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Testate amoeba analyses were realized to reconstruct Holocene hydroclimatic variations and carbon accumula-
tion from two peat cores collected in a permafrost peatland located at the southern limit of the discontinuous
permafrost zone near Kuujjuarapik, subarctic Québec, Canada (55°13'N, 77°41’W). Results from the central
core show synchronic changes with lake level variations from northeastern Québec. Palsa aggradation has
been identified from 660 to 140 cal. BP with changes in testate amoeba assemblages, reconstructed surface
dryness and strongly decomposed peat. Our results also show that low carbon accumulation rates
(95¢-m~2-yr~'and 8.6 g-m~2-yr~ ') are linked to colder periods that may be associated with solar minima
(AD 1460-1550 and AD 1645-1715). Recent warming of the last decades shows an important return to peat
accumulation following permafrost degradation in the region.
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1. Introduction

Permafrost peatlands are known to be sensitive to climate variabil-
ity (Gorham, 1991; Bubier et al., 1995; Liblik et al., 1997; Turetsky
et al, 2002, 2007). In northeastern Canada, these systems have
shown evidence of thawing since the end of the Little Ice Age (LIA)
(1850 AD) resulting in a rise of their surface wetness and in some
cases development of thermokarst ponds (Allard and Séguin, 19874,
1987b; Halsey et al., 1995; Vitt et al., 2000; Arlen-Pouliot and Bhiry,
2005). Recent data have shown that these processes have accelerated
over the last few decades (Payette et al., 2004; Vallée and Payette,
2007; Thibault and Payette, 2009). Most of these modifications have
been attributed to recent warming with an increase of mean annual
temperatures and mean summer precipitation (Laberge and Payette,
1995; Vitt et al., 2000; Payette et al., 2004; Arlen-Pouliot and Bhiry,
2005; Tarnocai, 2006).

Only few paleoenvironmental studies have been conducted to
reconstruct the hydroclimatic conditions that influenced permafrost
aggradation and its recent melting over the last millennia (<3000 cal.
BP to the present) (Halsey et al., 1995; Robinson and Moore, 2000;
Vitt et al.,, 2000; Camill et al., 2001; Arlen-Pouliot and Bhiry, 2005;
Bhiry and Robert, 2006; Tarnocai, 2006; Turetsky et al., 2007; Sannel,

* Corresponding author.
E-mail addresses: lamarrealex@hotmail.com (A. Lamarre),
Garneau.michelle@ugam.ca (M. Garneau), asnong.hans@ugam.ca (H. Asnong).

0034-6667/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.revpalbo.2012.04.009

2009; Samson et al., 2010). These studies mainly focused on vegetation
succession, carbon and peat accumulation rates, and palsa dynamics.
However, none of these researches have used testate amoebae to recon-
struct past hydroclimatic conditions that supported permafrost aggra-
dation and degradation in peatlands.

Canadian permafrost peatlands cover approximately 37%
(422,000km?) of the peatland area and contain approximately
44 Gt of organic carbon (Tarnocai, 2006). These ecosystems are sub-
ject to threatening by global warming (Tarnocai, 2006). In this study,
we present a paleohydrological reconstruction based on testate
amoeba analyses from two peat cores collected in a relic palsa
peatland located at the southern limit of the discontinuous perma-
frost limit near Kuujjuarapik, subarctic Québec, Canada. Over the
last three decades, progress has been realized in paleoecological
and paleohydrological research using testate amoebae. These testate
amoebae produce tests that are very resistant to decomposition, with
the exception of the idiosome test types which tend to be more rapidly
decayed (Warner, 1988; Mitchell et al., 2008a; Mitchell et al., 2008b).
In peatland environments, testate amoebae are recognized to be
very sensitive to hydrological variations such as water-table depth
(WTD) and changes in surface wetness (Warner and Charman, 1994;
Charman and Warner, 1997, Woodland et al., 1998; Payne et al.,
2006; Charman et al., 2007; Booth, 2008; Mitchell et al., 2008a,
2008b). Consequently, they are now frequently used for hydroclimatic
reconstructions in terms of precipitation and temperature oscillations
(e.g., Warner and Charman, 1994; Hendon et al.,, 2001; Booth and
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Jackson, 2003; Wilmshurst et al., 2003; Booth et al., 2004; Hughes
et al,, 2006; Schnitchen et al., 2006; Kokfelt et al., 2009; Lamentowicz
et al,, 2010; Lamarre, 2011). Since they are both responding to hydro-
climatic conditions, peat macrofossil assemblages and related carbon
accumulation are also presented in this paper along with the Holocene
inferred paleohydrological variations. This multi-proxy approach helps
refining the interpretation of the autogenic and allogenic influence
into the system. The objectives of this study are to (1) reconstruct
hydroclimatic variations that influenced a subarctic peatland dynamics
over the mid to Late-Holocene, (2) link these variations to peat accu-
mulation and permafrost history and (3) evaluate the use of testate
amoebae as indicators of permafrost aggradation and degradation in
northern peatlands. This study represents the first attempt to recon-
struct past hydrological conditions using testate amoebae in a subarctic
permafrost peatland.

