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ABSTRACT

Multi-proxy analyses are realised to reconstruct Holocene carbon accumulation dynamics and paleohydrological
conditions on two peat cores collected in a permafrost peatland located near Kuujjuarapik (55°13’'N. 77°41'W). Results
from the center of the peatland show synchronic changes with the water level variations of several northern Quebec
lakes. Two possible permafrost aggradation phases have been identified: 1400 — 660 cal. BP and 400 — 140 cal. BP.
Our results also show the influence of permafrost aggradation on carbon accumulation with importants lowering
reaching 11.02 g.m2.yr* and 8.62 g.m™2.yr™* during these two cold periods.

RESUME

Des analyses multi-proxy sont réalisées pour reconstruire la dynamique Holocene de I'accumulation du carbone et des
conditions palechydrologiques dans deux carottes de tourbe récoltées dans une tourbiére a pergélisol localisée pres de
Kuujjuarapik (65°13'N. 77°41°'W). Les résultats du centre de la tourbiére montrent des changements synchrones aux
variations du niveau de quelques lacs du nord du Québec. Deux possibles épisodes de formation du pergélisol ont été
identifiés : 1400 — 660 etal. BP et 400 — 140 étal. BP. Nos résultats montrent également l'influence du pergélisol sur le
taux d’accumulation du carbone avec des baisses importantes atteignant 11.02 g.m'z.an'l et 8.62 g.m'z.an'l au cours de

ces deux évenements froids.

1 INTRODUCTION

Few paleoenvironmental studies have been conducted to
understand how permafrost peatlands have reacted
under climate variations. Results of these studies
revealed several modifications under climate changes
such as permafrost aggradation and thawing. These
changes are also detectable through carbon and peat
accumulation, surface vegetation succession and palsa
dynamics (Arlen-Pouliot & Bhiry, 2005 ; Bhiry & Robert,
2006 ; Camill et al., 2001 ; Halsey et al., 1995 ; Robinson
& Moore, 2000 ; Samson et al., 2010 ; Tarnocai, 2006 ;
Turetsky et al., 2007 ; Vitt et al., 2000). However, there
are only few studies that have shown the importance of
climate variability on carbon accumulation in subarctic
peatlands from northeastern Canada. Moreover, there are
no studies who have reconstructed past hydrological
conditions in nordic peatlands in eastern Canada.

In this study, we present a paleohydrological
reconstruction based on testate amoebae analysis from
two peat cores collected in a palsa peatland near
Kuujjuarapik, subarctic Quebec. We also present results
of carbon accumulation and vegetation succession. The
objectives of this study are to (1) reconstruct past
hydrological variations linked to the peatland
development, (2) link these variations to carbon
accumulation rates and permafrost dynamics and (3)
validate the use of testate amoebae as evidence of
permafrost inception and degradation in north-eastern
Canada.

2 STUDY AREA

The study area is a permafrost peatland located 7 km
southeast of Kuujjuarapik village (55°20°'N, 77 °40'W) at
the southern limit of the sporadic discontinuous
permafrost zone (Figure 1) (Allard & Seguin, 1987b). The
bedrock of this sector consists of granite-gneiss rock of
the Precambrian Shield. Following the end of the
Wisconsinian glaciation at 8000 BP, the vicinity of the
study area was submerged by the invasion of the Tyrrell
Sea around 7900 BP when the Laurentide Ice Sheet
retreated (Dyke & Prest, 1987 ; Hillaire-Marcel, 1976).
Glacial tills, marine clays and littoral sands are abundant
in this region. Mean annual temperature and precipitation
of the Kuujjuarapik sector are respectively -4.4 °C and
649 mm (Environnement Canada, 2011).

The studied peatland, covers approximately 5 km? and
is characterised by the presence of palsas, measuring 1-
5 m high. Ombrotrophic conditions have been identified in
the center of the peatland while poor fen conditions are
noticed at the north western section of the site. Evidences
of recent decay of the periglacial forms resulted into the
formation of thermokarst ponds noticeable on the site.
Active palsas are covered by lichens, small shrubs, low
trees and dry mosses (e.g. Rhododendron
groenlandicum, Betula glandulosa, Picea mariana,
Polytricum strictum) while denuded patches, caused by
erosion, are found on the surfaces of these forms (Arlen-
Pouliot & Bhiry, 2005). Sparse Larix laricina is also
noticeable in the center of the peatland along with
Chamaedaphne calyculata, Andromeda and Kalmia
angustifolia. Around thermokarst ponds and in the
minerotrophic part of the peatland, Carex spp,



