
Oxygen depletion in subarctic peatland thaw lakes1

Bethany N. Deshpande, Frédéric Maps, Alex Matveev, and
Warwick F. Vincent

Abstract: Permafrost thawing and erosion results in the enrichment of northern lakes
by soil organic matter. These allochthonous inputs favour bacterial decomposition and
may cause the draw-down of dissolved oxygen to anoxic conditions that promote methano-
genesis. Our objective in the present study was to determine the seasonal variations in
dissolved oxygen in a set of permafrost peatland lakes in subarctic Quebec, Canada, and
to relate these changes tometabolic rates, ice cover, andmixing. The lakes had high dissolved
organic carbon concentrations, and their surface waters in summer had greenhouse gas con-
centrations that were up to one (CO2) to three (CH4) orders of magnitude above air-equilibrium
values, indicating their strongly heterotrophic character. Consistent with these observations,
the peatland lakes had elevated rates of bacterial production and oxygen consumption. Contin-
uous measurements of oxygen by in situ sensors and of ice cover by automated field cameras
showed that the lakes became fully anoxic shortly after freeze-up. The waters were partially re-
oxygenated by mixing events in spring and fall, but in one lake, the bottom waters remained
anoxic throughout the year. These observations provide a foundation for subsequent biogeo-
chemical andmodelling studies of peatland thaw lakes as an abundant class of Arctic freshwater
ecosystems.

Key words: oxygen, permafrost, respiration, thaw lakes, thermokarst.

Résumé : Le dégel et l’érosion du pergélisol entraînent l’enrichissement des lacs du Nord en
raison de l’apport de matière organique de sol. Ces apports allochtones favorisent la décom-
position bactérienne et peuvent causer la diminution d’oxygène dissous jusqu’à des condi-
tions anoxiques qui aident la méthanogénèse. Notre objectif en entreprenant cette étude
était de déterminer les variations saisonnières d’oxygène dissous pour un ensemble de lacs
de tourbière de pergélisol dans la région subarctique du Québec, Canada, et d’établir un
rapport entre ces changements et les tauxmétaboliques, la couverture de glace et lemélange.
Les lacs avaient des concentrations élevées en carbone organique dissous et en été leurs eaux
de surface avaient des concentrations en gaz à effet de serre qui étaient jusqu’à un (CO2) et à
trois (CH4) ordres de grandeur au-dessus des valeurs d’équilibre d’air, indiquant leur carac-
tère fortement hétérotrophe. Conformément à ces observations, les lacs de tourbière avaient
des taux élevés de production bactérienne et de consommation d’oxygène. Des mesures
prises en continue d’oxygène au moyen de capteurs in situ et de couverture de glace au
moyen de caméras automatisées de terrain ont indiqué que les lacs devenaient entièrement
anoxiques peu de temps après le gel. Les eaux ont été partiellement ré-oxygénées au prin-
temps et à l’automne en raison de phénomènes de mélange, mais dans un des lacs, les
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eaux de fond sont restées anoxiques tout au long de l’année. Ces observations constituent un
fondement pour des études ultérieures de biogéochimie et de modélisation portant sur les
lacs thermokarstiques de tourbière en tant que classe abondante d’écosystèmes arctiques
d’eau douce.

Mots-clés : oxygène, pergélisol, respiration, lacs thermokarstiques, thermokarst.

Introduction

The dissolved oxygen pool in thermokarst lakes and ponds (hereafter referred to as
thaw lakes) is primarily controlled by three simultaneous and interacting processes:
(1) consumption of oxygen by respiration, (2) production of oxygen by photosynthesis,
and (3) gas exchange with the atmosphere (del Giorgio and Williams 2005; Holtgrieve et al.
2010). Respiration and primary production are controlled by a combination of biological,
chemical, and physical variables, while atmospheric gas exchange is a physically mediated
process. Respiration in lakes is subject to biological controls such as the biomass of respira-
tory organisms and the production of organic substrates for decomposition, chemical con-
trols via the availability of nutrients and electron acceptors such as oxygen, and physical
controls such as temperature, mixing, and exchanges of organic substrates and electron
acceptors with the surrounding catchment and atmosphere.

In thaw lakes, organic matter is known to be mainly of allochthonous origin, as a result
of erosion of the surrounding permafrost soils (Olefeldt and Roulet 2012). This provides sub-
strates for bacterial heterotrophic production and also includes high concentrations of
coloured dissolved organic matter (CDOM) that strongly attenuate light throughout the
water column (Watanabe et al. 2011), thereby reducing autotrophic phytoplankton produc-
tion at depth (Shirokova et al. 2009; Forsström et al. 2013; Roiha et al. 2015). Subarctic per-
mafrost peatland lakes are favorable to both particle-based and free-living aquatic bacterial
communities due to their high carbon and nutrient availability (Deshpande et al. 2016).

Temperature plays a key role in affecting oxygen dynamics in lakes and is especially
important in cold environments such as Arctic and subarctic permafrost waters (Vonk et al.
2015). On a seasonal timescale, temperature influences the duration and thickness of
ice cover, which limits the flux of oxygen from the atmosphere to the surface waters of
the lake. With warmer temperatures, shorter ice-cover durations will extend the period
of oxygen transport across the atmosphere–water interface, as has been shown in north-
temperate lake ecosystems (Fang and Stefan 2009). At the same time, increased tempera-
ture may increase the rate of permafrost thaw and erosion of permafrost soils into thaw
lakes, thereby increasing the availability of organic matter for decomposition processes
(Olefeldt and Roulet 2012) as well as directly stimulating bacterial respiration.

Climate warming is predicted to influence ice- and snow-cover conditions that would
subsequently impact the energy balance and biogeochemical processes of aquatic ecosys-
tems in cold regions. For example, ice and snow thickness control the availability of light
to phytoplankton and thereby affect autotrophic biomass and oxygen production (Vincent
et al. 2013). The melting of snow and ice represents a positive feedback loop for warming,
with modelling predictions generally showing earlier ice break-up dates and later freeze-
up dates for lakes in the North American Arctic (Graversen et al. 2008; Brown and Duguay
2011). Analysis of multiple data sets has revealed a continuous and substantial reduction in
spring snow cover extent over a 30 year period throughout the Arctic (Brown et al. 2010),
and the predicted shift towards a rainfall-dominated precipitation regime later this century
will accelerate ice-melt and landscape erosion (Vincent et al. 2017).