2. Study area

The studied peatland is situated at the southern limit of the dis-
continuous permafrost zone along the eastern territory of the Hudson
Bay lowlands, northeastern Canada (Allard and Séguin, 1987b). It is
located 7 km southeast of Kuujjuarapik (55°20’N, 77°40'W) at ap-
proximately 105 m above sea level (Fig. 1). Mean annual temperature
and precipitation of the region are respectively —4.4 °C and 649 mm,
with approximately 241 mm falling as snow (Environnement Canada,
2011). The geology of this region consists of granite-gneiss rocks from
the Precambrian Shield. The region was covered by the Laurentide
Ice Sheet during the last glaciation. At 8000 BP, the study area was
submerged by the Tyrrell Sea (Hillaire-Marcel, 1976; Dyke and
Prest, 1987; Dyke, 2005). Surficial deposits are therefore dominated
by till and glacial inherited landforms as well as marine clays and
littoral sands over the bedrock and in depressions.

The studied peatland complex covers approximately 5km?. It
is characterized by ombrotrophic conditions in its center while
poor minerotrophic conditions are present in its NW section. The
ombrotrophic sector is characterized by the presence of several
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permafrost mounds (palsas) of 1 to 5m height and up to 10 m in
diameter. The origin of these palsas has been associated to the LIA
colder temperatures (Arlen-Pouliot and Bhiry, 2005). Recent melt
is identified by degraded borders and thermokarst ponds between
the mounds. Living vegetation such as lichens (e.g. Cladonia spp.),
mosses (e.g. Polytrichum strictum), small shrubs (e.g. Rhododendron
groenlandicum, Betula glandulosa) and sparse trees (e.g. Picea mariana)
cover some palsas while some others show dried out surface exposed
to aeolian erosion (Arlen-Pouliot and Bhiry, 2005). Isolated Larix
laricina are noticeable in the center of the peatland along with
Chamaedaphne calyculata, Andromeda polifolia and Kalmia angustifolia.
Around the thermokarst ponds and in the minerotrophic section,
Carex aquatilis, Eriophorum russeolum, Rubus chamaemorus, Myrica
gale and Menyanthes trifoliata dominate the vegetation. The peatland
is surrounded by a forest taiga mainly composed of P. mariana, a shal-
low Sphagnum spp. layer and lichens in more open areas.

3. Methodology
3.1. Field sampling

Two peat cores were collected in the summer of 2008 from the
Kuujjuarapik peatland using a Box (105x8x8 cm) and a Russian
(8x 100 cm) peat corer (Barber, 1984; Jeglum et al.,, 1992). A 2.7 m
long core was collected from a residual palsa (site KUJU-PD2) and a
1.61 m long core was collected at the forested margin of the peatland
basin (site KUJU-BF2). The peat cores were wrapped in plastic foil, put
in plastic gutters and stored in a cold room at 4 °C until their analyses
in the laboratory. Along with these cores, surface peat samples were
taken for the testate amoeba training set following the collection of
modern surface samples protocol of the ACCROTELM project (http://
www?2.glos.ac.uk/accrotelm/fieldtst.html). Surface peat samples of
approximately 10 cm® were cut using a serrated knife and split in
two equal portions. Surface moisture, water-table and peat tempera-
ture (of the first 5 to 10 cm from the top) were measured using a
VWR 23609-234 digital thermometer equipped with a 10 cm probe

Kuujjuarapik

Fig. 1. Study site location.



A. Lamarre et al. / Review of Palaeobotany and Palynology 186 (2012) 131-141 133

rod and a HH2 Moisture Meter (Delta-T devices). After a delay of
30 min, water-table depth (WTD) was registered using a measuring
tape in the remaining cavity left by the surface sampling. With one
half, pH and conductivity were measured from squeezed water. Testate
amoebae were analyzed from the second half and, as suggested by
Mitchell and Gilbert (2004), only the first 5 cm under the Sphagnum
capitulum was treated in order to obtain the maximum diversity.

3.2. Testate amoebae

Testate amoeba analyses were conducted following the standard
protocol (Hendon and Charman, 1997; Charman et al., 2000). Peat
sub-samples (2 cm?) were taken at every 4-cm interval except for the
first 70 cm of the residual palsa core (site KUJU-PD2) where they were
sampled at 2-cm intervals. Samples were sieved through 350 and
15um meshes and residual material between the two sieves was
stained, mounted on glass slides and analyzed under a microscope
(400x magnification). A least 150 tests of amoebae were counted for
each sample (Payne and Mitchell, 2009) and test identification was
performed using the Charman et al. (2000) identification key with the
suggested modifications of Booth and Sullivan (2007). Along with tes-
tate amoebae, shells of Habrotocha angusticollis (Rotifera) were included
into the counts but not in the WTD reconstructions. Diagrams were built
with the most abundant observed species throughout both cores.

