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INTRODUCTION

Because polar and subpolar ecosystems are ice
dependent, they are highly vulnerable to global cli-
mate change (Parry et al. 2007). Due to the slow
incomplete decomposition of organic matter at high
latitudes, permafrost soils are estimated to have
accumulated approximately 50% of the global
belowground organic carbon stock (McGuire et al.

2009, Tarnocai et al. 2009). Globally, the temperature
of the upper permafrost layer has increased by 3°C
since 1980 (Parry et al. 2007), leading to drastic sum-
mer thaw compared to historic records. The decline
of permafrost and the mobilization of a large organic
carbon pool previously sequestered in tundra soils
have the potential to exacerbate climate change
through greenhouse gas (GHG) emissions (McGuire
et al. 2009, Schuur et al. 2009).
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ABSTRACT: Colored permafrost thaw ponds (thermokarst ponds), are abundant freshwater eco-
systems in the subarctic. The ponds can emit significant levels of greenhouse gases, which are
drivers of climate change, but little is known of their microbial communities. The ponds are verti-
cally stratified for most of the year with suboxic to anoxic hypolimnia, suggesting varied habitats
despite their shallow depths (1 to 4 m). Pelagic bacterial communities in 4 contrasting ponds near
the coast of Hudson Bay, Quebec, Canada, were investigated by cloning and sequencing the 16S
rRNA gene from environmental DNA. Surface and bottom water libraries yielded a total of 109
operational taxonomical units (defined as 97% sequence similarity) from 261 clones. The majority
of clones had their closest matches to other environmental clones originating from freshwater
environments, especially lakes. Proteobacteria accounted for the majority of sequences (33%), fol-
lowed by Bacteroidetes (19%), Actinobacteria (13%), Chlorobi (10%), Verrucomicrobia (8%), and
Cyanobacteria (7%). There were large differences in the assemblages inhabiting the different
ponds and water layers. Bacteroidetes were predominant at the surface, while Chlorobi were
found in bottom waters. Sequences with best matches to known methanotrophic bacteria re -
presented up to 20% of all sequences. Methanotrophs included Methylobacter psychrophilus,
Crenothrix polyspora, and Methylocystis parvus as closest matches. Ordination analysis clearly
separated surface and bottom waters, where relatively large quantities of organic matter, low light
availability, cool temperatures, and suboxic conditions selected for the distinct communities. The
separation of surface waters of different ponds showed that bacterial communities could differ
between superficially similar environments. This study illustrates the high diversity in bacterial
assemblages occurring in ponds separated by a few meters, and thus, the potentially complex
response of thaw pond systems to climate change.
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Lakes and ponds formed by permafrost thaw dom-
inate subarctic and arctic landscapes (Pienitz et al.
2008). In these ecosystems, microbial decomposers
have access to large quantities of allochthonous
organic matter, which is partly transferred to the
atmosphere in the form of the GHGs CO2 and CH4.
The CH4 released from Siberian thaw lakes was
shown to originate from C stocks deposited thou-
sands of years ago (Zimov et al. 1997, Walter et al.
2008). The mobilization of ancient carbon as GHG
may have significantly contributed to climate warm-
ing during the last glacial termination (Shakun et al.
2012) and is thought to represent a significant posi-
tive feedback for current warming trends (Walter et
al. 2006). Microbial processes such as the breakdown
of complex organic substrates, methanogenesis, and
methanotrophy determine the net transfer of GHGs
to the atmosphere, processes controlled by the sub-
strate availability and oxygen level (or water table;
Wagner et al. 2003). Yet little is known of the micro-
bial diversity and ecology of thaw ponds, or how the
limnological characteristics could influence microbial
activity and gas exchange.

A large fraction of Canada including northern
Quebec is underlain by permafrost. The accelerated
permafrost thaw associated with climate change has
caused soil erosion and an increase in the areal
extent of thaw ponds in certain regions (Payette et al.
2004). Subarctic thaw ponds can emit substantial
amounts of GHGs, with emissions varying seasonally
and over short time scales, depending on pond mix-
ing regimes and vertical structure (Laurion et al.
2010). For example, boreal and tundra lakes release
GHGs at higher rates during mixing events in spring
and autumn (Phelps et al. 1998, Striegl et al. 2001).
Many subarctic ponds are likely thermally stratified
for a large fraction of the year due to ice cover in win-
ter, and in summer they are protected from wind-
 driven mixing by their small fetch combined with
high turbidity and chromophoric dissolved organic
matter (CDOM) enhancing rapid solar heating of the
upper surface water. Hence the spring mixing period
may be brief (Breton et al. 2009, Laurion et al. 2010)
or even absent (I. Laurion unpubl. data). Under strat-
ified conditions, pond bottom waters become suboxic
and may accumulate GHGs during summer and
 winter. Since microbes respire CO2 and some pro-
duce or consume CH4, GHG annual net flux would
be strongly linked to the microbial community com-
position. The goals of the present study were first to
identify the pelagic bacterial communities of subarc-
tic thaw ponds in the oxygenated surface water and
in the hypolimnion where oxygen is depleted, and to

assess the influence of pond physicochemical charac-
teristics on community composition. Four contrasting
ponds were characterized, and the dominant bacter-
ial groups were identified by cloning and sequencing
the 16S rRNA gene from environmental DNA. This is
the first environmental 16S bacterial gene survey of
these very unusual ponds, and taxonomic identifica-
tion of the major groups was a secondary goal, with
the aim of providing robust phylogenies that can be
used as references for future studies using short
sequences generated from high throughput sequen-
cing technologies.