Changes in ice and snow cover can result in pronounced ecological and biogeochemical
changes within lakes (Prowse et al. 2011) and provide a valuable set of indicators for the
use of lakes as sentinels of global change (Vincent et al. 1998; Williamson et al. 2009).
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However, Arctic and subarctic systems are typically difficult to monitor because of their
remote locations. As a result, several studies have explored the potential influences of
climate change on aquatic ecosystems by employing a modelling approach. Modelling
offers the ability to explore potential future changes in these complex ecosystems and to
closely investigate present and future control variables. For example, Fang and Stefan
(2009) modelled the effects of warming on temperature, ice cover, and oxygen dynamics
in 27 small lakes in the United States and showed a warmer water column, a greater period
of stratification in summer, and loss of ice thickness. Application of an ecological model to
evaluate the controlling factors of hypoxia in the St. Lawrence Estuary revealed the impor-
tance of both pelagic and benthic respiration (Bourgault et al. 2012). Similarly, modelling of
temperature, dissolved oxygen, and dissolved organic carbon (DOC) has been used an
approach to evaluate the potential impacts of “browning” (increased DOC inputs) on boreal
lake oxygen dynamics (Couture et al. 2015).

In addition to modelling, other approaches are now becoming increasingly possible for
monitoring Arctic and subarctic lakes in the face of rapid climate change. The advent of
high-resolution automated oxygen sensors has provided opportunities to measure key met-
abolic variables by way of continuous, high-frequency measurements (Staehr et al. 2010).
Automated time-lapse photography has provided information about the timing and rates
of permafrost change in Arctic ecosystems (van Everdingen and Banner 1979; Wobus et al.
2011), and the availability of such imagery is becoming more widespread.

The overall aim of the present study was to examine the effects of ice cover, stratifi-
cation, and mixing on seasonal changes in underwater dissolved oxygen concentrations
and specifically to extend our previous results (Deshpande et al. 2015) to focus on thaw
lakes that occur in permafrost peatlands. This is a major class of thermokarst systems
that has received relatively little attention to date, but the waterbodies of this type
have been shown to have unusually high rates of methane emission to the atmosphere
(Matveev et al. 2016). The study was undertaken in a peatland valley located near the vil-
lage of Kuujjuarapik-Whapmagoostui (K-W) (55°17ʹN, 77°47ʹW) in subarctic Quebec. We
profiled these remote lakes and measured their bacterial metabolic rates and the concen-
trations of greenhouse gases in summer. We used in situ sensors to measure tempera-
ture, oxygen, and conductivity throughout 1 year and used time-lapse photography for
continuous observations of ice cover and snow depth. This produced a detailed, seasonal
depiction of ice, thermal, and oxygen dynamics in peatland thaw lakes and provided
a foundation for subsequent modelling studies of this biogeochemically active class of
Arctic freshwater ecosystems.

Materials and methods

Study sites
We investigated five thaw lakes in a peatland valley to the north and south of the Sasa-

pimakwananisikw River (hereafter referred to as SAS) (Fig. 1) near the village of K-W, which
lies in northern Quebec. This region has experienced rapid climate change, including an
increase in mean annual temperatures from –4.2 °C for 1932–1960 to –2.6 ± 1.2 °C for the
period 2001–2010 (Bhiry et al. 2011). An additional 10 lakes in five other study sites were
used for comparison purposes, including a rock-basin area unaffected by permafrost. The
lakes lie along a gradient of continuous to sporadic permafrost spanning a total distance
of more than 200 km (Fig. 1).

SAS is an area of sporadic permafrost with >50 organic-rich permafrost mounds (palsas)
that are approximately 3–5 m in height and covered by a 60 cm soil active layer (Fig. 1)
(Arlen-Pouliot and Bhiry 2005; Fillion et al. 2014). The vegetation is similar in the north
(SAS2) and south (SAS1) areas and includes mixed shrubs and semi-aquatic plants, including

408 Arctic Science Vol. 3, 2017

Published by NRC Research Press

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
B

IB
L

IO
T

H
E

Q
U

E
 D

E
 L

'U
N

IV
E

R
SI

T
E

 L
A

V
A

L
 o

n 
11

/1
1/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



Carex aquatilis, Carex rariflora, Eriophorum angustifolium, and Sphagnum peat moss. The SAS val-
ley contains many dark brown- and black-colored thaw lakes. Additional landscape details
are shown in Fig. 7 of Vincent et al. (2017).

Of the additional study sites, two have lakes originating from lithalsa (inorganic perma-
frost mounds) degradation (KWK, NAS), while two other sites have thaw lakes originating
from both palsa and lithalsa degradation (SEC, BGR). The KWK site is located within the
valley of the Kwakwatanikapistikw River, located 8 km from SAS; it is an area of sporadic
permafrost with numerous thaw lakes that vary in colour from blue-green to brown. The
SEC and BGR1 study sites show similar colour variations to the KWK site and are in areas
of discontinuous permafrost. SEC is located 86 km northeast of K-W and BGR is located in
the Second River valley, near Hudson Bay and the village of Umijuaq. The Nastapoka River
valley (NAS) is located to the north of BGR and contains clay-rich thaw lakes that were
formed by thawing lithalsa mounds in this area of continuous permafrost. The thaw lakes
studied are shallow (Zmax < 4.5 m) and have an average maximal diameter of ~30 m. The
non-permafrost, rock-basin lakes included in the study were of similar area and depth
(0.8–2.1 m) to the thermokarst systems but are underlain by rock rather than permafrost
soils. Further information about the sites is given in Deshpande et al. (2016), with climate
data for the SAS valley region in CEN (2017).

Lake sampling for limnological variables
Lakes were visited once each summer from 2012 to 2015; access to these remote sites was

by helicopter based out of the CEN field station at K-W. At each visit, temperature, oxygen,
pH, and conductivity were measured using a Hydrolab DS5X profiler (Loveland, Colorado).

Fig. 1. Map of the six study regions including the SAS peatland valley (in bold).

Deshpande et al. 409

Published by NRC Research Press

A
rc

tic
 S

ci
en

ce
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
B

IB
L

IO
T

H
E

Q
U

E
 D

E
 L

'U
N

IV
E

R
SI

T
E

 L
A

V
A

L
 o

n 
11

/1
1/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.nrcresearchpress.com/action/showImage?doi=10.1139/as-2016-0048&iName=master.img-000.jpg&w=204&h=279


Water samples were collected with a Van Dorn water bottle in the pelagic zone at the site of
maximum depth and were analysed following Laurion et al. (2010) for total phosphorus (TP),
total nitrogen (TN), DOC, chlorophyll a (Chl a), and total suspended solids (TSS). Bathymetric
and morphometric data were provided from echo-sounding surveys by boat, and by aerial
RGB photographs using an unmanned aerial vehicle, in a parallel study (G. Vieira and B.
Deshpande, unpublished data).

Greenhouse gas measurements
Concentrations of CO2 and CH4 were measured in the surface waters of lakes in the

SAS valley during summer 2013. Water was collected in 2 L LDPE bottles that were filled
by submerging each bottle by hand beneath the surface, emptying and refilling twice,
and ensuring no air bubbles were trapped in the bottle. The dissolved gases were
extracted in situ as in Matveev et al. (2016): immediately after collection, 20 mL of water
in the LDPE bottle was replaced by ambient air to create a headspace (100:1); the bottle
was then vigorously shaken for 3 min to equilibrate the dissolved gases with the air,
and then the headspace was subsampled. Ambient air samples were also taken directly
in situ and stored overpressurized (10 mL of air in a 5.9 mL vial) in Labco Exetainer
vials (Labco Limited, UK) sealed with butyl rubber stoppers. All samples were kept at
cool temperature until laboratory analysis. Concentrations of CH4 and CO2 in the sam-
ples were determined in the laboratory by gas chromatography with flame ionization
detection (Varian 3800, COMBI PAL head space injection system, CP-Poraplot Q 25 m)
as in Bouchard et al. (2015).