Past WTD was inferred using a transfer function based on 205
surface samples collected from 19 peatlands distributed across the
different ecoregions of the Québec province (Lamarre et al, in
preparation). The transfer function was build using C2 1.7.2 software
(Juggins, 2011). A Weighted Average tolerance downweighted classical
deshrinking model with Bootstrapping cross validation (1000 cycles)
has been selected. This model obtained an r? of 0.83 along with a max-
imum bias in residuals of 5.31 cm and a root mean squared error of pre-
diction (RMSEP) of 5.30 cm. The model performance, based on leave-
one-out (LOO) cross validation technique RMSEP values (RMSEPqo:
5.36 cm), is comparable to other transfer functions developed in Europe
and North America (e.g., Charman and Warner, 1997; Woodland et al,
1998; Payne et al.,, 2006; Charman et al., 2007; Payne and Mitchell,
2007; Booth, 2008).

3.3. Loss-on-ignition

In the laboratory, the stratigraphy of the two peat cores was de-
scribed following Troéls-Smith (1955). Cores were then cut at 1-cm
intervals to perform loss-on-ignition (LOI) (Dean, 1974; Heiri et al.,
2001) for dry bulk density, organic matter and related carbon deter-
mination. Subsamples of 1 cm?® were dried in an oven at 105 °C for
12 h and burned at 550 °C for three subsequent hours. The carbon
(C) was calculated by multiplying the organic matter content by 0.5
(van Bellen et al., 2011).

3.4. Peat composition analysis

Peat sub-samples (5 cm?) were taken at 4-cm intervals, heated in
5%-KOH solution and rinsed with distilled water through a 125 pm
mesh sieve following Garneau (1998). The abundance of each
plant macrofossil piece (seeds, leaves, stems, etc.) was estimated as
a cover value in a 10 cm squared Petri dish. Results were classified
into six major botanical groups: Sphagnum peat (1), herbaceous
peat (2), ligneous peat (3), brown moss peat (4), unidentified organic
matter (5) and mineral (6). Results are express as volume percentage
of the total sample.

3.5. Chronology

Chronology and age-depth models were established by applying
AMS 'C and 2'°Pb dating methods on peat sediments (van der Plicht,

2004; Ali et al., 2008; Bao et al., 2010). Fourtheen samples of plant mac-
rofossils were submitted for AMS '“C-dating to Keck Lab (U. of Califor-
nia, USA). Radiocarbon ages were calibrated using CALIB 6.0 software
and the INTCALO9 calibration curve (Reimer et al, 2009). Ages are
expressed as calibrated radiocarbon years (cal. BP).

The chronology of the top 20 cm of both cores was determined
with 21°Pb dates obtained from GEOTOP Research Center. Measure-
ments were performed on an alpha-spectrometer (EGG Ortec 776a).
A dry 0.5g subsample from each 2-cm interval was analyzed for
210pp activity after spiking with a 2°°Po yield tracer. The constant
rate of supply (CRS) model of Appleby and Oldfield (1978) was
applied to calculate the ages which were adjusted to '*C calibrated
dates (AD 1950). An age-depth model and vertical peat accumulation
rates were obtained by interpolating (linear regression) the mid-
point of the calibrated 2 sigma (o) distribution range of the '“C
dates (Telford et al., 2004), together with 2!°Pb ages from the sub-
surface. Two '“C dates out of 14 were omitted from the models of
KUJU-PD2 core (1) and KUJU-BF2 core (1) (KUJU-PD2, 18-19 cm
and KUJU-BF2, 12-13 cm) because they have a negative age and
were therefore not consistent with the age-depth relationship given
by the other '“C dates (Table 1).

3.6. Carbon accumulation rates (CAR), LORCA and RERCA values

For each peat profile, carbon accumulation rates (CAR) have been
calculated by multiplying the carbon mass of each 1-cm interval by
its corresponding peat accumulation rate based on the age-depth
models. Apparent long-term rates of C accumulation (LORCA) were
calculated following Turunen et al. (2002) where the total 1-cm inter-
val with its carbon value was divided by the basal radiocarbon
age (cal. BP). Apparent recent rates of C accumulation (RERCA)
were calculated from AD 1950, AD 1900 and AD 1850.

