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ABSTRACT: This study presents paleohydrological reconstructions from ombrotrophic peatlands (bogs) along the
north shore of the Estuary and the Gulf of St. Lawrence in eastern Canada. Past water table depths were reconstructed
based on testate amoebae analyses within four peatlands from two maritime ecoclimatic regions (boreal and subarctic)
using a new transfer function. The comparison of multiple peat-based paleohydrological records was used to distinguish
climate-driven changes from variations related to site-specific factors. Coherence between the water table
reconstructions at the regional scale suggests a common climatic influence on bog paleohydrology but there are
inconsistencies which also suggest an influence of non-climatic factors (e.g. internal peatland processes and feedbacks).
The surface drying and increased hydrological variability after 3000 cal a BP in the studied bogs coincide with the
transition from the Holocene Climatic Optimum to the Neoglacial cooling documented by proxy climate records in
eastern Canada. The bogs of Havre St-Pierre have experienced major drying during the late Holocene, indicating
important annual-to-centennial water deficits at the peatland surface. Regional differences in the magnitude of the
hydrological fluctuations may result from distinctive climatic conditions or could indicate that bog surface wetness in

the Gulf of St. Lawrence was more sensitive to past climate changes. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction

Ombrotrophic peatlands (bogs), which receive their moisture
inputs solely from precipitation, have been widely used as a
source of Holocene proxy climate data. Testate amoebae
(single-celled protists) are robust indicators of hydrological
conditions in peat bogs and are commonly used for quantita-
tive water table depth (WTD) reconstructions in these
ecosystems (Mitchell et al., 2008a). Long-term variations in
bog surface wetness (BSW) have been interpreted as changing
regional climate especially in terms of effective precipitation
(precipitation-evapotranspiration) in north-western Europe
(e.g. Charman and Hendon, 2000; Barber et al., 2003). These
paleoclimatic interpretations are supported by the agreement
in patterns of water table changes within and between
peatlands (Charman et al., 1999, 2006; Hendon et al., 2001;
Langdon et al., 2012) and linkages with independent proxy
climate data (Barber and Langdon, 2007). However, peatland
water tables are also driven by internal processes and
ecohydrological feedbacks associated with peat accumulation
(Belyea and Clymo, 2001; Swindles et al, 2012). The
detection of past climatic changes in peat bogs is often
limited by our inability to disentangle internal dynamics from
external influences at the regional scale, which can be
particularly problematic when using a single peat core.
Further data are needed to understand how past climate
changes have affected the hydrology of boreal and subarctic
peatlands so as to evaluate how these important hydrological
systems will react to future environmental and climatic
changes. Only few paleohydrological reconstructions have
been conducted in the maritime peatlands of eastern Canada.
In eastern Newfoundland, Hughes et al. (2006) suggested that
BSW variability over the Holocene was driven by oceanic and
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solar forcing. Apart from this study, little is known about the
Holocene climate variability in eastern Canada and how it has
affected the hydrology of peatland ecosystems. Ombrotrophic
peatlands are widespread in the coastal plains along the north
shore of the Estuary and the Gulf of St. Lawrence. These peat
deposits offer great potential for high-resolution paleohydrocli-
matic reconstructions given that their stratigraphy is often
entirely composed of fast-accumulating Sphagnum-peat
(Glaser and Janssens, 1986; Payette et al., 2013).

Over the last decade, peatland paleohydrological research has
been expanding in the boreal and subarctic regions of north-
eastern Canada (Loisel and Garneau, 2010; van Bellen
et al, 2011, 2013; Bunbury et al., 2012; Lamarre et al., 2012).
These studies have linked long-term trends in BSW with
documented climate changes, such as the Neoglacial and the
Little Ice Age (LIA) cooling. However, some regional inconsisten-
cies between water table reconstructions suggest that the surface
hydrology of these peatlands was also influenced by site-specific
factors (e.g. basin topography, vegetation successions).