Automated camera images of surface ice conditions
Photographs were captured from 4 September 2014 to 20 August 2015 for lakes SAS1A

and SAS2A. Reconyx PC800 Professional cameras were installed at a distance of 5–10 m
from the edge of each lake, taking six photographs every day at 1 h intervals between
10:00 a.m. and 15:00 p.m. Eastern Standard Time (EST). The cameras were protected in a
metal housing at a height of 2–3 m above the ground. The full data set of these images is
archived in Pienitz et al. (2017).

Automated in situ measurements
Mooring systems for lakes SAS1A, SAS1B, and SAS2A were constructed of chains and sur-

face buoys. In SAS1A, two systems were installed from 25 August 2014 to 25 August 2015: one
in the littoral zone and one in the pelagic zone. For the pelagic mooring, a subsurface float
located 1.0m below the air–water interface was used to keep the bottom set of sensors stable
and reduce displacement ice during ice formation and break-up periods. Bottom weights
resting on the lake sediments were attached to the pelagic subsurface float and to the littoral
mooring system. In both SAS1B and SAS1A, a single mooring chain was installed in the dee-
pest area of each lake. In lake SAS1B, the mooring went to a maximum depth of 1.0 m, with a
surface float and bottom weights that rested on the sediments to keep the mooring in place.
In SAS2A, themooring was to amaximum depth of 2.5m and included a subsurface float at a
depth of 1.5 m and bottom weights as in the other systems. The following sensors were
affixed to the rope by tie-wraps: dissolved oxygen and temperature loggers (DOT: MiniDO2T
optode systems, Precision Engineering, California; oxygen resolution 1.6 µg L−1, temperature
resolution 0.01 °C), conductivity and temperature loggers (CT: Hobo U24-001, Onset Comput-
er Corporation, Massachusetts; conductivity resolution 1.0 µS cm−1, temperature resolution
0.01 °C), and temperature loggers (T: Minilog-II-T; VEMCO/Amirix Systems, Nova Scotia;
temperature resolution 0.01 °C). The logging frequency was set to 10 min for the oxygen
optode (DOT) and temperature (T) sensors and 1.0 h for the conductivity (CT) sensors.
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The configuration of the sensors was determined according to the summer water column
profiles and tominimize freezing of the sensors. For the SAS1A deployment, DOT and CT log-
gers were installed at 0.7 and 1.2m in the offshore pelagic zone and at a depth of 0.95m in the
inshore littoral zone. In SAS1B, T loggers were installed at depths of 0.25, 0.5, and 0.75m, with
DOT and CT loggers at the maximum depth of 1.0 m. In SAS2A, DOT and CT loggers were
installed at 1.0 m and at 2.5 m depths.

Oxygen depletion rates

In situ oxygen depletion rates
In situ oxygen depletion rates were estimated based on changes in oxygen concentration

during periods of darkness. These calculations are dependent on two major assumptions:
first, that there is no photosynthesis during these overnight periods and, second, that
nighttime respiration is equal to daytime rates (Staehr et al. 2010). Linear regression of
oxygen concentrations during periods of temperature stability (i.e., when temperature
SD < 0.1 °C) were used to determine oxygen consumption rates. In situ respiration rates
were determined from the automated measurements of oxygen in SAS1A (littoral and
pelagic) from midnight (0000) to 0500 each day (n = 30). Only rates with an R2 value above
0.80 were used for further calculations.

In situ sediment oxygen consumption rates
Sediment chambers that measured 30.5 cm high with an 18 cm external diameter and a wall

thickness of 0.2 cm (3/16 in.) were inserted into the sediments. They were sealed on top but
open at the bottom and composed of a rigid, clear acrylic. One DOT logger (dissolved oxygen
resolution 0.05 µmol L−1, temperature resolution 0.01 °C) was installed inside each chamber
and positioned ~5 cm over the lake sediments. Duplicate chambers were installed in the littoral
zone of lake SAS1B and left for a total of 3 h, throughout which oxygen concentration and tem-
perature were recorded every 10 min. SOC rates were determined via linear regression on the
linear decreasing portion of the resulting curves, as in Utley et al. (2008).

Laboratory pelagic measurements
For measurements of pelagic oxygen concentrations overtime, triplicate samples were

placed in glass vessels prefitted with an oxygen-sensitive optical sensor and sealed to
inhibit gas transfer. A set of unsealed samples was also incubated and used to measure
any potential temperature changes during measurement. For respiration rates, samples
were incubated in the dark within a temperature-controlled circulating water bath at
15 °C. Oxygen concentration was measured using a fibre optic system (Fibox 3, PreSens
Inc, Denmark). The Fibox probe was recalibrated every 24 h in one oxygen-free and one
air-saturated environment. For each time point, the fluorescence-based probe was held
to the sensor spot for approximately 1 min, measuring once every 4 s. The concentration
of oxygen was measured every 6–8 h for 36–48 h. Oxygen consumption rates were deter-
mined via linear regression. Ten or more points were averaged for each of the time
points. In the cases where an outlier skewed the regression, outlier points were removed
until R2 > 0.60.

Bacterial production
Bacterial production rates were measured via protein synthesis using radiolabelled

[3H]leucine incorporation (Kirchman 2001). Triplicate microfuge tubes plus a killed con-
trol were incubated, each containing 1.5 mL of sample and 40 nM of [4,5-3H]leucine (60 Ci
mmol−1) (PerkinElmer Inc). Biomass production was terminated by the addition of 100 µL
of trichloroacetic acid (100%) after 1 h and stored at 4 °C. Later, the samples were returned
to the Takuvik Radio-isotope Laboratory at Université Laval where samples were processed
using the centrifugation method of Smith and Azam (1992) and then radioassayed in a
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scintillation counter to measure [3H]leucine incorporation into protein. A conversion factor
of 3.1 kg C mol leucine−1 was used to estimate net bacterial carbon production (Iriberri et al.
1990; Kirchman et al. 1993).

Statistical analysis
Limnological data were analysed via Pearson correlations using the R software package

(R software v. 3.0.2, R Foundation for Statistical Computing, Austria). The relationships
between bacterial respiration and production data with environmental variables were
also examined by Pearson correlations. Bacterial production, respiration, and bacterial
growth efficiency were analysed via one-way ANOVA to evaluate differences between the
three lake groups: the SAS peatland lakes, thaw lakes from the other study sites, and the
non-permafrost-affected rock-basin lakes (RBL) lakes. These analyses were performed using
GraphPad Prism (v. 6.0f) (GraphPad Software Inc., California).