MATERIALS AND METHODS

Study site

Samples were collected from 8 to 14 August 2009
in northeastern Canadian subarctic (Nunavik) at
55° 16’ N, 77° 46’ W, near the village of Whapmagoos-
tui-Kuujjuarapik at the southern limit of discontinu-
ous permafrost (Fig. 1). This region along the Hudson
Bay has thousands of shallow (1 to 4 m deep) thaw
ponds, formed as soil thawed below lithalsas (min-
eral mounds) or organic palsas (when a peat layer
was present at pond inception). The ponds belong to
the first type, featuring a more defined depression
with reduced watershed influence. These ponds are
filled with water from precipitation, lack ground
water inputs, and are typically highly turbid due to
fine silt and clay depositions (Bouchard et al. 2011).
They are surrounded by dense shrubs (Betula glan-
dulosa, Salix sp., Alnus sp., Myrica gale) and few
trees (Picea mariana, P. glauca, Larix laricina; details
in Breton et al. 2009). The striking pattern of pond
colors is due to different combinations of particle load
from total suspended solids (TSS; Table 1) and
CDOM (Watanabe et al. 2011). Four ponds located
close to the river Kwakwatanikapistikw (a local Cree
name) were selected for the present study (coded
KWK and a unique number), and included 1 green
pond (KWK-6), 1 black pond (KWK-12), and 2 brown
ponds (KWK-1 and KWK-23). Details of the basic lim-
nology and GHG concentrations and fluxes of the
ponds are reported in Breton et al. (2009) and Lau-
rion et al. (2010).

Physiochemistry

Profiles of temperature, dissolved oxygen (DO),
pH, and conductivity were recorded with a 600R
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multi-parametric probe (Yellow Springs Instrument).
The oxygen probe was calibrated at the beginning of
each sampling day in water-saturated air with a cor-
rection for barometric pressure. Samples were col-
lected at the center of the ponds from a small rubber
boat. Surface water was sampled directly into
immersed plastic bottles, while bottom water was
sampled with a horizontally mounted van Dorn bottle
(Wilco) 20 to 40 cm above the sediment (sampling
depth Zs in Table 1). The collected water was kept in
a cooler and transported to the field laboratory within
hours. TSS were filtered onto pre-combusted, pre-
weighed GF/F filters (Advantec MFS), which were
then oven-dried for 2 h at 60°C and reweighed. Dis-
solved organic matter (DOM) was characterized from
water filtered through pre-rinsed cellulose acetate
filters (0.2 µm pore size; Advantec MFS). Dissolved
organic carbon (DOC) concentrations were meas-
ured using a TOC-5000A carbon analyzer (Shi-
madzu) calibrated with potassium biphthalate.
CDOM absorbance scans were performed from 250
to 800 nm on a spectrophotometer (Varian Cary 300;
details in Laurion et al. 2010). CDOM quantity is
defined here by the absorption coefficient at 320 nm
(a320). Absorption slopes were obtained using an
exponential fit between 275 to 295 nm (S275–295) and

350 to 400 nm (S350–400) as in Helms et
al. (2008), and applying the method of
Loiselle et al. (2009) between 200 and
650 nm using a 20 nm wavelength
interval and the open source Scilab
software. The resulting set of spectral
slopes produces a signature with
peaks that can be related to major
DOM sources and/or transformations.
Total phosphorus (TP) and total nitro-
gen (TN) samples were fixed with
H2SO4 (0.15% final concentration)
and digested with potassium persul-
fate. TP was measured by spectropho-
tometry as in Stainton et al. (1977) and
TN by flow injection analysis (Lachat
Instruments). For soluble reactive phos -
phorus (SRP) measurements, water
was filtered as above and analyzed by
flow injection analysis. Total dissolved
Fe concentrations were measured on
filtered water preserved with HNO3,

by inductively coupled plasma optical
emission spectrometry (ICP-OES; Var-
ian VISTA AX CCD).

Dissolved CO2 and CH4 were deter-
mined by the equilibration of 2 l of

pond water with 20 ml of ambient air for 3 min, with
the headspace sampled in duplicate vials (red stop-
per Vacutainer) previously flushed with helium and
vacuumed. Gas samples were taken within 5 min
after collecting the pond water and kept at 4°C until
analyzed by gas chromatography (Varian 3800).
Aqueous dissolved gas concentrations were calcu-
lated according to Henry’s Law (details in Laurion et
al. 2010).

Microbial characteristics

To quantify Bacteria and Archaea (BA) and
picophototrophs (PP), water samples were fixed with
a filtered solution of paraformaldehyde (1% final
concentration) and glutaraldehyde (0.1% final con-
centration) after adding a protease inhibitor (phenyl-
methanesulfonylfluoride, final concentration of 1 µmol
l−1; Gundersen et al. 1996) and were kept frozen at
−80°C until analysis. BA and PP were counted by
flow cytometry (FACSCalibur, Becton-Dickinson). A
solution of 0.94 µm fluorescent beads (Polysciences)
calibrated with trueCOUNT beads (Becton-Dickin-
son), were added to each sample to estimate cell
abundance. BA were labeled with SYBR green I
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(Sigma-Aldrich) and counted for 2 min at a low flow
rate (12 to 15 µl s−1), and PP (cells with chlorophyll
fluorescence) were counted without staining for 3 to
4 min at a high flow rate (50 to 60 µl s−1). Only popu-
lations with sizes close to ca. 1 to 3 µm were counted
(i.e. larger cells would be out of range for the settings
used).

Chlorophyll a (chl a) concentrations were deter-
mined from water samples filtered onto GF/F filters
(Advantec MFS). Filters were kept frozen at −80°C
until pigments were extracted by placing the filters
in boiling 95% ethanol for 5 min followed by 1 h
extraction at 4°C (Nush 1980). Chl a fluorescence
was measured with a spectrofluorometer (Varian
Cary Eclipse) before and after acidification (to cor-
rect for the interference by pheophytin), and the con-
centration was estimated using the equation of Jef-
frey & Welschmeyer (1997).