4. Results

A total of 60 different species have been identified in both cores.
Over the 129 samples analyzed, only 28 did not reach the minimum
aimed count (150) although most of them (16) were superior to 50.
Percentages of selected testate amoebae taxa, peat composition, CAR
values and inferred water-table depth of each peat core are displayed
in Figs. 3 and 4. The complete testate amoeba assemblages were used
for paleoecological interpretations and for WTD reconstructions and
the records can be found in Lamarre (2011). The zonation of diagrams
of peat profiles are based on the testate amoebae and plant composi-
tion data. However, the testate amoeba concentrations of sub-zone
1A in both KUJU-PD2 and KUJU-BF2 cores were too low to correctly
characterize the amoeba community and provide precise paleoecolog-
ical and paleohydrological reconstructions (Payne and Mitchell,
2009).

4.1. Peat accumulation, LORCA, RERCA and CAR values

Comparison of age-depth models (Fig. 2) shows that the two sites
have recorded distinct accumulation patterns. In the center of the
permafrost peatland complex (site KUJU-PD2) peat began to accumu-
late around 5100 cal. BP, while it was delayed by nearly 1000 years
along the forested margin (site KUJU-BF2). This suggests that the
peatland first developed from the deepest part of the mineral basin
with subsequent lateral expansion (approx. 9 to 13 cm-yr—!) proba-
bly influenced by the rapid isostatic rebound (approx. 1.1 cm-yr~!
(Allard and Tremblay, 1983)). From 2000 cal. BP to the past decades,
both cores registered lowering of peat accumulation rates.

LORCA and RERCA values are synthesized in Table 2. For both
cores, mean LORCA reach values of 24 g-m™2-yr~ . These values are
similar or slightly higher than those obtained in other boreal and sub-
arctic Canadian peatlands (Gorham, 1991; Vardy et al., 2000; Turunen
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Table 1
AMS radiocarbon dating results.
Core Depth Lab. number Material 14c AC 20 range Calibrated
(cm) (yr BP) (cal. BP) (yr BP?)
KUJU-PD2 18-19 UCIAMS-67517 Ericaceae leaves —1265 25" —27.2 - -
24-25 UCIAMS-73852 Sphagnum stems 100425 —25.1 23-142 1424
30-31 UCIAMS-67518 Sphagnum stems 285+25 —25.6 288-435 394
43-44 UCIAMS-73853 Sphagnum stems 695 +25 —26.2 566-683 664
58-59 UCIAMS-67519 Larix/Ericaceae leaves 1510430 N/AC 1319-1515 1374
61-62 UCIAMS-67520 Larix leaves 1550435 N/AC 1366-1526 1446
116-117 UCIAMS-67521 Ericaceae leaves 2850425 —275 2876-3063 2978
226-227 UCIAMS-67522 Larix leaves 4440 4 60 N/A¢ 4871-5287 5008
242-245 UCIAMS-67523 Cyperaceae seeds, Larix leaves 4450+ 90 N/AC 4860-5308 5084
KUJU-BF2 12-13 UCIAMS-67524 Sphagnum stems —1415 +25° —29.8 - -
30-32 UCIAMS-79495 Cyperaceae seeds, Picea leaves 955415 —26.6 797-926 834
48-50 UCIAMS-67525 Picea/Larix leaves 2000 +25 —259 1890-1997 1944
133-134 UCIAMS-67526 Picea/Larix leaves 3390 +25 —279 3574-3693 3634
161-162 UCIAMS-67527 Cyperaceae seeds, Picea leaves 3610425 —27.6 3848-3979 3914
2 Correspond to the mid-point age of the 20 ranges that was selected as calibration result, except for KUJU-PD2 (24-25 cm, see below).
b Rejected '“C dates (see text for details).
¢ N/A: Samples too small to provide extra CO, aliquots for IRMS &'3C measurements.
d

et al, 2002; Kuhry and Turunen, 2006; Sannel, 2009; Loisel and
Garneau, 2010; van Bellen et al., 2011). Two periods of low CAR values
(<10g-m~2-yr— ') were recorded in the KUJU-PD2 core: between
1400 and 660 cal. BP (9.48 g-m~2-yr~—!) and between 400 - 140 cal.
BP (8.64 g-m~2-yr— ). Relatively similar low CAR values have also
been recorded in the KUJU-BF2 core i.e. 1850 to —5 cal. BP, with
mean values of 11.98 g-m~2-yr~ . For both degraded palsa and
forested margin sites, RERCA for the last fifty years shows values
as high as those southward in the James Bay region (52°N to 54°N)
(Ali et al., 2008; Loisel and Garneau, 2010).