Eriophorum spissum, Rubus chamaemorus, Myrica gale
and Menyanthes trifoliate characterise most of the
vegetation. The whole peatland complex is surrounded by
a forest dominated by Picea mariana and lichens
(Cladonia spp.).
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Figure 1. Localisation of the study site

3 METHODOLOGY

Testate amoebae are freshwater microorganism
producing a shell (test) which is very resistant to
decomposition process in peat sediment (Warner, 1988).
They are recognised to be very sensitive to hydrological
parameters in peatlands and they are frequently used in
paleoecological studies to rebuild past hydrological
conditions (Mitchell et al., 2008 ; Warner, 1988).

3.1 Transfer function development

In order to build a robust testate amoebae transfer
function linked with water table depths, 100 surface
samples of 10X10X10 cm were taken from 12 different
peatlands (Table 1). Along with these sampling, peat
temperature, water table temperature and water table
depth were measured. In the laboratory, each sample
was subsampled by 10X10X5 cm from the first centimetre
under the capitulum (Mitchell & Gilbert, 2004). Half of the
sample was squeezed to get the interstitial water. From
this sample, electric conductivity and pH were measured.
From the other half, testate amoebae were pulled from
Sphagnum stem following Hendon & Charman (1997)
protocol which consists to sieve peat samples through
350 and 15 pum sieves. The residual content is then mixed
to glycerol and colorant before being analysed. Counting
of testate amoebae was done using a photonic
microscope at 400X. A minimal count of 100 shells was
aimed of each analysed sample (Payne & Mitchell, 2009).
Testate amoebae were identified using Charman et al.
(2000) and Booth & Sullivan (2007) identification keys.

RDA analysis and variance partitioning were applied
to explore relationship between surface parameters and
testate amoebae assemblages. Transfer function was
realised by using C2 1.6.5 software (Juggins, 2010).
W Aboot, WA PLSpoot and MLpoot models have been created
to reconstruct past water table depth based on testate
amoebae assemblages. Models performances were
amplified by pulling samples with high residual values,
taxa with low occurrences and taxa with an apparent
bimodal distribution along the water table gradient.

3.2 Paleoecological reconstruction

In July 2008, two cores were collected in the Kuujjuarapik
peatland. On each of these collected cores, loss on
ignition (LOI) analysis was performed at 1 cm resolution
(Dean, 1974). A visual estimation of the peat composition
has been completed at 4 cm resolution following the |
macrofossil protocol of Bhiry & Filion (2001). Testate
amoebae analysis was conducted following the same
protocol for the transfer function. Analyses were done at
every 4 cm, using 2 cm® peat samples, except for the first
70 cm of the collapsed palsa core (KUJU PD2) which
where analyses were completed at every 2 cm.
Chronology and age-depth models were established
by applying AMS C** and **°Pb dating methods on peat
sediments (Ali et al., 2008 ; Bao et al., 2010 ; van der
Plicht, 2004). ?°Pb results were adjusted to 14C
calibrated dates by pulling 58 years (reference age of
1950 for calibrated 14C ages). Peat and carbon
accumulation rates were calculated by using a linear
interpolation of age-depth model (Telford et al., 2004).

4 RESULTS
4.1 Transfer function

RDA analysis results are resumed in Table 2. Only 12%
of the testate amoebae assemblage variance is explained
by the water table depth parameter. Despite the low
values, these results are comparable with other modern
transfer function (Charman et al., 2007 ; Payne et al.,
2006 ; Payne et Mitchell, 2007).

Transfer function models results are shown at Table 3.
Models performances are comparable to other recent
transfer function (Booth, 2008 ; Charman et al., 2007 ;
Lamentowicz et al., 2010 ; Payne et Mitchell, 2007). Our
ML model offer better performances than WA PLS and
WA model. However, all these models can be use for
water table depth reconstruction on peat cores.
Consequently, the WA model was chosen since it seems
to be a model frequently used in paleohydrological
research in peatlands.