For molecular analyses, cells were collected by fil-
tration using a peristaltic pump (Masterflex). Water
samples passed through 3 µm pore size, 47 mm poly-
carbonate filters (Nuclepore) followed by 0.22 µm
Sterivex units (Millipore). Both filters were stored in
a buffer solution (40 mM EDTA; 50 mM Tris, pH 8.3;
0.75 M Sucrose) at −80°C. Genomic DNA was
extracted as in Díez et al. (2001). Briefly, lysozyme

(1 mg ml−1 final concentration), Proteinase K (0.2 mg
ml−1 final concentration), and 200 μl of 10% sodium
dodecyl sulfate were used to liberate cellular con-
tents. The lysate from the Sterivex was recovered
using a syringe. Then, the lysate was extracted twice
with a mixture of phenol, chloroform, and isoamyl
alcohol (25:24:1, pH 8) and once with chloroform and
isoamyl alcohol mix (24:1). DNA was then precipi-
tated from aqueous phase overnight at 4°C using iso-
propanol and ammonium acetate. Finally, TE buffer
(Tris−EDTA: 10 mM Tris-HCl, 1 mM EDTA) was
used to resuspend the DNA. DNA concentrations
were measured with PicoGreen reagent (Molecular
Probes) using a TBS-380 fluorometer (Promega Bio-
systems).

Partial bacterial rRNA 16S genes were amplified
using the universal primer 1492R (5’-GGT TAC CTT
GTT ACG ACT T-3’) and the bacteria specific
primer 8F (5’-AGA GTT TGA TCC TGG CTC AG-
3’) from dilutions of extracted DNA (1, 0.1, and
0.01), providing different template concentrations,
to address potential primer competition. PCR condi-
tions were previously described by Harding et al.
(2011). PCR amplicons were checked by gel electro-
phoresis. Clone libraries were constructed from the
combined amplicons of both fractions (>3 µm and
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Variable Units Pond
KWK-1 (Brown) KWK-6 (Green) KWK-12 (Black) KWK-23 (Brown)

Zs m 0 2 0 2.75 0 2.5 0 3
T °C 19.3 7.8 15.3 9.1 17.7 7.4 15.6 5.3
DO mg l−1 9.6 0.2 10.4 0.1 9.1 0.2 9.2 0.2
pH 6.6 6.1 6.9 6.3 7.3 6.1 7.1 6.1
Cond µS cm−1 46 155 61 432 36 249 48 160
TP µg l−1 46 176 44 198 24 207 78 432
SRP µg l−1 2.9 2.4 0.9 na 0.7 1.0 5.7 46
TN µg l−1 251 267 228 389 312 448 228 267
Fe mg l−1 0.477 0.840 0.202 1.057 0.291 2.865 0.356 4.106
DOC mg l−1 8.1 8.3 4.1 4.2 6.0 7.4 6.3 7.5
a320 m−1 42.2 44.2 12.9 19.7 26.5 63.1 32.1 87.6
S275–295 nm−1 0.0142 0.0130 0.0154 0.0125 0.0139 0.0109 0.0144 0.0107
TSS mg l−1 8.6 89.2 8.9 13.6 1.8 73.1 18.5 144.5
Chl a µg l−1 3.5 66.4 13.4 87.2 2.2 158.9 12.3 37.1
BAa 106 cells ml−1 12.9 37.0 11.3 18.5 9.6 38.0 12.7 24.3
PP 106 cells ml−1 0.418 1.420 0.424 0.557 0.094 2.873 0.377 0.662
CO2 µM 58.0 405 27.3 421.8 55.3 761.2 52.8 570.1
CH4 µM 0.4 93.8 0.5 145.2 0.3 259.0 0.3 131.6
aBA includes all procaryotes stained with SYBR green of ca. 1 µm, as determined by flow cytometry, therfore including both
Archaea and Bacteria

Table 1. Limnological properties and color of the 4 study ponds; surface at 0 m and bottom is indicated by the sampling depth
Zs. Water temperature (T), dissolved oxygen (DO), pH, conductivity (Cond), total phosphorus (TP), soluble reactive phospho-
rus (SRP), total nitrogen (TN), dissolved iron (Fe), dissolved organic carbon (DOC), absorption coefficient of chromophoric dis-
solved organic matter (CDOM) at 320 nm (a320), slope of CDOM spectral absorption between 275 and 295 nm (S275-295), total
suspended solids (TSS), chlorophyll a concentration (chl a), abundance of Bacteria and Archaea (BA) and of picophototrophs

(PP), and dissolved CO2 and CH4 concentrations are given
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0.2 to 3 µm). PCR products from each sample dilu-
tion were pooled prior to purification using a
QIAquick PCR purification kit (Qiagen). The puri-
fied PCR products were then cloned using Strata-
clone PCR cloning kit (Agilent Technologies). Eight
clone libraries were constructed representing the
surface and bottom waters of the 4 ponds. Correct
size amplicons were se quenced in both directions
using primers for the vectors M13 by the Plateforme
de Séquençage et de Génotypage des Génomes
(Centre Hospitalier de l’Université Laval, QC, Can-
ada), using an ABI 3730xl system (Applied Biosys-
tems), which included a purification step. The 2
sequences for 1 clone were aligned and merged
using Bioedit software (v.7.1.3). A total of 341 clones
were sequenced, from which 330 were retained for
further analysis after quality screening, short se -
quences, and those with multiple non-identified
nucleotides (Ns) were discarded.

All sequences were aligned using the align option
of the Greengenes web application (DeSantis et al.
2006) to quickly check for sequences showing poor
quality alignments (<75% identity). The remaining
sequences were checked for chimeras using the
Chimera check with the Bellerophon option of the
Greengenes web application (Huber et al. 2004). The
putative chimeras were checked manually as de -
scribed by Harding et al. (2011). Remaining se quences
were compared to the NCBI GenBank nucleotide col-
lection database using the Megablast program of
BLASTn (Altschul et al. 1990) to identify their closest
match. The source environment of matches was esti-
mated according to the sources of the 3 best matches
(96 to 99% similarity). Sequences belonging to 16S
rRNA genes of chloroplasts or mitochondria were
discarded, and following this additional screening,
261 sequences were retained (KWK-1S: 30; KWK-1B:
42; KWK-6S: 33; KWK-6B: 32; KWK-12S: 33; KWK-
12B: 26; KWK-23S: 34; KWK-23B: 31). The nucleotide
sequences were deposited in GenBank (accession
numbers JN656715 to JN656931).