4.2. Paleoecological and paleohydrological reconstructions

The paleoecological and paleohydrological results show differ-
ences in hydrology, peat accumulation and vegetation assemblages
suggesting a predominance of autogenic (site-specific) over allogenic
(climate) factors between the two sites. The paleoecological recon-
struction of core KUUJU-PD2 corresponds to Arlen-Pouliot and Bhiry
(2005) results although these authors did not reconstruct water-
table depth variations (Table 3). They have identified changes in

Oldest value of 20 range instead of mid-point was selected as calibration result; All calibrated ages were calculated using CALIB version 6.0 (Stuiver and Reimer, 1993).

peat composition and dryer conditions from 1700 cal. BP combined
with a shift from a poor fen environment to a forested bog. Our
data indicate freshwater marsh conditions following postglacial sea
emersion around 5200 cal. BP. Peat composition data including
brown mosses, ligneous and herbaceous macrofossils indicate that
the marsh evolved into a fen from ca 5100 cal. BP (Fig. 3). For the
same period, testate amoebae suggest a mean water-table depth
(WTD) around 18 cm below the surface. Minerotrophic conditions
persisted until approximately 1800 cal. BP with notable peat compo-
sition and WTD changes from 1800 to 1500 cal. BP. This short period
underlines the transition between minerotrophic to ombrotrophic
conditions around 1500 cal. BP. The ombrotrophic environment is
interpreted with the important increase of Sphagnum species in the
macrofossil assemblages and with a lowering of the water-table as in-
dicated by a dominance of Difflugia pulex. Between 660 and 400 cal.
BP, a significant increase in the abundance of unidentified organic
matter (UOM) is immediately followed by a rise of the water-table
(Archerella flavum, Hyalosphenia papilio, Phryganella acropodia type)
along with dominance of Sphagnum spp. remains from 400 to 100 cal.
BP. Another important increase of UOM, along with a lowering of the
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Fig. 2. Age-depth models based on '“C (solid black) and 2!°Pb (solid gray) dating results for KUJU-PD2 (left) and KUJU-BF2 (right).
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Table 2
Average long term carbon accumulation rates (LORCA) and average recent accumula-
tion rates (RERCA) of KUJU-PD2 and KUJU-BF2 peat cores.

Core LORCA RERCA
(g'm~2-yr~ 1) (grm~2yr™ )
~AD 1950 ~AD 1900 ~AD 1850
KUJU-PD2 24.19 133.09 81.19 61.17
KUJU-BF2 23.19 147.07 7332 52.62

water-table (Difflugia pulex), is noticed between 100 and —5 cal. BP.
From —5 cal. BP to the present, vegetation assemblages are mainly
dominated by living Sphagnum spp. Testate amoeba assemblages are
very diversified and mostly dominated by Archerella flavum,
Hyalosphenia papilio, and Assulina muscorum.

The paleoecological records and surface-moisture reconstructions
of the KUJU-BF2 core show several differences from the KUJU-PD2
core and the results from Arlen-Pouliot and Bhiry (2005) (Table 4).
Our data suggest a quick transition from forested fen conditions to-
wards open fen environment at 3600 cal. BP. This transition is mainly
observed through a change of the macrofossil records from a

Table 3
Description of KUJU-PD2 core paleoecological zones.

dominance of UOM with ligneous material towards Sphagnum spp.
cover with brown mosses and herbaceous remains. From 2800 to
1900 cal. BP, the disappearance of Sphagnum spp. and the increased
abundance of herbaceous and ligneous fragments suggest the return
to a forested fen environment. These minerotrophic conditions were
maintained in this portion of the peatland until —5 cal. BP. Inferred
WTD suggest variations of the surface moisture conditions between
2000 and 500 cal. BP with assemblages dominated by Centropyxis
aculeata type, Centropyxis cassis type, Heleopera rosea, Heleopera
sphagni and Cyclopyxis arcelloides type. From — 5 cal. BP to the present,
the observed abundance of Sphagnum spp. remains suggests that this
peatland section is shifting towards ombrotrophic conditions.

5. Discussion
5.1. Peatland development

The testate amoeba assemblages and peat composition records
from the two cores reveal that the site has undergone several changes
following postglacial Tyrrell Sea emersion. However, the records do
not show clear temporal correspondence between the two coring
sites suggesting that the forest margin (site KUJU-BF2) and the