4.2 Paleoecological results

Comparison of age-depth models (Figure 2) shows
that both reconstructed sites illustrate different
accumulation patterns. Peat began to accumulate around
5100 cal. BP at the center of the peatland (KUJU PD2)
while at the forested margin (KUJU BF2), it was delayed
by nearly 1000 years. Both cores show changes in peat



Table 1 Sampled sites parameters

Name Latitude
Kuujjuarapik 55°13'32.1"N
La Grande 53°40'38.8"N
La Grande 53°39'01.1"N
Matagami 49°41'06.5"N
Matagami 49°45'05.6"N
Verendrye 47°18'09.2"N
Val-d'Or 48°11'13.2"N
Pointe Morts 50°15'51.6"N
la Baie 49°05'47.4"N
Pylone 53°47'50.4"N
Abeille 54°06'54.7"N
Frontenac 45°57'59.3"N

Longitude

077°41'44.4"0
078°12'568.0"0
077°43'32.3"0
077°43'54.3" O
077°39'24.5" O
076°51'16.4" O
077°35'43.7" O
063°40'08.7" O
068°14'37.6" O
073°19'38.4" O
072°30'03.2" O
071°08'21.8" O

Trophic status

Fen
Fen
Bog
Bog
Bog
Fen
Bog
Bog
Bog
Fen
Fen
Fen

Mean temperatures

July

10.6
13.7
13.7
16.1
16.1
17.7
17.2
145
15.6
16.1
15.6
18.4

o)’

Jan. Year
-23.4 -4.4
-23.2 -3.1
-23.2 -3.1
-20 -0.7
-20 -0.7
-15.6 2.3
-17.2 1.2
-14.2 0.9
-14.4 15
-25.9 n.a.
-24.6 -4.3
-12.1 4

Precipitations

(mm.yr?)*
Total Snow
649 241
684 267
684 267
906 314
906 314
n.a. n.a.
914 300
1025 263
1014 361
742 n.a.
773 299
1297 355

T values obtained through Environnement Canada (2011)

Table 2. RDA analysis results

Variables R* P

All parameters 0.43 0.001

Environmental 023 0.001
parameters

WTD and pH 0.15 0.001

WTD 0.12 0.001

pH 0.08 0.001

Table 3. Transfer function models performances

Models Nb. RMSEP  Max bias R®
samples
WA 86 4.73 10.69 0.77
WA PLS 85 4.09 7.75 0.84
ML 87 4.18 2.80 0.87

accumulation approximately from 2000 cal. BP. LORCA
(excluding the acrotelm portion) and RERCA values for
KUJU PD2 are respectively 22.71 g.m'z.yr'1 and 198.49
g.mZyr’. For KUJU BF2, values range 21.58 g.m?.yr*
and 181.15 g.m2yr™.

Peat composition and testate amoebae analysis from
both cores revealed several changes through time (Figure
3). KUJU PD2 core shows strong variations from
approximately 1500 cal. BP to the present. Most of the
testate amoebae changes match peat composition and
Carbon Accumulation Rate (CAR) variations. CAR values
show strong variations between 1400 and 140 cal. BP.
The first (1400 — 660 cal. BP) of two lowering of CAR
correspond to a decrease of the WTD and a rise of
decomposed organic matter. The second (400 — 140 cal.
BP) has been identified along a rise of decomposed
matter and a small rise of the WTD.

Compared to KUJU PD2, KUJU BF2 core does not
show lots of variations. However, several peat
composition variations suggest trophic status changes
through time. A variation in CAR and WTD is also
observed from 2000 cal. BP to nowadays. In general,
WTD reconstruction does not indicate important changes

through peat development suggesting a relatively stable
hydrological environment.
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Figure 2. Age-depth models of A) Collapsed palsa (KUJU
PD2) B) Forested margin (KUJu BF2)
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Figure 3. Resumed diagrams of the peat composition, testate amoebae assemblages, WTD reconstruction and long term carbon accumulation rates (CAR) results
for A) Collapsed palsa (PD2) B) Forested margin (BF2)



5 DICUSSION

It is clear that both coring site did not have the same
development through the Holocene. None of the testate
amoebae or peat composition changes seems to match
in both cores. Moreover, KUJU BF2 does not give any
indication of permafrost activity suggesting that the
process have not reached the forested margin. This can
be explained by the influence of different autogenic
process between the two sites. The presence of trees
influencing snow cover and the former river bed in the
vicinity probably influenced the environmental conditions
of KUJU BF2 site that differed from the center of the
peatland.