The present study is the first to evaluate past hydrological
conditions in the coastal ombrotrophic peatlands of the St.
Lawrence North Shore in eastern Canada. The main objective
is to detect regional Holocene climate changes using peat-
based paleohydrological reconstructions. Our approach is to
compare the water table records from four distinct peat bogs as
a means to disentangle external climatic influences from site-
specific autogenic variations. In each region, two peatlands of
different ages have been compared to evaluate whether long-
term hydrological trends result primarily from gradual change
in surface structure or from regional climate forcing.

Study regions

We investigated four ombrotrophic peatlands from two
ecoclimatic regions along the north shore of the Estuary and
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Gulf of St. Lawrence in eastern Canada. Peatlands are located
on the postglacial deltaic formations of Manicouagan and La
Romaine (Fig. 1). Peat cores were taken from the ombrotro-
phic peatlands Lebel (49°6’N, 68°13'W) and Baie (49°6'N,
68°15'W) near Baie-Comeau (BC) and from Plaine (50°16'N,
63°3'W) and Morts (50°16’N, 63°40'W) near Havre St-Pierre
(HSP). Lebel and Baie are Sphagnum-dominated raised bogs
with low abundance of pools, whereas Plaine and Morts are
extensive plateau bogs with ponds and lakes of all sizes.

In each region, the two selected peatlands developed in
distinct geomorphic contexts during different periods of the
Holocene. Lebel (BC) and Plaine (HSP) formed on the sandy
deltaic terraces that emerged after the withdrawal of the Gold-
thwait Sea from ~8 ka, whereas Baie (BC) and Morts (HSP)
formed on silt—clay deposits associated with the Laurentian
marine transgression after ~4.2 ka (Bernatchez, 2003).

The regional climate is maritime with mean annual
precipitation of approximately 1000 mm in both regions and
mean annual temperature of 1.5°C in Baie-Comeau and
1.1 °C near Havre St-Pierre (Environment Canada, 2013). The
length of the growing season is shorter on average in Havre
St-Pierre than in Baie-Comeau. The mean value for growing
degree-days above 0°C is ~1924 in BC and ~1779 in HSP
(climate record 1971-2003 from National Land and Water
Information Service; Hutchinson et al., 2009). Between the
Estuary and the Gulf of St. Lawrence, there is an important
transition in peatland surface characteristics associated with

gl
arey C%@{a
k-

distinct regional ecoclimatic conditions. At the peatland
surfaces, the density of shrubs and trees decreases gradually
eastward from Baie-Comeau to Havre St-Pierre and the ponds
become more abundant (Fig. 1). On the Manicouagan delta
(BC), bog surfaces are largely covered by Sphagnum spp.,
heath shrubs and dense krummholz of black spruces (Picea
mariana). The plateau bogs of La Romaine delta (HSP) are
largely treeless and covered by lichen—dwarf shrub carpets
interspersed with patches of Sphagnum.

Methods
Field sampling

Peatlands were selected according to their regional represen-
tativeness based on interpretations of aerial photographs and
field survey validations (e.g. vegetation inventories and peat
thickness measurements). The overall topography of the peat-
land basins was assessed using a metal probe and a differen-
tial global positioning system (DGPS). To minimize the
influence of topography on peatland paleohydrology (sensu
Belyea and Clymo, 2001), we selected sites with relatively
flat underlying basin, and peat cores were collected from the
central domed sections. Peat cores were taken from Sphag-
num-dominated lawns as these microforms are likely to be
more sensitive to environmental changes than hummocks
(Nordbakken, 1996). The upper 1m of peat was sampled

Figure 1. Map of the two study regions along the St. Lawrence North Shore in eastern Canada and coring location in the four peatlands investigated
on (A) the Manicouagan delta near Baie-Comeau and (B) the La Romaine delta near Havre St-Pierre. Satellite images from Google Earth 2013. This

figure is available in colour online at wileyonlinelibrary.com.

Copyright © 2014 John Wiley & Sons, Ltd.
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with a box corer (105 x 8 x 8cm), and a Russian peat corer
(diameter=7.5cm; length=100cm) was used for deeper
peat sections. In the field, peat cores were wrapped in plastic
film and aluminum foil, transferred to PVC tubes and stored
at 4 °C until analysis.