Zones Dominant peat composition, Dominant testate Mean inferred Mean CAR value
M age (cal. BP) and trophic status amoeba assemblages WTD (g'm~2.yr~ 1)
(cm)
Zone 6 Acrotelm (—5 to the present)
Sphagnum spp. Archerella flavum, Hyalosphenia 147 +2.6 185.4+56.6
papilio, Assulina muscorum
Zone 5 Bog conditions (1530 to —5)
5D uom?* Difflugia pulex, D. pristis type, 149+5.9 91.24+25.6
Pseudodifflugia fulva type
5C Sphagnum spp. Archerella flavum, Centropyxis 8.8+44 86+25
aculeata type, Hyalosphenia papilio,
Phrynagella acropodia type
5B UoM Pseudodifflugia fulva type, Difflugia 14.0+2.2 23.7+43
pulex, Archerella flavum
5A Sphagnum spp. Difflugia pulex, Pseudodifflugia fulva 152427 95+1.1
type, Archerella flavum
Zone 4 Fen/bog transition (1860 to 1530)
UOM with herbaceous and Sphagnum spp. PAlternated dominances of 4.7+6.7 246428
Amphitrema wrightianum, Heleopera
sphagni, Assulina muscorum
Zone 3 Fen (4520 to 1860)
3E Herbaceous remains bAssulina muscorum, Heleopera 04432 22.0+1.7
sphagni
3D Scorpidium scorpioides, Calliergon Centropyxis aculeata type, C. cassis 1.04£25 226459
stramineum and Drepanocladus spp. type, Difflugia lanceolata
with herbaceous remains
3C Herbaceous remains and UOM with Centropyxis aculeata type, C. cassis 6.4+3.1 26.8+3.1
brown mosses remains type, Pseudodifflugia fulva type,
Cyclopyxis arcelloides type
3B Herbaceous remains and UOM with Archerella flavum, Centropyxis 9.7+0.7 238+1.7
Sphagnum spp. fragments aculeate type, C. cassis type,
Cyclopyxis arcelloides type
3A Herbaceous remains, UOM and brown Centropyxis aculeata type, C. cassis 69+3.6 241422
mosses remains type, Pseudodifflugia fulva type,
Cyclopyxis arcelloides type
Zone 2 Fen (5020 to 4520)
Sphagnum spp. with residual presence of Archerella flavum, Difflugia pulex, 129422 31.9+286
herbaceous, ligneous plants and brown Hyalosphenia papilio
mosses
Zone 1 Marsh/fen transition (Arlen-Pouliot
and Bhiry, 2005) (>5080 to 5020))
1B UOM and herbaceous dominance (peat Arecella catinus type, Centropyxis 18.0+04 117.24+159
initiation) cassis type, Cyclopyxis arcelloides type
1A Mineral sediment (marsh) PTestate amoeba concentrations of this - 2624274

sub-zone were too low to be interpreted
as paleoenvironment.

2 UOM: Unidentified organic matter.
b Testate amoeba counts inferior to 150.
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Table 4
Description of KUJU-BF2 core paleoecological zones.

Zone Dominant peat composition, age (cal. BP) Dominant testate amoeba assemblages Mean inferred ~ Mean CAR value
Subzones  2nd trophic status WTD (g'm~2.yr— 1)
(cm)
Zone 4 Acrotelm (poor fen/bog) (—5 to the present)
Sphagnum spp. Archerella flavum, Centropyxis aculeata type, Hyalosphenia papilio, 142+19 230.84190.5
H. elegans, Nebela militaris type, N. tincta
Zone 3 Rich fen (2500 to —21)
3C Herbaceous and ligneous with UOM? Centropyxis aculeata type, C. cassis type, Heleopera sphagni, 85+6.3 32.14+41.6
Cyclopyxis arcelloides type
3B Herbaceous remains with UOM b Centropyxis aculeata type, Heleopera rosea, H. sphagni 8.6+6.0 120+14
3A Herbaceous remains with UOM ligneous remains Centropyxis aculeata type, C. cassis type, Heleopera rosea, H. sphagni 11.8+1.1 293+4.2
Zone 2 Poor fen (3680 to 2500)
Sphagnum spp. with brown mosses, Archerella flavum, Hyalosphenia papilio 122+3.6 26.8+13.1
ligneous and herbaceous remains
Zone 1 Marsh/Fen (>3880 to 3680)
1B UOM with ligneous and herbaceous Centropyxis cassis type, Cyclopyxis arcelloides type 13.2+£39 64.8 +6.7
remains (peat initiation)
1A UOM with ligneous remains and mineral particles  Testate amoeba concentrations of this sub-zone were too low - 749 +6.1

to be interpreted as paleoenvironment

2 UOM: Unidentified organic matter.
b Testate amoeba counts inferior to 150.

central palsa sector (site KUJU-PD2) have been influenced by distinct
autogenous processes and do not present the same sensitivity to
hydroclimatic changes.