KUJU PD2 core show several variations from 1500
cal. BP to the present. From peat initiation to 1500 cal.
BP, peat composition suggests a minerotrophic phase
which corresponds to results from Arlen-Pouliot & Bhiry
(2005) and Hayes (2011). Through this phase WTD
reconstruction shows variations which some match to
past lakes water level in northern Québec lakes. The low
WTD values reconstructed between 5000 — 4500 cal. BP
seems to correspond to a period of low water level from
Lac des Pluviers between 5300 — 4600 cal. BP (Payette &
Filion, 1993). The authors of this paper suggest that these
changes were due to modification of the general
atmospheric circulation pattern. This period also
correspond to the climatic optimal warm period (Gajewski
et al., 2000 ; Mayewski et al., 2004 ; Viau et al., 2006).
Between 4500 and 3300 cal. BP, reconstruction of
hydrological conditions suggest a gradual rise of the
WTD level which corresponds to the water level rise of
Lac des Pluviers and Lac Kachishayoot located near
Kuujjuarapik (Miousse et al., 2003 ; Payette & Filion,
1993). These two synchronic events suggest the possible
influence of allogenic process on hydrological conditions
registered in the center of Kuujjuarapik peatland.
However, this interpretation must be taken with caution
since it is almost impossible to distinguish autogenic and
allogenic processes under minerotrophic conditions.

Peat composition of KUJU PD2 suggests that
ombrotrophic conditions occurred around 1500 cal. BP
and this is consequent to Hayes (2011) and Arlen-Pouliot
& Bhiry (2005) results. This change of trophic status is
closely followed by a lowering of the WTD and CAR
values between 1400 to 660 cal. BP. This period shows
high abundances of Difflugia pulex which was one of the
most abundant species of the palsa phase from Kokfelt et
al. (2009) study. The dry condition period correspond to
the forested phase reconstructed by Arlen-Pouliot & Bhiry
(2005). A study realised in the vicinity of our site has
concluded that permafrost initiation could have began
around 1600 cal. BP in this region (Bhiry & Robert, 2006).
Moreover, Allard & Seguin (1987a) have concluded that
permafrost initiation has culminated in the Hudson bay
region approximately around 1800 — 1100 cal. BP. It is
not clear that the changes identified in the peat horizons
of the present study are linked to permafrost process.
However, the dry conditions reconstructed by our analysis
do make sense with drier conditions conducted by
permafrost aggradation. More, the low CAR values
reconstructed during this period are comparable to those
obtained in palsas by Oksanen (2006). The highly

decomposed peat identified after this period could
correspond to the completely frozen surface of the
peatland.

The second low CAR values reconstructed between
400 — 140 cal. BP occurred with a rise of the WTD level.
Consequently, this change of hydrological conditions
does not really match with an hypothetical second
permafrost phase. However, peat composition is
comparable to the first phase and CAR values are also
similar to those of Oksanen (2006). Moreover, this period
correspond to the Little Ice Age. This period is considered
to be at the origin of the permafrost features in northern
Quebec (Arlen-Pouliot & Bhiry, 2005; Payette, 2001).
Consequently, it is probable that the peatland surface
was influence by periglacial processes while hydrological
conditions influenced by mollisol thickness.

From 140 cal. BP to nowadays, CAR values and WTD
reconstructions show important changes with overall drier
conditions. These results can be linked to recent changes
in terms of precipitations and temperatures patterns since
approximately the second half of the 19" century. This
hypothesis is supported by the abundance of permafrost
degradation features. Moreover, high CAR values
following permafrost melting have been observed in many
Canadian studies (Camill et al.,, 2001 ; Robinson &
Moore, 2000 ; Turetsky et al., 2002 ; Turetsky et al., 2007
; Vitt et al., 2000). Consequently, our high reconstructed
CAR values seem to support the hypothesis of warmer
and drier conditions over the peatland resulting in a
lowering of the WTD and a rise of permafrost melt which
results by ponds infilling by mosses and sedges.
However, CAR values must be interpreted with caution
since it is calculated from a linear age-depth model based
on a low resolution dating. It is possible that a higher
amount of C' dates could have lead to some changes in
the CAR results.

6 CONCLUSION

This study has demonstrated that it is possible to
reconstruct past hydrological conditions in a permafrost
peatland using testate amoebae analysis. However, since
surface hydrology dynamics is not well known in
permafrosted peatlandst (Kokfelt et al., 2009), it is highly
suggested that a multiproxy analysis approach, including
testate amoebae WTD reconstruction, is used to fully
reconstruct past hydroclimatological conditions.
Moreover, it is not clear that WTD variations can be linked
to CAR values during permafrost events. Consequently,
more studies of present-day vegetation dynamics, carbon
influx, WTD and testate amoebae assemblages must be
done on active permafrost systems to better reconstruct
hydroclimatic and paleoloecological conditions in
permafrost peatlands.
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