To assess the relative occurrences of bacterial
phyla within each sample, surface, bottom, and
whole environment composite, the sequences were
classified using the program Classifier from the Ribo-
somal Database Project (RDP) II (Wang et al. 2007).
Sequences were grouped by phyla to construct phy-
logenetic trees using ClustalX v.2.1 (Larkin et al.
2007) and to identify similar sequences from different
ponds (not shown). Sequences with ≥97% similarity
were grouped as operational taxonomical units
(OTUs) using Mothur v.1.14.0 (Schloss et al. 2009)
through a PHYLIP v.3.67 Jukes-Cantor distance

matrix (Felsenstein 1989). This software was also
used to plot the rarefaction curve (not shown) of thaw
ponds libraries.

Community and limnological comparisons

Differences between the communities were
assessed using the UniFrac significance test from the
weighted algorithm of Fast UniFrac software pack-
age (Hamady et al. 2010). Clones matching Bacteria
with known functions were identified from the clone
library, and their occurrences were visualized using
a heatmap. For that, a data table with relative abun-
dance of clones related to functional group members
in each sample. The following values were used to
assess the influence of limnological variables on
the communities: chl a, BA, PP, SRP, TP, TN, Fe, TSS,
DOC, a320, S275–295, dissolved CO2 and CH4 concen-
trations, water temperature, conductivity, DO, and
pH after z-score transformation (Ramette 2007).
These data were first tested separately for normal
distribution using Shapiro-Wilk test in PAST (Ham-
mer et al. 2001). According to the expected differ-
ences be tween surface and bottom physicochemistry,
some variables (BA, SRP, DO, TSS, and Fe) departed
from normality, and therefore multivariate normality
was not assessed. To select the best method for inter-
preting the environmental data, we ran a detrended
correspondence analysis using CANOCO 4.5 (ter
Braak & Smilauer 1998). The first gradient was ca.
4.8, indicating that the unimodal methods were the
most appropriate. Following this result, a canonical
correspondence analysis (CCA; scaling type 1) was
performed using PAST software and standardized
environmental variables. Due to the low number of
samples, it was inconclusive whether there was auto-
correlation among environmental variables and we
therefore chose to include all of them in the CCA.

RESULTS

Physicochemical properties

The maximum pond depths were approximately
2.2, 3.2, 2.85, and 3.4 m, respectively, for KWK-1, -6,
-12, and -23, while the pond area were respectively
167, 265, 213, and 259 m2, as estimated from a high-
resolution Quickbird image taken in 2006 (I. Laurion
unpubl. data). All ponds were thermally stratified at
the time of sampling, resulting in marked differences
in most characteristics between surface and bottom
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waters (Table 1). The calculation of the Schmidt
number (Lorke & Peeters 2006) indicates higher
water column stability for KWK-12 and -23 (9.7 and
9.0 × 10−4 g cm−1, respectively) compared to KWK-1
and -6 (7.7 and 5.5 × 10−4 g cm−1). The water column
is thermally stratified for most of the year in these
ponds, as indicated from thermistors installed at sur-
face and bottom of KWK-1 and -12 from August 2009
to August 2010, where the water column mixed for
only 10 d in September/October, and suggesting that
anoxia is a common feature for this type of turbid and
humic environment, both under the ice in winter and
in the hypolimnia in summer. Both ponds remained
ice-covered for approximately 200 d.

The surface pH of all the ponds was circumneutral,
with slightly more acidic bottom waters. Surface
waters had lower conductivities (36 to 61 µS cm−1)
compared to bottom waters (155 to 432 µS cm−1), with
maximum conductivity recorded in pond KWK-6.
Surface waters were well oxygenated (above 100%
saturation in KWK-1 and -6, above 92% in the other
2 ponds), whereas hypolimnia were suboxic and
likely anoxic given the vertical stability and trophic
level of ponds (values were below the detection limit
of the YSI probe; 0.2 mg l−1). Bottom waters were
richer in TP compared to surface waters, with maxi-
mum concentrations in KWK-23. This pond also had
the highest SRP concentrations and higher SRP at the
bottom, while SRP was more similar in surface and
bottom waters for the other ponds. TN was similar in
surface and bottom waters of KWK-1 and -23, while
concentrations were higher at the bottom of KWK-6
and -12. Iron concentrations were always higher in
bottom waters, with maximal values reaching 4.1 mg
l−1 in KWK-23.

The highest surface water DOC and CDOM were
obtained in KWK-1, with similar values in surface
and bottom waters, and the lowest values were in
KWK-6. Ponds KWK-12 and -23 had intermediate
DOC and CDOM at the surface, and about 2.5 times
higher CDOM at the bottom. The higher S275–295 val-
ues suggest lower molecular weight DOM in surface
waters, especially in KWK-6, and the largest differ-
ence with depth was noted in pond KWK-23. How-
ever, the chemistry of suboxic bottom waters possibly
generates unusual chromophoric compounds (espe-
cially when there is a lot of Fe) that would explain
such low S275–295 and high a320. The spectral slope sig-
natures (large peaks at ca. 385 and 425 nm; not
shown) suggest a larger contribution of peat decom-
position in KWK-12 and -23 bottom waters (also re -
flected in surface waters compared to the other 2
ponds), consistent with the higher DOM absorptivity

(a320/DOC). The spectral slope signature also sug-
gests a larger contribution of autochthonous DOM at
the surface of KWK-6 and -23, consistent with the
higher chl a concentrations (Table 1).