Between peat initiation and 1500 cal. BP, both sites show persis-
tence of minerotrophic conditions mainly influenced by the topo-
graphical and geomorphological contexts of the peatland complex
(Bhiry et al., 2011). At ca. 1500 cal. BP, the central section of the
peatland (site KUJU-PD2) became ombrotrophic while the forested
margin stayed minerotrophic and these different conditions have
persisted until very recently (~—25 cal. BP). Paleohydrological recon-
struction of the degraded palsa inferred from abundance of Difflugia
pulex, Assulina muscorum, Cyclopyxis arcelloides type and Arcella
catinus type, indicates slightly dry conditions (~15cm) between
5100 and 4500 cal. BP followed by a gradual water-table rise that
persisted from approximately 4500 to 1700 cal. BP. Abundance of
Centropyxis aculeata type, Centropyxis cassis type, Pseudodifflugia
fulva type, Archerella flavum and Difflugia lanceolata suggest greater
surface wetness that also corresponds to the regional lake level rise
reconstructed from Payette and Filion (1993) and Miousse et al.
(2003) in northern Québec. Along the forested margin (site KUJU-
BF2), no clear increase of surface wetness was registered at that
time as the conditions were already wetter due to the local geomor-
phic setting. The KUJU-BF2 site developed along a former channel
of the Whapmagoostui river and at the bottom of a slope nearby,
hence receiving constant nutrient supply from water runoff which
allowed the persistence of minerotrophic conditions. This constant
seepage probably explains the relatively stable water-table that is
reconstructed at that core site.

Paleohydrological, reconstruction and CAR values inferred from
the KUJU-PD2 core suggest greater sensitivity to environmental
changes at the center of the peatland. Despite a synchronic lowering
of CAR values from approximately 2000 cal. BP in the two cores, site
KUJU-BF2 failed to record any changes influenced by freezing pro-
cesses suggesting that permafrost did not develop along the forested
margin. The presence of a forest dominated by Picea mariana probably
influenced greater snow cover thickness which inhibited permafrost
aggradation and subsequent palsa edification as snow cover has
important insulation properties (Seppdld, 1982, 1986; Gurney, 2001).
Furthermore, the absence of a Sphagnum cover over the surface for
most of the Late-Holocene probably limited the frost persistence into
the peat as Sphagnum moisture content affects the thermal insulation
capacity of peat (Zoltai and Tarnocai, 1975; Zoltai, 1993; Robinson
and Moore, 2000; Yoshikawa et al., 2004; Bhiry and Robert, 2006).
Since Sphagnum mosses only colonized the surface of site KUJU-BF2

from —5 cal. BP, we hypothesize that the absence of such cover has
contributed to limit permafrost aggradation in this peatland sector.

Consequently, it seems that a combination of both autogenic and
allogenic processes played a role in the peatland dynamics. Neverthe-
less, the synchronicity in the CAR lowering from 2000 cal. BP does
suggest the effect of allogenic processes such as colder temperatures
and shorter growing seasons.

5.2. Permafrost development

At the center of the peatland, the KUJU-PD2 core has registered
several significant changes from approximately 1500 cal. BP to the
present. The abrupt changes in terms of peat composition and testate
amoeba assemblages correspond to the shift from minerotrophic
to ombrotrophic conditions. Recent studies have concluded that
the establishment of ombrotrophic conditions at the center of the
peatland occurred around 1700 cal. BP, while the palsa aggradation
was initiated during the Little Ice Age period (approx. 400 cal. BP)
(Arlen-Pouliot and Bhiry, 2005; Hayes, 2011). Our paleoecological
and paleohydrological results confirmed, with the presence of
Difflugia pulex, Archerella flavum and Pseudodifflugia fulva type in the
assemblages, the establishment of ombrotrophic conditions at about
1500 cal. BP and palsa edification from 660 to 400 cal. BP. As the
KUJU-BF2 core failed to detect most of the changes influenced by
permafrost aggradation, the KUJU-PD2 core clearly demonstrated a
greater sensitivity to these factors.

We hypothesize that from 1400 to 660 cal. BP, the important
lowering of CAR values (approx. 9.48 g-m~2-yr~ ') along with the
low water-tables (Difflugia pulex) (Fig. 3) were associated with
reduced net primary productivity due to shorter growing seasons
caused by colder conditions (e.g. Filion, 1984; Gajewski et al., 1993;
Cayer, 2002). These low CAR values are comparable to the ones obtained
by Oksanen (2006) on a Finnish active palsa (~9 g-m~2-yr—1). Allard
and Séguin (1987a) and Bhiry and Robert (2006) have demonstrated
that this cold period (1800-1100 cal. BP) led to the initiation of some
permafrost features along the eastern Hudson Bay lowlands. These cold
and dry conditions have also been confirmed from aeolian activity re-
cords in the Kuujjuarapik region (e.g. Filion et al., 1991; Samson et al,,
2010). In our results, this cold period (KUJU-PD2 core) has been followed
by a highly humified sequence along with low water-tables (D. pulex)
and dated between 660 and 400 cal. BP. The dry conditions along
with the low productivity, suggests the gradual installation of
permafrost which peaked between 660 and 400 cal. BP. This period
is associated to the palsa edification which resulted in an increase of
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surface dryness and peat decomposition rates (Seppdld, 1982;
Seppadld, 1986; Gurney, 2001). In northwestern Europe, low CAR
values (<10g-m~2-yr~!) have also been measured between
approximately 700 and 150 cal. BP (Mauquoy et al., 2002, 2004).
The authors concluded that changes in CAR values were probably
linked to climate modifications induced by solar activity declines
and associated to the Sporer (AD 1460-1550) and Maunder (AD
1645-1715) minima (Eddy, 1976). Moreover, paleoecological analyses
in Mer Bleue (southeast of Ottawa, Ontario) and Grande-plée-Bleue
(southeast of Québec, Québec) bogs also show a decrease in carbon
accumulation between ca. 700 to 200 cal. BP but without evidence of
permafrost at this period (Roulet et al., 2007; Elliott et al., 2011;
Lavoie et al., 2012). As a result, our data support the hypothesis
that climate deterioration brought colder and drier atmospheric
conditions over northeastern Canada between 660 and 400 cal. BP
which correspond to palsa edification in northeastern Canada.

