to warm again in
mid-June, summer stratification commenced in
Vendyurskoe. We lacked thermistor data from
Kuivajärvi in spring 2010, but according to the
pCO2 data, stratification ensued in June (Fig. 4d).
The particularly warm weather in July caused

strong stratification in both lakes with high surface Twater (> 20 °C) and relatively low hypolimnetic Twater (roughly 15 °C in Vendyurskoe
and 7 °C in Kuivajärvi). The summer values
of Schmidt stability, which indicates the energy
needed to mix the water column, were larger than
60 J m–2 in both lakes (Fig. 5). In Vendyurskoe,
the strong stratification (ΔTwater ~ 10 °C between
surface and bottom) lasted for two months, which
led to hypoxia (DO < 3 mg l–1) in almost half
of the water column and resulted later in anoxia

Table 1. Monthly average air temperatures (°C) at Vendyurskoe and Kuivajärvi.
Vendyurskoe

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

Kuivajärvi

2010

2013

2015

2010

2013

2015

–15.21
–12.07
–5.34
3.84
11.38
13.21
22.30
16.97
10.19
3.57
–3.65
–14.24

–8.99
–4.96
–10.23
2.73
11.12
17.06
16.87
16.39
9.21
4.76
1.79
–2.05

–7.09
–2.73
0.70
2.22
10.43
14.19
14.31
15.44
11.83
3.48
0.07
–1.66

–14.16
–10.71
–3.47
3.53
10.89
13.23
20.57
15.48
9.65
3.09
–4.51
–13.22

–6.46
–3.89
–7.16
2.14
12.53
16.20
15.85
15.19
10.09
4.51
1.45
–0.52

–4.45
–1.91
0.38
3.42
8.45
12.76
15.39
16.48
11.23
4.78
2.74
0.29
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Fig. 4. Dissolved oxygen (mg l–1) in Vendyurskoe in 2010 (a), 2013 (b) and 2015 (c), and CO2 partial pressure
(ppm) in Kuivajärvi in 2010 (d), as well as dissolved oxygen (mg l–1) in 2013 (e) and 2015 (f). Note the different
color scheme for different gases. Horizontal grey bars indicate ice cover. ? = the exact date of ice off is not known.

Fig. 5. Schmidt stabilities
in (a) Vendyurskoe and (b)
Kuivajärvi in 2010 (solid
black line), 2013 (dotted
line), and 2015 (solid grey
line).

(defined here as DO < 1 mg l–1, according to
Nurnberg (1995)) from 8 m depth to the bottom
(Fig. 4a). In Kuivajärvi, CO2 started to accumulate in the hypolimnion after the onset of stratifi-

cation. As the thermocline deepened, the volume
of CO2 rich water decreased, but at the same time
the production of CO2 continued so that pCO2
exceeded 4000 ppm.
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Autumn cooling started quickly with a strong
cold front at the beginning of September. The
stratification in Vendyurskoe lake was rapidly
destroyed in just over a week, and the overturn
lasted for 2.5 months until the lake froze over
already in mid-November. The large Twater difference of 15 °C between the hypolimnion and
the surface in Kuivajärvi from mid-June to early
August switched to long and gradual destratification of almost two months. The autumn overturn lasted roughly 5 weeks, from the first week
of October untill mid-November, when ice-on
ensued.
Short spring overturn and relatively cold
summer in 2013
Winter 2013 (January–March) was milder, Tair
being higher than –10 °C most of the time with
an average value of –5.8 °C for Kuivajärvi and
–8.1 °C for Vendyurskoe. In April, the average
value of Tair was lower than in 2010 (Table 1).
Ice-off occurred on 3 May 2013 at Vendyurskoe
and on 1 May 2013 at Kuivajärvi. Short and
intense period of warming in May resulted in
very short spring overturns, less than 2 weeks in
Vendyurskoe and 1 week in Kuivajärvi (Fig. 3),
and the lakes started to stratify earlier than in
2010. This led to the development of summer
hypoxia and anoxia earlier than in 2010. However, concomitantly with lower Tair in July, the
water column in both lakes was more weakly
stratified than in 2010, as seen by the difference
in Schmidt stability values between the two years
(Fig. 5). Cold fronts during summer resulted
in deep water column mixing in Vendyurskoe,
causing near or full overturns in mid-June and
late July (Fig. 3b), and Schmidt stability values
were less than 25 J m–2 during these events
(Fig. 5a). However, because of darker water and
smaller size, only moderate mixed layer deepening was observed during these fronts in Kuivajärvi (Fig. 3e) and at least 60 J m–2 would have
been needed for full mixing of the water column
(Fig. 5b). Hypoxia in the hypolimnion started
to develop roughly in mid-July and it extended
to 7 m in early August in Kuivajärvi (Fig. 4e),
whereas in Vendyurskoe, the late July overturn
increased the water column oxygen concentra-
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tion and therefore hypoxia and anoxia was not
as severe as in 2010. The moderate and long
autumn cooling led to longer open-water period,
and Kuivajärvi froze in mid-November and Vendyurskoe almost two weeks later.
Long spring overturn and relatively cold
summer in 2015
The year 2015 in Kuivajärvi was very different
from the previous ones. Early ice-off (22 April)
and long period of cold weather (average Tair was
4.7 °C on the last decade of April, and 7.5 °C
on first and second decade of May) caused
long overturn (25 days) and gradual heating of
the water column (Fig. 3f). Therefore, when
the stratification finally began, bottom Twater was
9 °C, i.e. about 3 °C higher than in 2010 (6 °C)
and 2013 (6.5 °C). Cold summer resulted in
weak stratification (Fig. 5) and low Twater in the
mixed layer (3.5 m), ranging between 15 and
22 °C with an average value of 18.5 °C over the
summer. The late onset of stratification resulted
in low hypolimnetic pCO2 even in late June
(Fig. 6). However, concomitantly with higher
hypolimnetic Twater, pCO2 increased ~50% faster
in 2015 than in 2013 (600 ppm per week versus
400 ppm per week in 2013). As a result, pCO2
was roughly the same (5000 ppm) in both years
by the beginning of August, even though in the
more typical spring of 2013, pCO2 started to
increase much earlier, already at the beginning
of May (Fig. 6). Due to long and slow cooling in autumn 2015, the overturn commenced
at the beginning of October. However, Twater
was much higher than in previous years (water
column T was 11 °C, whereas in 2010 and
2013 it was ~7 °C), and as the thermic winter
began in mid-November, Kuivajärvi was still
too warm for the ice formation, surface Twater
was about 4 °C. Therefore ice-on was postponed
until mid-December. In Vendyurskoe, the long
cold spring resulted in late onset of stratification,
similarly to 2010 (Fig. 3c). However, due to
cold summer, stratification was only temporary.
Frequent overturns kept the whole water column
well aerated throughout the summer (Fig. 4c).
The mild autumn resulted in ice-on at the end of
November.
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Fig. 6. Dissolved CO2 partial pressure (ppm) at a
depth of 7 m at Kuivajärvi
during years 2013 (black),
and 2015 (grey).