Results

Biogeochemical properties
The shallow (Zmax = 0.7–4.2 m) subarctic lakes studied were vertically stratified, with sub-

stantial differences in limnological properties between their surface and bottom waters
(Table 1). DOC was on average twice as high in the SAS peatland lakes than in the other
lakes studied, with an average (SD) of 15.8 (4.2) mg L−1 in SAS versus 8.3 (7.7) mg L−1 in the
others. DOC was significantly negatively correlated with latitude (r = −0.65, p < 0.05) and
positively correlated with longitude (r = 0.68, p < 0.05); southern lakes, such as the SAS
peatland lakes and the KWK lithalsa lakes, tended to have more DOC than more northern
lakes. Chl a values were lower in the SAS lakes, where the average (SD) was 4.1 (4.2) µg L−1,
than in the other thaw lakes that had an average (SD) of 10.0 (11.3) µg L−1. TSS ranged from
1.8 to 810 mg L−1 in the full data set, with particularly high values in clay-rich NAS lakes
(Table 1). The average (SD) TSS values in the SAS lakes were only 7.3 (5.6) mg L−1 and averaged
114 (229) (clearly not normally distributed) mg L−1 for all thaw lakes. TSS was correlated with
SRP (r = 0.78, p < 0.05), particulate organic carbon (POC) (r = 0.75, p < 0.05), and TN (r = 0.83,
p < 0.05) as well as with latitude (r = 0.56, p < 0.05) and longitude (r = −0.44, p < 0.05).

In the SAS valley peatland lakes, surface water concentrations in summer of CO2 (SD)
ranged from 127 (63) to 412 (123) µmol L−1, equivalent to 7.3–23.8 times air-equilibrium con-
centrations (Table 2). Similarly, the surface concentrations of CH4 (SD) ranged from 1.8 (1.0)
to 11.3 (6.3) µmol L−1, or 555–3410 times air-equilibrium values. These supersaturated con-
centrations indicated strong net fluxes of both gases, and especially CH4, from the lakes
to the overlying atmosphere.

Temperature, conductivity, and dissolved oxygen

Seasonal variations in SAS1A
In SAS1A, the offshore water column temperature was uniform from September to Novem-

ber 2014 (Fig. 2). It underwent cooling throughout this period, descending from a maximum of
14.9 °C on 31 August to 1.95 °C on 31 October. In early November, the water column then
warmed from this minimum to the maximum winter temperature of 4.3 °C on 15 November.
In winter, the surface layer at 0.7 m cooled more quickly than the bottom layer at 1.2 m and
developed inverse temperature stratification that persisted throughout winter from mid-
November 2014 until 24 April 2015. There was a maximum temperature difference between
surface and bottom waters of 0.71 °C on 12 March. The thermal stratification was eliminated
on 24 April 2015, when surface waters began to warm at the onset of spring. Throughout the
spring and summer periods, from 24 April to the end of the record at 25 August 2015, several
periods of thermal mixing were apparent, with water column temperatures increasing from
a minimum of 0.5 °C to a maximum of 13.9 °C throughout this period.
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The conductivity probes showed the presence of salinity differences throughout
the surface and bottom waters of lake SAS1A throughout the full annual record, with
the exception of spring mixing (Fig. 2). There was a difference of around 40 µS cm−1

at the end of August until 31 October. Conductivity increased throughout winter,
extending from 40.8 to 202 µS cm−1 in the surface waters and from 1.2 to 172 µS cm−1

in the bottom waters. By the end of winter, the difference in conductivity between surface
and bottom waters had decreased to around 30 µS cm−1. In spring, there was a rapid and
sudden drop in conductivity on 24 April that persisted until 2 May. In the surface layers,

Table 1. Limnological properties of the study sites.

Lake Zm Latitude (°N) Longitude (°W) Zs TP TN DOC SRP Chl a TSS POC

SAS1A 1.6 55.218800 77.707950 S 17.8 0.59 13.1 < 3 2.97 4.65 2.73
SAS1B 1.2 55.219013 77.707801 S 17.8 0.82 18.8 < 3 1.99 5.75 3.08
SAS2A 2.7 55.225018 77.696580 S 13.4 0.66 13.7 3.0 3.58 2.17 1.34

O 13.7 0.65 14.2 < 3 14.2 2.80 1.84
SAS2B* 1.5 55.225212 77.696017 S 15.1 0.61 12.8 1.12 4.21 6.00 3.00

B 56.8 1.88 22.0 8.34 3.31 16.5 8.25
SAS2C* 2.1 55.225083 77.694933 S 17.2 0.59 11.0 1.03 1.58 4.62 2.31

B 43.7 1.71 21.0 5.76 0.82 15.8 7.90
KWK1 2.7 55.330799 77.502767 S 467 1.08 16.9 5.0 8.71 13.8 2.64

B 54.1 0.94 11.8 10.8 19.1 188 17.7
KWK11 1.6 55.330250 77.503367 S 118 1.01 26.5 < 3 23.9 8.32 4.09

B 16.2 0.57 17.8 < 3 39.4 26.4 17.9
KWK12* 2.7 55.330072 77.503849 S 24.5 0.41 6.3 0.41 5.57 2.43 1.24

B 71.1 0.63 7.6 1.78 4.99 6.11 5.04
SEC* 4.2 55.701033 76.643850 S 20.0 0.26 2.9 0.75 1.73 6.72 2.02

B 82.5 0.35 3.9 1.56 12.5 61.6 18.5
BGR1* 4.1 56.610833 76.215000 S 11.6 0.24 2.4 0.42 0.98 1.97 0.58

B 55.6 0.51 3.2 2.06 4.56 13.8 3.20
NAS1A 3.0 56.923779 76.378293 S 133 4.22 3 2.9 2.97 319 17.4

B 175 4.14 2.1 19.2 1.99 810 26.0
NAS1H 3.6 56.924121 76.377038 S 30.5 0.602 4.1 6.2 3.58 18.20 9.10
RBL4K 0.7 55.331798 77.699393 S 12.1 0.63 5.9 5.9 14.2 1.79 0.91

B 12.0 0.81 5.8 5.4 4.21 1.84 1.03
RBL 9K* 1.2 55.361083 77.650861 S 7.38 0.54 10.2 3.66 3.31 1.79 0.91
OLSHA 1.5 55.282452 77.739834 S 19.8 0.63 11.4 < 3 1.58 2.64 1.11

Note: Zm, maximum depth (m), location given by latitude and longitude, Zs, sample depth, total phosphorus (TP) (µg L−1), total
nitrogen (TN) (mg L−1), dissolved organic carbon (DOC) (mg L−1), soluble reactive phosphorus (SRP) (µg L−1), chlorophyll
a (Chl a (µg L−1), total suspended solids (TSS) (mg L−1), and particulate organic carbon (POC) (mg L−1). The S samples correspond to surface
at 0 m and the B samples correspond to the maximum depth of each lake. O corresponds to oxycline, at a depth of 0.5 m in SAS2A.