In surface waters, dissolved concentrations of CO2

and CH4 were low, although supersaturating, and
similar among ponds (Table 1). Concentrations were
greater and more variable deeper in the water col-
umn. The greatest accumulation of both gases was
observed at the bottom of pond KWK-12.

Microbial abundance and biomass

Mean (±SD) surface BA concentrations from flow
cytometry averaged 11.6 × 106 ± 1.5 × 106 cells ml−1

and were less variable compared to bottom waters,
where the average concentration was 29.5 × 106 ± 9.6
× 106 cells ml−1 (Table 1). The highest concentrations
were found in KWK-1 and -12 bottom waters. PP from
flow cytometry were much less abundant than BA,
with higher concentrations in the bottom waters,
except for pond KWK-6. The analysis of PP cyto -
grams indicated the presence of 6 populations (not
shown), with some only present in bottom waters.
The chl a concentrations ranged from 2.2 to 13.4 µg
l−1 in surface waters, with very high values in bottom
waters (up to 158.9 µg l−1 in KWK-12), and was signif-
icantly correlated to PP (Pearson correlation r =
0.902, p = 0.002).

Bacterial community composition

The 16S rRNA gene clone libraries (n = 8) provided
an indication of the bacterial diversity among thaw
ponds, and sequences from taxa potentially involved
in CH4 consumption were retrieved (see below).
Rare faction curves estimated from OTUs defined at
the 97% similarity level did not reach a plateau (not
shown), indicating that the system was under sam-
pled. In total, we delineated 109 OTUs from the 261
sequences (Table 2). The single most abundant OTU
(27 clones) was found in the bottom waters of all 4
ponds (Fig. 2) and was 96 to 97% similar to the cul-
tured Pelodictyon phaeoclathratiforme BU-1 (NC
011060) in the phylum Chlorobi. No single OTU or
species was common to all surface samples (Fig. 2).
The second most abundant OTU (14 clones) was
found at the surface of 3 ponds, and was 97% similar
to the cyanobacterium Anabaena flos-aquae (Gen-
Bank accession AJ630420). Another common OTU,
with nearest cultured matches 97 to 99% similar to
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the Polynucleobacter necessarius CP000655 (Beta -
proteobacteria), was found both in surface and bot-
tom waters of all ponds, except KWK-6 surface water.

A regional view of the subarctic thaw ponds is indi-
cated by the attribution of major phyla from the 8
libraries identified using the RDP classifier (Fig. 3;
first bar). Seven phyla contributed >5% of the total
sequences, with Proteobacteria accounting for the
greatest percentage of sequences (33.3%). Among
the Proteobacteria, Betaproteobacteria accounted for
nearly 17%, and Gammaproteobacteria were com-
mon (6.9%). The next most abundant phylum was
the Bacteroidetes (19.2%), followed by Actinobacte-

ria (13.4%), Chlorobi (10.3%), Verrucomicrobia
(7.7%), and Cyanobacteria (6.5%).

There were differences in the relative representa-
tion of major phyla among pond libraries. Betapro-
teobacteria represented the major class from the sur-
face waters of KWK-1 and -12 with 30 and 27.3% of
the clones in their respective libraries. Bacteroidetes
were the second most common with 20 and 24.2% of
clones in the same libraries. Many KWK-6 surface
water sequences were also Bacteroidetes (30.3%),
but Cyanobacteria accounted for a similar proportion
of the sequences (27.3%). The sequences from the
surface water of KWK-23 were mostly Actinobacteria
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Phylum                            Type of    No. of     Environment of the closest matches
                                         sample     clones

Bacteroidetes                  Surface       30        Oligotrophic lake (1), wastewater (6), river (7), arctic lake (6), acidic bog lake
(8), mine (2)

                                         Bottom        20        Acidic lake (7), suboxic pond (3), acidic bog lake (2), wastewater (1), sulfidic
karst system (1), rivulet (1), clinical sample (1), high altitude soil (1), arctic
lake (2), soil (1)

Betaproteobacteria         Surface       24        Nival lake (1), lake (3), river bay (4), river (3), arctic lake (4), wastewater (1),
oligotrophic lake (6), acidic lake (2)

                                         Bottom        20        Glacier (2), high alpine wetland (1), bay sediments (1), eutrophic lake (6),
river bay (4), river (3), freshwater metazoan-associated bacteria (2), acidic bog
lake (1)

Actinobacteria                Surface       28        Lake (16), bog lake (1), river (1), river bay (4), eutrophic stratified reservoir (2),
eutrophic lake (1), altitude oligotrophic lake (2), oligotrophic lake (1),

                                         Bottom         7         lake (3), river bay (2), bog lake (1), oligotrophic lake (1)

Chlorobi                          Surface        0         Not applicable
                                         Bottom        17        High altitude meromictic lake (17)

Verrucomicrobia             Surface       12        Oligotrophic lake (5), alpine lake (1), acidic bog lake (2), sulfidic cave stream
(1), Siberian peat bog (3)

                                         Bottom         8         Oligotrophic lake (3), mine (1), Siberian peat bog (1), wastewater (1), acidic
bog lake (1), sulfidic cave stream (1)

Gammaproteobacteria   Surface        3         Arctic glacier (1), phyllosphere (1), Bering Sea (1)
                                         Bottom        15        Acidic altitude wetland (6), arctic wetland soil (8), Bering Sea sediments (1)

Cyanobacteria                 Surface       16        Boreal eutrophic lake (12), altitude lake (2), Baltic Sea (2)
                                         Bottom         1         Eutrophic reservoir

Alphaproteobacteria      Surface        5         Antarctic pond (1), soil (1), river bay (2), acidic bog lake (1)
                                         Bottom         5         Acidic bog lake (1), river bay (1), lake (2), altitude oligotrophic lake (1)

Unclassified bacteria      Surface        1         Lake
                                         Bottom         9         Groundwater (1), sulfidic cave stream (1), acidic lake (4), meromictic lake (1),

suboxic pond (2)