Discussion
The impacts of nearly all synoptic scale and
longer weather events were seen in both lakes,
even though they are ~500 km apart. This indicates that the regional climate dictates the general stratification behaviour and related impacts
on lake ecosystems. Arvola et al. (2010) and
O’Reilly et al. (2015) reported high spatial heterogeneity in lakes’ responses to climate forcing,
even in the same region. This was also observed
in our case studies characterized by three meteorologically different years.
The responses of the two lakes to the seasonal
climate forcing were very different and clearly
related to the difference in water transparency,
which affects thermal stratification and mixing
of dissolved gases and nutrients. The clear-water
and larger lake Vendyurskoe changed mixing
regime from typical polymixis to dimixis in 2010
(characterized by long spring overturn and hot
summer), which suggests that this kind of lakes
may become dimictic on more regular basis due
to climate change (Kirillin 2010). Long cool
spring resulted in late onset of stratification and
thus shorter time for the development of hypoxia
and anoxia. Hot summer caused strong stratification so that no oxygen replenishment occurred
to the hypolimnion. During cooler summers,
the stratification was occasionally destroyed and
the whole water column was oxidized. Similar
findings were reported by Kuha et al. (2016)
for two weakly stratified clear water lakes in
Finland (Pyhäjärvi and Yli-Kitka). According
to our results, the worst oxygen conditions in
clear-water lakes would result from long spring
overturn and warm summer. In Müggelsee, a
lake in Germany, hot summers have resulted in

fewer mixing events, but sometimes nutrient
pulses from the hypolimnion to epilimnion were
observed after these events, which were then
followed by phytoplankton blooms (Wilhelm
and Adrian 2008). On the other hand, heat wave
itself has been associated with algal blooms
(Bartosiewicz et al. 2016). Scheffer et al. (2001)
studied how lake warming is related to plankton
dynamics. They found that, with increasing temperature, zooplankton grazing on phytoplankton
increased, which leads to the so-called clear-water phase affecting the whole lake ecosystem.
In the darker water lake (Kuivajärvi), long
and slow spring warming resulted in warmer
hypolimnion (years 2010 and 2015) and thus
weaker stratification than in the case of hot
spring and colder hypolimnion (year 2013).
Stratification was weakest in cool summers 2013
and 2015. Weak thermocline and deep mixed
layer allowed rapid overturn with decreasing
temperature in autumn, yet the water temperature remained high possibly delaying the ice
formation.
In 2015, the warmer hypolimnetic temperature probably caused higher microbial production of CO2 below thermocline. However,
because the overall duration of stratification was
almost two months shorter than in year with hot
spring, but cool summer, the CO2 concentration
was nearly the same just before autumn overturn
(Fig. 6). It is uncertain how the stratification and
O2 dynamics, such as the length and extent of O2
depletion, affect CH4 dynamics. It is reasonable
to assume that longer duration of O2 depletion
leads to high CH4 concentrations (hot spring),
but even greater might be the effect of elevated
hypolimnion temperature and related higher production rates (cold spring). For example, Bar-
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tosiewicz et al. (2016) observed lower ebullition and overall GHG emissions (sum of GHGs
weighted with their global warming potentials)
during hotter than average years.
These results indicate that the weather during
spring influences the biogeochemistry of a lake
during summer, such as the carbon processing
in the hypolimnion, but also during autumn as
even the length of the open-water period can be
altered. Similar results were related to changes
in water clarity, as shown in a modeling study
by Heiskanen et al. (2015). Clear water leads
to higher Twater in the autumn and probably postpones the onset of ice cover. Dark water, on the
other hand, enables earlier and stronger stratification and thus earlier ice cover, because of
colder water temperatures during autumn overturn, similarly to our results here with warm
spring and summer. Therefore, both warming
climate and brownification of lakes can lead to
similar changes in the stratification dynamics of
boreal lakes.

greatly on spring conditions. Thereby, the effect
of the relatively cold spring on the GHG dynamics is twofold: on the one hand, the high temperature of the hypolimnion contributes to an increase
in GHG production, and on the other hand, the
period of the possible accumulation of GHGs is
shortened because the period of summer stratification is reduced. These results indicate potential
changes in carbon processing and dynamics in
different climatic conditions, and therefore further studies are needed to explore how different
climate forcing scenarios affect also the biological
responses of lakes of different sizes and water
clarities in the boreal region.

Conclusions
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