*Data are from Deshpande et al. (2016), with data collected during summer 2014. All other data are from summer 2015.

Table 2. Surface water concentrations of CO2 and CH4 in the SAS valley lakes.

Lake Date n CO2 (µmol L−1) R CH4 (µmol L−1) R

SAS1A 2 August 2013 4 127 (63) 7.3 2.2 (2.1) 658
SAS1B 30 July 2013 3 412 (123) 23.8 11.3 (6.3) 3410
SAS2A 3 August 2013 18 341 (85) 19.6 1.8 (1.0) 555
SAS2B 5 August 2013 14 277 (92) 16.0 3.5 (2.0) 1064
SAS2C 4 August 2013 14 250 (71) 14.0 2.1 (1.5) 624

Note: Values are the averages of n observations (SD in parentheses). R values are the ratios of measured mean concentration in the
surface water to the calculated air-equilibrium concentration for the gas based on its measured concentration in the air over the lakes
and its solubility at ambient temperatures.
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conductivity dropped from 171 to 0 (below detection) µS cm−1 and in the bottom waters,
this drop was from 200 to 26.5 µS cm−1. On 3 May, conductivity increased rapidly again,
returning to similar levels of 188 µS cm−1 at 1.2 m, but only to 63.5 µS cm−1 at surface.
These surface conductivity levels were approximately 100 µS cm−1 less than prior to
the decrease. Later in spring, conductivity levels in the surface and bottom waters
became more similar, suggesting intermittent mixing.

The oxygen data showed evidence of full water column mixing throughout fall, from
the beginning of the record on 25 August to 31 October (Fig. 2). Beyond this period,
bottom water oxygen levels dropped to 0% by 2 November and surface water oxygen
dropped to 0% by 10 November 2014. This was equivalent to an oxygen depletion rate
of 1.26 mg O2 L−1 d−1 for the surface waters and 4.57 mg O2 L−1 d−1 for the bottom
waters. The pelagic water column remained anoxic throughout winter from 10 November
2014 to 24 April 2015. The onset of spring mixing was evident on 25 April 2015, when
oxygen saturation levels rose to 65% at 0.7 m depth and 33% at the bottom 1.2 m depth.
In spring, there was a total of six reoxygenation events, where oxygen saturation
levels rose above 50% in the surface waters and above 25% in the bottom waters. A reox-
ygenation event was also observed in the surface waters on 1 August 2015, but no effect
was observed at the lake bottom.

The automated camera imagery at each of the sites confirmed that the sensor system
remained in a stable position in SAS1A (Fig. 3). Based on these images, the ice-on date

Fig. 2. Seasonal variations in oxygen, conductivity, and temperature in the pelagic and littoral zones of SAS1A from
summer 2014 to 2015.
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was 1 November 2014, when air temperatures first dropped below 0 °C. Ice thaw began on
25 April 2015 and continued until mid-May. The first date in 2015 when ice could no longer
be seen on the surface of the lake was 18 May.

Temperature patterns in the littoral zone of SAS1A (at 0.95 m depth) followed closely
those observed in the pelagic zone (Fig. 2). One difference was the intense mixing observed
in spring for the littoral zone that appears to be more attenuated in the middle pelagic area.
Conductivity also followed similar patterns but the sudden drop in conductivity from
179 to 24.7 µS cm−1 that was observed at the end of winter occurs 1 week earlier, on 18 April
2015, than what was observed in the pelagic zone. Conductivity fluctuated after the ice-off
period in spring, but not as greatly as offshore.

Fig. 3. Site photographs recorded in SAS1A from fall 2014 to summer 2015. The photographs span the full annual
cycle and show the abundant Carex growth in the lake littoral zones. Ice cover began to form on 1 November 2014
(top right panel) and began to melt on 25 April 2015 (second right panel).
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The oxygen regime observed in the littoral zone followed closely that observed at the
pelagic site. The water column remained well oxygenated from 25 August to 31 October
2014, when oxygen levels began to drop. In the littoral zone, the oxygen levels decreased
from 83% saturation on 31 October to 0% by 14 November. The littoral water column
remained anoxic from this date until 19 April 2015, when spring mixing and reoxygenation
began. From 19 April onwards, there were approximately 12 mixing events when oxygen
rose above 50% saturation and then returned rapidly to 0%.

Seasonal variations in SAS1B
In SAS1B, the water column temperature was uniform throughout much of fall from the

end of August until 31 October 2014 (Fig. 4). Throughout this period, temperature decreased
from a maximum of 25.9 °C to a minimum of 1.12 °C. From 31 October to 4 November,
temperatures increased at each of the measured depths and winter thermal stratification
was initiated. The 1 m deep water column remained thermally stratified throughout winter
from 4 November 2014 to 26 April 2015. Temperatures decreased steadily throughout this
period, with much of the water column at temperatures <1 °C by the end of winter. Ice
formed to 0.25 m depth by 17 December 2014 and to 0.5 m depth as of 4 February 2015.
Ice thickness never reached 0.75 m, as the water column remained above 0 °C at this depth
throughout winter. On 27 April, temperatures began rising steadily. The beginning
of spring had some periods of thermal mixing, although stratification was reestablished
rapidly and could be observed as of 31 May.

Conductivity at a depth of 1.0 m remained around 50 µS cm−1 from the beginning of the
record at 30 August 2014 to the end of the fall period at 4 November 2014 (Fig. 4). In winter,
conductivity rose to a maximum of 184 µS cm−1 on 26 April 2015. At the onset of spring,
conductivity decreased rapidly, reaching a minimum of 28.4 µS cm−1 on 4 May 2015.
Throughout spring, conductivity increased intermittently, although consistently returned
to a minimum of approximately 40 µS cm−1.

Oxygen saturation levels fluctuated rapidly throughout the fall period, ranging from
a maximum of 75% to a minimum of 4.4% (Fig. 4). Oxygen levels dropped rapidly to 0%
saturation on 4 November 2014. The bottom waters of SAS1B remained anoxic from this
date until 4 May 2015, when they increased slightly to 5.5% saturation and then returned
to 0% saturation again until 13 May 2015. Throughout spring, several periods of reoxygena-
tion were observed, sometimes reaching as high as 61% saturation, with rapid deoxygen-
ation shortly after. There were nearly a dozen such periods from 13 May 2015 until the
end of the record on 25 August 2015.