Deltaproteobacteria        Surface        1         Soil
                                         Bottom         8         Iron-rich freshwater seep (6), iron-rich snow (1), deglaciated soil (1)

Acidobacteria                  Surface        0         Not applicable
                                         Bottom         7         Meromictic lake (6), reed bed rhizosphere (1)

Planctomycetes               Surface        5         Lake sediment (2), peat bog (1), compost (1), wastewater (1)
                                         Bottom         0         Not applicable

Others                              Surface        5         Tundra soil (1), wastewater (2), lake (1), deglaciated soil (1)
                                         Bottom         4         Aquifer (2), wastewater (1), soil (1)

Table 2. Closest environmental matches to the major classes of Bacteria from Megablast against the NCBI non-redundant nu-
cleotide (nr/nt) data base (1 July 2012). All ‘best’ matches were usually ≥98% similar over the ca. 1500 bp sequences. The 

number of times a particular environment was found as a source is given in parentheses
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(52.9%), with Bacteroidetes (17.6%) also present.
Pond KWK-1 bottom water sequences included
Chlorobi (28.6%), Betaproteo bacteria (16.7%), and
Bacteroidetes (16.7%) related sequences. KWK-12
bottom water libraries were mostly Chlorobi (42.3%),
with Betaproteobacteria (15.4%) and Verrucomicro-
bia (15.4%) se quences accounting for much of the
remainder of the library. Pond KWK-6 bottom water
sequences were a mix of Gammaproteobacteria
(25%) and Betaproteobacteria (15.6%) and other
groups. Finally, Bacteroide tes (35.5%) and Acido -
bacteria-related sequences (19.4%) were the most
represented sequences recovered from the KWK-23
bottom water library (Fig. 3).

We found 15 clones related to methanotrophic bac-
teria. Ten clones were closest to the Gammapro-

teobacteria species Methylobacter psychrophilus
strain Z-0021 (NR025016.1; 95 to 99% similarity).
They were found in KWK-1, -6, and -23. Four clones
were closest to the cultured species Crenothrix poly-
spora (DQ295895.1; but with only 94% similarity).
This sequence was only found in KWK-6 bottom wa-
ter. In KWK-23 bottom water, a sequence 99% similar
to Methylocystis parvus (AF150805.1) was found.

Overall, combining all surface and all bottom
 communities (Fig. 3, last 2 bars) highlighted the gen-
eral differences among the communities from oxic
and suboxic waters. Surface communities with Bac -
teroi detes, Actinobacteria, Betaproteobacteria, and
Cyanobacteria differed from bottom waters that also
included Chlorobi and Acidobacteria and greater
proportions of Gammaproteobacteria and Deltapro-
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Fig. 2. Relative abundance, represented by a heatmap, of associated species in the samples. Rows and columns were sorted ac-
cording to their similarities. Shades of gray indicate proportion of total sequences represented by the specific taxa. The maxi-
mum proportion was 0.4 or 40% of the sequences in that sample. KWK ponds are referred to by their identification number.

S: surface; B: bottom
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teobacteria (Fig. 3, Table 2). The proportion of un -
classified bacteria was relatively low (10 clones), and
most of these were from bottom waters.

Analysis of the sequences at finer taxonomic levels
showed that 94% of the Betaproteobacteria from sur-
face waters of KWK-1 and -12 were in the order
Burkholderiales, with similarity to the cultured spe-
cies Curvibacter gracilis (Comamonadaceae), and
Polynucleobacter necessarius (Burkholderiaceae).
The Bacteroidetes from KWK-1 and -12 surface
waters (3 distinct OTUs) were represented by the
order Sphingobacteriales, with the genus Sedimini-
bacterium accounting for 75% of these. The Bac-
teroidetes from KWK-6 surface water separated into
6 OTUs and were mostly Sediminibacterium and Fer-
ruginibacter (Sphingobacteriales). The second most
common phylum at the surface of KWK-6 was Cyano-
bacteria, mainly Anabaena and Synechococcus. The
bacterial community at the surface of KWK-23 was
dominated by the order Actinomycetales in the phy-
lum Actinobacteria.

All Chlorobi clones in hypolimnetic waters of
KWK-1 and -12 were ≥98% similar to Pelodictyon
phaeclatathratiforme (Fig. 2). Betaproteobacteria,
the second most frequent phylum in these samples,
were mostly in the Burkholderiales. Clones related to
Polynucleobacter necessarius from the Burkholderi-
aceae were found in both samples. Oxalobacteraceae
represented by Rhodoferax related clones were also

recovered from KWK-1 and -12. Most (87.5%)
Gammaproteobacteria from the KWK-6 bottom com-
munity were in the Methylococcaceae represented
by clones with affinities to the methanotroph Methy-
lobacter psychrophilus. Sequences similar to M. psy-
chrophilus were also the only Gammaproteobacteria
found in KWK-1 and -23 bottom waters. Bac-
teroidetes retrieved from the KWK-23 bottom com-
munity were represented by the sequences closest to
the genera Sediminibacterium and Prolixibacter.
Clones related to Geothrix fermentans in the Aci-
dobacteria were also recovered from KWK-23.
Another clone from this phylum was retrieved from
KWK-6 bottom water.

Origins of best matches

The closest matches to the majority of the se quences
were to clones from other environmental surveys.
Over 75% of the closest matches of both surface and
bottom waters were originally reported from fresh-
water environments (Table 2), most commonly from
lakes. Among these lakes, over one-third of the near-
est matches were reported from either summer strati-
fied or meromictic lakes. The closest matches origi-
nally reported from soil environments represented
ca. 9% of the total clones, with fewer matches with
the surface than with the bottom waters. One-third of
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the closest matches to our sequences had been previ-
ously reported from cold ecosystems such as high alti-
tudes and polar environments.