Between 400 and 140 cal. BP, our results show the lowest CAR
values (~8.6g-m~2-yr~') which coincides chronologically with
the Maunder solar minimum (Mauquoy et al., 2004). Testate amoebae
indicate a rise in the water-table for this period as inferred by the abun-
dance of Archerella flavum, Centropyxis aculeata type, Hyalosphenia
papilio and Phryganella acropodia type. Three hypotheses may explain
this phenomenon: 1) at the end of the Spdérer minimum (AD
1460-1550), the active layer have thickened with enhanced melting
during slightly warmer summers which raised peat surface wetness,
2) from Payette and Delwaide (2000), the second part of the LIA regis-
tered greater precipitation which increased peat surface wetness and 3)
the surface microtopography generated by impermeable permafrost
amplified localized surface wetness and modified the testate amoeba
assemblages (Kokfelt et al., 2009). As Kokfelt et al. (2009), our study
clearly show the need of more calibration studies in these periglacial
settings because there is still no agreement on peat surface wetness
and its thermal effects on permafrost. For example, Johansson et al.
(2008) observed a negative correlation between summer precipita-
tion and permafrost temperatures while Seppéld (1986) hypothe-
sized that high moisture contents during summer can reduce
insulating properties of the peat.

From ca. 140 cal. BP to the present, our data show a return to peat
accumulation with an important rise since the beginning of the
20th century. Testate amoeba assemblages indicate an overall slight
lowering of the water-table in the peatland which is confirmed by
the presence of Assulina muscorum, Hyalosphenia papilio and Archerella
flavum. High RERCA values exceed 160 g-m~2-yr~' and correspond
to a return to peat sequestration probably influenced by the recent
warming, as atmospheric temperatures for the 1960-2005 period
have increased of 0.2°C per decade on average (Consortium
Ouranos, 2010). This warming trend also impacted permafrost tem-
peratures with a rise of 1.9°C (4 m depth) from 1994 to 2007
(Allard et al., 2008). These data suggest that a potential return to
peat sequestration could be projected after a period of permafrost
melt as stated by Turetsky et al. (2007) for western Canada, hence
maybe diminishing the anticipated impact of carbon (CO, and CHy)
retroaction feedback to the atmosphere.

6. Conclusion

This study represents the first attempt to reconstruct past hydro-
logical conditions in northeastern Canadian subarctic peatlands
using testate amoebae. Results have shown the effectiveness to use
testate amoebae in a permafrost peatland. Despite the relatively
low amount of dates, most of the observed hydroclimatic variations
correspond to previous studies from northern Québec (Payette and
Filion, 1993; Miousse et al., 2003; Arlen-Pouliot and Bhiry, 2005;
Hayes, 2011) in terms of paleoecological and paleohydrological
dynamics. Our data have demonstrated the internal complexity of
peatlands when using two cores (or more) on the same site. The

paleohydrological reconstructions based on testate amoeba assem-
blages has brought several new elements to the permafrost dynamic
that occurred on the Kuujjuarapik peatland such as the oscillation
between wet and dry phases during the palsa edification and deterio-
ration stage. It has also confirmed the variable sensitivity of subarctic
ecosystems to climate change.

Since surface hydrology dynamics is not well known in permafrost
peatland (Kokfelt et al., 2009), it is recommended that a multi-proxy
approach, that includes testate amoeba WTD reconstructions, is needed
to fully reconstruct past hydroclimatic conditions and discern the
strength of allogenic and autogenic processes on the system. Our data
showed that it is not clear that WTD variations can be directly linked
to CAR values with permafrost dynamics. As a result, more studies
of present-day vegetation succession, carbon influx, WTD and testate
amoeba assemblages need to be done on permafrost systems to better
constrain the processes involved in there development. Long-term
monitoring of palsa hydrological dynamics in relation with climatic
and microtopographic features of peatland could also enhance the
understanding of these features and their contribution to the global
carbon cycle.
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