Seasonal variations in SAS2A
In SAS2A, the temperature record showed strong stratification throughout most of the

year (Fig. 5). The surface water temperature at the beginning of the record, on 25 August
2014, was 11.1 °C, while the temperature in the bottom waters was 5.4 °C. Throughout the
fall period, the surface water temperature fluctuated and decreased, reaching a minimum
of 2.8 °C on 31 October 2014. The bottom water temperature, at a depth of 2.5 m, fluctuated
less than the surface waters, reaching 4.4 °C on 31 October 2014. During this fall period,
surface and bottom water temperatures coincided with each other at various dates, such
as around 19 September, around 1 October, and from 11 October to 30 October 2014.
At the beginning of winter, surface water temperatures warmed from 2.8 °C on 31 October
to 4.2 °C on 17 November. Only slight warming was observed in bottom water temperatures,
from 4.4 to 4.7 °C on 10 November. Throughout winter, water temperatures decreased steadily,
with surface waters cooling more rapidly than bottom waters. Surface waters reached a
winter minimum temperature of 0.72 °C on 29 April 2015. The winter minimum tempera-
ture of the bottom water was 2.5 °C on 14 May. During spring, surface water temperature
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fluctuated and increased steadily, reaching 9.8 °C at the end of the record on 25 August.
Bottom water temperatures increased as well, although at a much slower rate, reaching
5.1 °C on 25 August.

The surface and bottom water conductivities in SAS1A never coincided at any point
throughout the full record, with an average difference of 180 µS cm−1. Bottom water con-
ductivities ranged from 172 to 278 µS cm−1, while surface water conductivities ranged
from 22 to 105 µS cm−1. The minimum difference between the surface and bottom water
records was 83 µS cm−1 on 5 March 2015.

As was observed in the annual conductivity record of this lake, oxygen also remained
stratified throughout the full record (Fig. 5). In fall, oxygen saturation in the surface water
fluctuated from a maximum of 40% saturation to a minimum of 0%. On 11 November 2014,
the oxygen saturation at 1.0 m descended to 0%, where it remained throughout winter until
2 May 2015, when oxygen saturation increased to a spring maximum of 23%. Later in spring,
there were three other sharp peaks of increased oxygen, but saturation remained under 6%.
From 24 June 2015 until the end of the record on 25 August 2015, oxygen saturation at
the 1.0 m depth was 0%. At the bottom 2.5 m depth, anoxia persisted throughout the
full record. There was no evidence of reoxygenation or mixing of these bottom waters in
spring; however, when the oxygen probe was recovered in summer 2015 and returned to

Fig. 4. Seasonal variations in oxygen, conductivity, and temperature in the pelagic zone of SAS1B from summer
2014 to 2015. The oxygen and conductivity measurements were at a depth of 1.0 m.
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the surface, measured oxygen concentrations increased to 98.2% saturation, confirming
that the sensor was still fully operational and had experienced minimal drift. The automat-
ed imagery at this site confirmed that the sensor system remained in a stable position in

Fig. 5. Seasonal variations in oxygen, conductivity, and temperature in the pelagic zone of SAS2A from summer
2014 to 2015.
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SAS2A (Fig. 6). As in SAS1A, the ice-on date was 1 November 2014, while the ice-off date was
slightly later, with full open water first observed on 22 May 2015.

Summer profiles
The SAS peatland thaw lakes were stratified in summer (Fig. 7). The dark colours of the

lake surface warmed substantially, reaching more than 20 °C. All lakes were predominantly
anoxic in summer, although anoxia was much more predominant in the SAS2 lakes than in
SAS1. For example, in SAS2A, oxygen ranged from 106% at the surface and then decreased
rapidly to 0% at 0.35 m, after which it was fully anoxic to the bottom depth of 2.7 m.
SAS1A and SAS1B were both anoxic at bottom depths but remained oxygenated throughout
a greater proportion of their water columns. For both SAS1 and SAS2 lakes, the surface
waters were undersaturated in oxygen. In SAS2B, oxygen levels were only 45% of air equilib-
rium in surface waters. Conductivity increased substantially throughout the water columns
of the SAS2 lakes; for example, in SAS2A, conductivity increased sixfold throughout the
water column from 34.4 µS cm−1 in the surface to 209.5 µS cm−1 at depth. Conductivity of
the SAS1 lakes was less variable throughout the water column; the total range of conductiv-
ity in SAS1A was from 42.9 to 45.6 µS cm−1. Contrary to the permafrost peatland lakes, the
non-thermokarst-affected lake RBL4K was well mixed and oxygenated throughout its entire
water column.

In situ oxygen depletion rates
In situ oxygen depletion rates varied seasonally and also showed large differences

between the upper and lower water columns in SAS1A (Fig. 8). Oxygen depletion rates
were lowest in fall for the pelagic water column at 0.7 m and in the littoral zone at
0.95 m and increased in spring and summer. The opposite pattern was observed from the
deeper 1.2 m sensor in the pelagic zone. At the 1.2 m depth, there was not the same magni-
tude of difference as observed from the other two sensors.

Bacterial metabolic activity

Respiration
Pelagic respiration rates ranged by an order of magnitude from a minimum of 0.079 to a

maximum of 0.87 mg O2 L
−1 d−1 (Fig. 9). The average (SD) respiration rates in the SAS lakes

were 0.46 (0.25) mg O2 L−1 d−1, while the averages (SD) in the other thaw lakes were 0.34
(0.28) mg O2 L−1 d−1. One-way ANOVA showed no statistically significant differences in
respiration rates measured in the SAS lakes versus the other lake groups (F(2,12) = 0.486,
p = 0.63). Bacterial respiration rates were correlated with Chl a values (r = 0.455, p < 0.05).
The sediment oxygen uptake rates measured in SAS1B averaged (SD) 0.49 (0.17) g O2 m−2

d−1. This rate was adjusted for water column oxygen demand and resulted in an overall aver-
age (SD) of 0.26 (0.17) g O2 m

−2 d−1.

Bacterial production
Bacterial production rates ranged from 0.236 to 1.83 µg C L−1 h−1 across the full data set

(Fig. 9). The SAS lakes had an average (SD) rate of 0.72 (0.42) µg C L−1 h−1, while the other
thaw lakes had an average (SD) rate of 1.22 (0.31) µg C L−1 h−1. One-way ANOVA showed
statistically significant differences between bacterial production rates in the SAS lakes
and other lake types studied (F(2,12) = 4.195, p = 0.042). Production rates were positively
correlated with both DOC (r = 0.63, p < 0.05) and Chl a (r = 0.41, p < 0.05).

Discussion

Our in situ observations showed that the peatland thaw lakes were predominantly anaer-
obic systems, with anoxic conditions present throughout much of the year (Figs. 2, 4, and 5).
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These observations are consistent with the highly supersaturated values of CO2 and CH4,
which imply elevated rates of microbial decomposition, and redox conditions that are con-
ducive to methanogenesis. These results build upon our observations from other sites in
this region, and they reinforce earlier evidence of the tendency of these waters to be well
stratified in summer despite their shallow depths (Laurion et al. 2010; Deshpande et al. 2015).