Multivariate analysis

To assess the significance of the differences among
sample communities, we statistically weighted the
differences using pairwise comparisons with UniFrac.
The surface communities showed significant (p-val-
ues from 0.001 to 0.01) to highly significant (p <
0.001) differences compared to bottom communities.
Comparisons of surface communities did not show
significant differences between KWK-1 and -12 or
between KWK-6 and -12. Marginally significant (p-
values from 0.01 to 0.05) differences were found
between KWK-1 and -6. Significant to highly signifi-
cant differences were found comparing KWK-23 sur-

face community to others. The comparisons of bottom
waters were marginally (KWK-1 compared to KWK-
6) to highly significant among ponds, except between
KWK-1 and -12, where the difference was not signif-
icant. We carried out a community correspondence
analysis (CA) (with OTU abundances, not shown)
which also separated surface and bottom.

The most significant variables from CCA when
tested alone were TP, S275–295, CO2, CH4, T, conduc-
tivity, DO, pH, and TSS. Some variables showed mul-
ticollinearity, especially CO2, pH, and T (Fig. 4). Sur-
face samples were clearly separated from bottom
samples, and most environmental variables seemed
to load along this separation, especially CH4 and DO.
The group formed by surface samples KWK-1, -6,
and -12 was characterized by higher DO, T, pH, and
S275–295, and lower CO2, CH4, and conductivity, with
biological influences from/on Anabaena, Syne-
chococcus, Opitutus, Curvibacter gracilis, and Sedi-
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minibacterium. On the other side of these gradients,
the group formed by the bottom samples from KWK-
1 and -12 was characterized by environmental condi-
tions favoring or influenced by the sequences with
matches to Pelodictyon, Geobacter, Prolixibacter,
and Methylobacter. The bottom KWK-6 sample sepa-
rated from the others apparently due to slightly lower
P, Fe, and DOM, but especially by the presence of
Methylococcales. The segregation of KWK-23 sam-
ples also seems to be determined by this set of envi-
ronmental conditions (P, Fe, and DOM), and with the
highest probability attributed to sequences related to
Geothrix fermentans at the bottom, and Actinobacte-
ria at the surface.

DISCUSSION

Bacterial cell concentrations, particularly in the
bottom waters, with up to 38 × 106 cells ml−1, were 10-
fold greater than reported from dystrophic (Allgaier &
Grossart 2006) and shallow humic lakes (Graham et
al. 2004). Permafrost thaw ponds have been described
as biologically productive systems (Squires et al.
2009, Laurion et al. 2010, Vincent et al. 2010); how-
ever, high concentrations of CDOM and suspended
fine particles in these ponds decrease light penetra-
tion (Watanabe et al. 2011), limiting photosynthetic
productivity, and the ponds tend to release inorganic
carbon (Webster et al. 2008). At the same time, alloch-
thonous carbon from thawing permafrost provides an
additional source of organic matter and nutrients for
heterotrophic microbes. In August, the 4 ponds were
supersaturated in CO2 and CH4 at the surface, and
the thermal stability in thaw systems promoted
anoxia and production of GHGs, especially CH4 (Shi-
rokova et al. 2009, Laurion et al. 2010) leading to even
higher GHG concentrations in bottom waters. Despite
a clear dominance of heterotrophic cells from flow cy-
tometry counts, chl a concentrations appeared high,
even near the bottom. Surface phytoplankton may
have settled into the suboxic zone or alternatively,
high chlorophyll concentrations could be from
Chlorobi, since bacterial chlorophyll pigments have
similar absorption/fluorescence spectra to chl a
(Overmann & Pfennig 1989, Antoniades et al. 2009).

Surface bacterial assemblages

Community composition of the surface and deeper
waters was consistent with limnological characteris-
tics. Two ponds, KWK-1 and -12, were typical fresh-

waters, with low conductivity and warmer surface
temperatures in summer, and contained a higher pro-
portion of Betaproteobacteria, typical of freshwater
(Hiorns et al. 1997, Van der Gucht et al. 2005), includ-
ing a boreal humic lake (Peura et al. 2012). Bactero -
idetes, related to Sediminibacterium, which is repor -
ted to produce H2S (Qu & Yuan 2008), were also found
in both of these ponds and in KWK-6. Similar to micro -
scopy reports (Dupont 2009), we found few Cyano-
bacteria in some of the ponds. While high phosphorus
concentrations coupled with a stable water column
could favor Cyanobacteria blooms, their growth in
these highly turbid ponds is likely limited by light
availability (Rahman et al. 2005). Indeed, Cyano -
bacteria were most common in KWK-6 with the lowest
turbidity, followed by KWK-12 and KWK-1, and none
detected from KWK-23, the most turbid pond. Overall,
KWK-23 surface water bacterial community differed
from the others, with more Actinobacteria related to
the AcI lineage, which so far as known, is exclusively
freshwater (Newton et al. 2007), including reports
from a boreal lake (Peura et al. 2012).

Hypolimnetic bacterial assemblages

Hypolimnetic suboxic conditions likely persist for
most of the year, since the water column turnover lasts
only a few days in autumn (e.g. 10 d in 2009 for ponds
KWK-1 and -12), while in spring it can be very short
(3 d in 2008 for a pond similar to KWK-1; Laurion et al.
2010) or absent (KWK-1 and -12 in 2010). We found
differences among ponds consistent with major bio-
logical differences. In ponds KWK-1 and -12, Chlorobi,
which are often abundant in freshwater hypoxic
hypo limnia (Taipale et al. 2009, Barberán & Casa -
mayor 2011, Comeau et al. 2012, Peura et al. 2012),
were by far the most common sequences. Watanabe
et al. (2011) estimated that 1% surface irradiance was
between 1.3 and 2.7 m in these ponds, i.e. ranges pro-
viding sufficient light for Chlorobi, which are adapted
to low light environments (Koblizek et al. 2006). The
bacterial community of the KWK-6 hypolimnion was
dominated by Gamma proteo bacteria, with nearly
90% related to Methylobacter psychrophilus. M.
psychro philus-related clones were also the only re -
presentatives of Gamma proteobacteria in KWK-1 and
-23 bottom waters. These methanotrophs are dis-
cussed in more detail below.