One of the most striking observations from the present data set is that lake SAS2A
remained stratified throughout the year, with mixing never extending to the bottom of
the lake in either spring or autumn (Fig. 5). Meromixis is typically thought of as a

Fig. 6. Site photographs recorded in SAS2A from fall 2014 to summer 2015. The photographs span the full annual
cycle and show the abundant Carex growth in the lake littoral zones. Ice cover began to form on 1 November 2014
(top right panel) and began to melt on 24 April 2015 (third left panel). By 22 May 2015, there is no more ice
(third left panel).
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limnological feature of larger lakes that are permanently stratified as a result of highly
saline bottom waters, for example, derived from ancient seawater (e.g., Van Hove et al.
2006). In peatland permafrost lakes, the observed meromixis is likely the result of the short
fetch length, rapid warming of the strongly light-absorbing CDOM-rich surface waters, and
the accumulation of stabilizing solutes in the bottom waters of the lake by freeze concentra-
tion and bacterial mineralization processes. This water column stability favours prolonged
anoxia and net emission of CH4 throughout the open water period.

The concentration of dissolved oxygen within each lake is likely controlled by a com-
bination of physical, biological, and chemical factors that vary at daily, seasonal, and
annual timescales. In these lakes, bacterial respiration associated with degradation of
autochthonous and allochthonous (especially) organic matter exerts a major control on
oxygen depletion rates. Physical aspects including advection, turbulent diffusion, and
lake morphometric characteristics are also likely to act as control factors: the distinct sea-
sonal oxygen variations observed in SAS1 lakes in contrast with those of SAS2A, despite
similar biological characteristics, point to the role played by various physical factors
such as lake basin shape.

Fig. 7. Water column profiles of temperature, specific conductivity, and oxygen saturation in five SAS lakes and
one rock-basin lake. The dates of sampling were 26 June 2014 (SAS1A, SAS2A), 27 June 2014 (SAS1B), 29 June 2014
(SAS2B, SAS2C), and 7 July 2014 (RBL4K).
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Oxygen depletion rates
For the wide range of sampled waterbodies, bottle measurements of bacterial respira-

tion rates varied by an order of magnitude from 0.079 to 0.89 mg O2 L
−1 d−1, with an average

(SD) of 0.37 (0.24) mg O2 L
−1 d−1 (Fig. 9). These bacterial respiration rates are high in compar-

ison with nonthermokarst Arctic or other subarctic lakes (Table 3). For example, respiration

Fig. 8. In situ oxygen depletion rates in SAS1A in the pelagic area of the lake at depths of 0.7 and 1.2 m and in
the littoral zone at a depth of 0.95 m. Depletion rates are broken into seasons, where fall is from the beginning of
the record on 25 August to 1 November 2014, spring is 1 May to 30 June 2015, and summer is July 1 to the end of the
record on 25 August 2015.
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rates in these systems are two orders of magnitude greater than those recorded in ultraoli-
gotrophic Toolik Lake (Lennon and Cottingham 2008) and more than 2.5 times greater than
the maximum reported from a series of subarctic Swedish lakes (Jansson et al. 2008). These
respiration rates are more within the range for mesotrophic lakes found in temperate
regions (Biddanda et al. 2001; Hanson et al. 2003).

Oxygen depletion ratesmeasured during periods of darkness from the in situ oxygen sensors
showed higher rates than those measured during bottle experiments. This was as expected,
since the in situ rates reflect the combined effect of physical, sediment, andplanktonic processes
operating in the lake, while the bottle experiments specifically target the plankton.
The substantially higher rates in the lakes imply a much greater importance of sediment
processes. There was also substantial seasonal variation: during fall, oxygen depletion rates
in SAS1A were an average (SD) of 1.3 (0.4) mg O2 L

−1 d−1 at 0.7 m and 5.3 (4.6) mg O2 L
−1 d−1 at

1.2m.The latter rate is comparable to in situ respiration ratesmeasured in Crystal Bog, a shallow
dystrophic lake inWisconsin, where rates measured at the end of summer were approximately
4.6mgO2 L

−1 d−1 (Hanson et al. 2008). In situmeasures in a eutrophic lake and in an oligotrophic
lake, both located inWisconsin, showed rates of approximately 2 and 0.75mgO2 L

−1 d−1, respec-
tively. While the in situ rates such as those determined from the mooring system in SAS1A are
well abovemost bottlemeasurements, they are within the published range for north-temperate
eutrophic lakes.

Bacterial respiration rates are controlled by the availability of organic substrates, the
abundance of bacterial populations, and environmental factors such as temperature and
availability of inorganic nutrients. In thermokarst thaw lakes, high concentrations of
DOM, particularly of terrestrial origin, and substantial bacterial populations support high
respiration rates (Rossi et al. 2013; Deshpande et al. 2016). Although DOC concentration
has been identified as a main driver of interannual variations in oxygen content in other
aquatic ecosystems, bacterial biomass and production in these peatland thaw lakes do
not seem to be limited by organic carbon availability (Palmer et al. 2014; Deshpande et al.
2016). In humic lakes, it has been shown that high concentrations of DOC encourage a
dominance towards chemoorganotrophic metabolic processes and away from autotrophic
metabolic processes that would increase oxygen concentrations (Forsström et al. 2013).
This phenomenon has been consistently observed in humic lakes of northern Sweden

Fig. 9. Bacterial respiration rates (BR) and bacterial production rates (BP) measured in bottle incubations of surface
water samples from each of the study lakes.
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when DOC concentrations were equal to or greater than 10 mg L−1 (Jansson et al. 2000), as is
the case for the peatland thaw lakes studied here (Table 1).

Sedimentary and hypolimnetic oxygen depletion is dependent upon temperature,
hypolimnion thickness, and the supply of organic matter that is usually produced via
photosynthesis within the surface water layers and transported to the hypolimnion via
sinking and transport processes (Charlton 1980). Multiple studies have demonstrated the
overall control of water column dissolved oxygen concentrations via bacterial consumption
within sediments or at the water–sediment interface (Charlton 1980; del Giorgio and
Williams 2005; Terzhevik et al. 2010). In permafrost peatland lakes, benthic biological
processes may exert a control over CO2 production in these lakes during oxic conditions
(Laurion et al. 2010; Matveev et al. 2016). Sedimentary oxygen uptake in SAS1B was
two times higher than pelagic bacterial community demand during oxygenated summer
periods. In SAS1A, during the oxygenated fall period, in situ oxygen depletion rates
were more than four times higher at a depth of 1.2 m than at the depth of 0.7 m
(i.e., 5.3 mg O2 L−1 d−1 at 1.2 m but only 1.2 mg O2 L−1 d−1 at 0.7 m depth). However, these
oxygen depletion rates do not act as a controlling factor throughout the full annual cycle.
Peatland thaw lakes have hypoxic and anoxic bottom water conditions throughout most
or even all (SAS2A) of the year. The sediment area to water volume ratios are higher than
the range for other types of lakes reported in the literature (Mathias and Barica 1980;
del Giorgio and Williams 2005). For example, the ratio of sediment area to water volume
in is 0.9 m−1 in SAS1A, 2.7 m−1 for SAS1B, and 1.2 m−1 in deeper SAS2A (B. Deshpande
and G. Vieira, unpublished data) versus maximum values of 0.42 m−1 in Lac Fraser,

Table 3. Comparison of oxygen consumption rates (mg O2 L−1 d−1) in thaw lakes versus other aquatic systems
during summer.