The hypolimnetic community of KWK-23 differed
substantially from the other ponds, with high repre-
sentation of Bacteroidetes most similar to Prolixibac-
ter spp. (Fig. 2), which can produce acetate used in

241



Aquat Microb Ecol 69: 231–245, 2013

methanogenesis (Nozhevnikova et al. 1997). KWK-23
bottom water was also unusual by having a high pro-
portion of Acidobacteria (ca. 20%), also reported
from a Siberian peat bog clone library (Dedysh et al.
2006). Other clones were associated with Geothrix
fermentans that oxidizes acetate and short chain fatty
acids to CO2 using Fe(III) as the sole electron accep-
tor (Lonergan et al. 1996). The presence of Fe cycling
bacteria is suggestive, given the high Fe concentra-
tion in the bottom KWK-23. Finally we note that
Peura et al. (2012) recently reported that the candi-
date division OD1 was the most common phylum in
boreal suboxic−anoxic freshwaters, and has likely
been underreported because commonly used
primers including ours have poor matches to OD1
sequences, and the potential presence of OD1 in
these northern Quebec waters is unresolved.

Methanotrophs

Methanotrophs, which oxidize dissolved CH4 to
CO2, act as a dynamic biofilter (Kessler et al. 2011)
undertaking a major role in GHG exchanges, and
special attention was given to identify potential
methanotrophic Bacteria. The clones related to
methanotrophs represented ca. 20% of the KWK-6
clone library and ca. 10% in KWK-1 and -23, but
were not detected in KWK-12, which had the highest
measured CH4 concentrations among the ponds.
However, Verrucomicrobia may be methanotrophic
in extremely acidic environments (Dunfield et al.
2007), and were relatively abundant in KWK-12 com-
munities. Overall, potential methanotrophs from
these subarctic thaw ponds were phylogenetically
diverse, with both type I and type II methanotrophs,
suggesting capacity to oxidize CH4 under a variety of
different environmental constraints.

CH4 oxidation depends on the oxygen availability
(Frenzel et al. 1990, Wagner et al. 2003) and would
be predicted to occur at the oxic−anoxic interface
(Hanson & Hanson 1996). Although we sampled bot-
tom waters with a horizontal van Dorn bottle inte-
grating about 20 cm, Bacteria from a sharp chemo-
cline may have mixed with the deeper samples or
deep waters were not completely anoxic, despite the
presence of green sulfur bacteria.

Origins of best matches

The ponds are surrounded by thick shrubs, sparse
trees, and variable underlying peat (Bhiry et al. 2011,

Bouchard et al. 2011). Bacteria in the ponds could
originate from the surrounding soils, or be trans-
ported by wind or rain (Harding et al. 2011). Typical
freshwater flora would eventually be selected for at
the surface of thaw ponds. Overall the combination of
a short wind fetch (10 to 30 m) and near-surface heat-
ing results in water columns that are highly stratified
despite the shallow depth (1 to 4 m) of the ponds
(Laurion et al. 2010), and where heterotrophic meta -
bolism would be favored since light is limiting for
aerobic photosynthesis (Watanabe et al. 2011).

The majority of clones retrieved from thaw ponds
had closest matches to bacteria from other freshwater
environments, especially lakes. The apparent poor
representation of bacteria from surrounding soils in
thaw pond communities could be attributed to the
very small drainage basin and long retention time for
water in these systems (Crump et al. 2007), limiting
the mass effect and favoring species selection by
environmental factors.

Limnological and bacterial 
community-based ordinations

The ponds did not group by geographic space. At
an extreme end, the 2 ponds geographically closest
(ca. 10 m), KWK-6 and -23, were limnologically the
most distant. However, surface samples were sepa-
rated from bottom waters, where relatively large
quantities of organic matter, low light availability,
cool temperatures and low or absent oxygen create
a selective environment for microbes. The CCA and
significance tests indicated that surface and bottom
bacterial community compositions were also signifi-
cantly different. The out-grouping of KWK-23S from
the surface cluster showed that bacterial communi-
ties could differ between superficially similar envi-
ronments, for example both KWK-1 and -23 were
brown. On the other hand, 2 limnologically different
environments, KWK-1B and -12B, had similar com-
munities. The influence of environmental factors
shaping bacterial communities was explored using a
CCA (Fig. 4). In this constrained ordination, the
sample positions were the same as in the CA, sug-
gesting that the measured environmental variables
ex plained most of the biological variation (Ramette
2007). Although the results should be interpreted
with caution considering the low number of sam-
ples, some trends appeared. DO was an obvious dif-
ference between surface and bottom communities.
Of interest was KWK-23, where both surface and
bottom waters were outliers. The specific values of
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S275–295, reflecting organic carbon lability (Helms et
al. 2008), could be involved in shaping the KWK-
23S community including the presence of Acti-
nobacteria. Factors such as a320, P, and Fe could be
linked to the presence of sequences related to
Geothrix fermentans, characteristic of the KWK-23B
community.

These results highlight the great diversity of condi-
tions found in thaw ponds, but suggest a role for par-
ticular events or succession of events that lead to dis-
tinct habitats. A larger number of ponds would be
needed to discern any regional patterns driven by
pond morphology, age, or catchment (Bouchard et al.
2011), which may result in different bacterial assem-
blages within a specific region (Logue & Lindström
2008). As suggested by the origins of the best
matches, community composition was mostly deter-
mined by the environmental conditions within the
ponds and not by the surrounding environment. This
study demonstrates remarkable diversity among
ponds separated by only a few meters. Methano -
trophs were conspicuous members of the pond bacte-
rial communities and may mitigate CH4 emissions in
this region. Further investigations of Bacteria but
also Archaea are needed to assess the GHG response
of these ecosystems facing global warming.
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