Lake name Location Trophic status Rate Reference

Toolik Lake Alaska Oligotrophic 0.00123 Lennon and
Cottingham 2008

Lake No. 16 Subarctic Sweden High alpine 0.00219 Jansson et al. 2008
Jack Lake Ontario Mesotrophic 0.0270 Linsey and Lasenby 1985
Lake No. 10 Subarctic Sweden Low alpine 0.0296 Jansson et al. 2008
BGR1 Northern Quebec Thaw lake (oligotrophic) 0.106 This study
Chertsey North of Montreal Oligotrophic 0.115 Carignan et al. 2000
Violon Lake North of Montreal Oligotrophic 0.123 Carignan et al. 2000
SAS2A Peatland lake, northern Quebec Thaw lake (mesodystrophic) 0.128 This study
Lake No. 2 Subarctic Sweden Coniferous forest 0.139 Jansson et al. 2008
Pin Rouge North of Montreal Oligotrophic 0.187 Carignan et al. 2000
KWK12 Northern Quebec Thaw lake (mesotrophic) 0.247 This study
NAS1A Northern Quebec Thaw lake (mesotrophic) 0.296 This study
SAS2B Peatland lake, northern Quebec Thaw lake (mesodystrophic) 0.345 This study
SAS2C Peatland lake, northern Quebec Thaw lake (mesodystrophic) 0.406 This study
SAS1A Peatland lake, northern Quebec Thaw lake (mesodystrophic) 0.655 This study
SAS1B Peatland lake, northern Quebec Thaw lake (mesodystrophic) 0.755 This study
Round Lake Minnesota Mesotrophic 0.830 Biddanda et al. 2001
KWK11 Northern Quebec Thaw lake (mesotrophic) 0.834 This study
SEC Northern Quebec Thaw lake (mesotrophic) 0.885 This study
Johanna Lake Minnesota Eutrophic 0.920 Biddanda et al. 2001
Cranberry Bog Michigan Mesotrophic 1.58 Hanson et al. 2003
Northgate bog Michigan Dystrophic 2.48 Hanson et al. 2003
Hummingbird
Lake

Michigan Eutrophic 4.67 Hanson et al. 2003
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Quebec (del Giorgio and Williams 2005), and up to a maximum of 0.64 m−1 for the north-
temperate and Arctic lakes studied by Mathias and Barica (1980). Under winter conditions
of ice and snow cover, dissolved oxygen concentrations are potentially controlled by either
dissolved oxygen diffusion from the water column into bottom sediments or the rate of
consumption by bacterioplankton in the process of organic matter mineralization or a com-
bination of both processes (Terzhevik et al. 2010). The low water volume to high sediment
area observed in thaw lakes, coupled with high rates of oxygen depletion within the hypolim-
nion, resulted in rapid deoxygenation of benthic waters within less than a week following
the onset of ice cover (Figs. 2, 4 and 5). The bacterial populations remained at above-zero
temperatures and do not seem to be strongly affected by the low water temperatures
(~4 °C) at this time. Assuming that bacterial respiration processes would continue through-
out the full range of winter temperatures, the anoxic conditions in these lakes are likely to
be predominantly controlled by transport processes. As is most pronounced in deeper
SAS2A, the lack of mixing and transport of oxygen throughout the water column results
in persistent anoxic bottom water conditions throughout the annual cycle.

The littoral zones of these peatland permafrost lakes contain abundant plant life,
with a strong seasonality of production and loss, as seen in the automated camera
images (Figs. 3 and 6). Carex has colonized the shallow areas of SAS1A, representing an
estimated 35% of the total lake area (Figs. 3 and 6; B. Deshpande and G. Vieira, unpub-
lished data). Previous studies have observed higher concentrations of dissolved oxygen
in littoral regions than pelagic, attributed to under-ice photosynthetic activity (Stefanovic
and Stefan 2002). In other high-latitude lakes, solar radiation warms the water column
through the ice, sometimes resulting in warming of the littoral zone in spring, even
before air temperatures have increased above 0 °C (Terzhevik et al. 2010; Boike et al.
2015). In the permafrost peatland lakes studied here, it is likely that Carex respiration
and decomposition contribute substantially to oxygen depletion at the onset of winter.
Carex communities have been shown to have the highest respiration rates during
initial decay when the most bioavailable compounds are rapidly decomposed (Aerts
and de Caluwe 1997). This same study showed that Carex lost 50% of its dry mass via
decomposition within the first 12 months after the onset of decay (Aerts and de Caluwe
1997). Site photographs of SAS1A show stark contrasts between decaying Carex during
much of the year and green, photosynthetically active Carex during a short period
of growth. From the set of in situ images, Carex grew from early June to early October
each year but was richly green for less than 3 months of this period (Fig. 3). In spring,
photosynthetic activity by Carex may partially explain the higher and more stable
concentrations of dissolved oxygen observed in the littoral zone (Fig. 2). Carex has a
low temperature optimum in cold environments, with ongoing photosynthesis by the
leaves and oxygen consumption by the root systems even at near-frozen temperatures
(Chapin and Oechel 1983). While photosynthetic activity by these aquatic plants may con-
tribute to oxic conditions during certain parts of the year, the large quantity of degrad-
ing material may contribute to oxygen depletion processes throughout a more extended
period of the year, which would also affect methane and CO2 production within these
lakes (Table 2).

Conclusions

Peatland thaw lakes are hotspots for microbial activity in subarctic tundra environ-
ments, with biogeochemical tendencies towards rapid oxygen depletion, anoxia, and green-
house gas production. We observed large variations in oxygen depletion rates vertically
with depth, horizontally between littoral and pelagic zones, and throughout the seasons
on an annual cycle. The high oxygen demand of peatland thaw lakes is determined by
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biological factors, notably by their elevated microbial production rates due to the influx of
allochthonous organic matter from the eroding permafrost landscape (as indicated by their
colour and high DOC concentrations) in combination with autochthonous carbon
supplies, especially from the macrophyte communities that thrive in the littoral and supra-
littoral zones of the lakes. Oxygen consumption rates are likely to be limited by physical
factors related to the transport of oxygen throughout the water column, notably the barrier
to exchange with the atmosphere imposed by prolonged ice cover in the cold subarctic
climate and the strong water column stability that resists mixing and reoxygenation during
summer ice-free conditions. These highly stratified, oxygen-deficient waters are a distinc-
tive class of northern freshwater ecosystems, and modelling efforts in the future should
be directed towards understanding how their biogeochemical properties will respond to
ongoing climate change.
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