Chronology

A total of 43 samples of plant remains (four from basal peat)
were radiocarbon ('*C) dated by accelerator mass spectrome-
try (AMS) at Keck Carbon Cycle Laboratory (University of
California, Irvine) (Table 1). The age-depth models were
developed with CLAM version 1.0.2 (Blaauw, 2010) using
piecewise linear interpolation between each'C date (Fig. 2).
This model allows the inclusion of all '*C dates without
producing too many age reversals when implemented in

Table 1. Radiocarbon data and ages inferred from CLAM* (Blaauw, 2010).

CLAM. By using linear interpolation we assume that change
in the rate of peat accumulation occurred at the dated point,
which seemed realistic given that '*C dating was conducted
along the stratigraphic transitions. The age of the peatland
surface was fixed at —60 cal a BP (i.e. AD 2010, year of
coring).

Testate amoebae analyses

Testate amoebae analyses were conducted within the four
peat sequences at intervals varying between 2 and 4cm to
optimize the temporal resolution by using lower intervals in
sections with higher deposition time (i.e. lower rates of peat
accumulation). The analyses were mainly restricted to the
ombrotrophic Sphagnum-dominated sections but also include
the fen—bog transition. The peat vegetation types (Sphagnum,

Laboratory
Site and sample number Material 14C age 20 range Calibrated
depth (cm) (UCI-AMS) dated (a BP) (cal a BP) age* (cal a BP)
Plaine
16-17 67838 Sphagnum Modern 0 -3
24-25 79504 Sphagnum 150+ 15 6-281 154
39-40 73854 Sphagnum 935+£25 793-919 853
55-56 98873 Sphagnum 1480+ 15 1328-1399 1363
77-78 73855 Sphagnum 1800 £ 25 1629-1818 1737
101-102 73856 Sphagnum 2245425 2157-2338 2243
136-137 98874 Sphagnum 2765+15 2793-2921 2852
172-173 80191 Sphagnum 3875+15 4244-4407 4324
202-203 73857 Sphagnum, Ericaceae seeds 4100+ 25 4523-4808 4630
248-249 79505 Sphagnum, Ericaceae seeds 4715+15 5327-5577 5435
300-301 67839 Sphagnum 5755+15 6495-6632 6556
356-357 67840 Carex achenes 6540+ 15 7426-7475 7448
Morts
23-24 98870 Sphagnum 290£15 300-428 371
36-37 79502 Sphagnum 480+£15 506-531 518
48-49 98871 Sphagnum 955415 797-926 860
62-63 73858 Sphagnum 1145 £25 976-1168 1035
87-88 73859 Sphagnum 1190+ 25 1014-1178 1118
120-121 80188 Sphagnum, Ericaceae leaves 1580+ 15 1415-1521 1466
168-169 79503 Sphagnum, Ericaceae seeds 2150+ 15 2066-2299 2151
191-192 98872 Sphagnum, Ericaceae leaves; Picea needles 2250+15 2162-2338 2264
244-245 67844 Sphagnum, Ericaceae leaves; Larix needles 2585420 2625-2754 2730
284-286 67843 Carex achenes 3025+ 15 3166-3327 3245
Lebel
66-67 73861 Sphagnum 210£25 -4 to 303 176
79-80 80190 Sphagnum, Ericaceae leaves; Carex achenes 430+15 484-514 501
98-99 79 499 Sphagnum, Ericaceae leaves/seeds 965+ 15 798-929 868
120-121 98875 Sphagnum 1125£15 979-1061 1017
143-144 73862 Ericaceae leaves 1475+25 1311-1400 1357
168-169 73863 Sphagnum, Ericaceae leaves 1775£25 1613-1810 1685
202-204 98876 Sphagnum 2145+15 2063-2297 2155
270-271 79500 Sphagnum; Ericaceae seeds 2905£15 2966-3139 3039
331-332 79501 Sphagnum stems/leaves 3570+15 3832-3910 3868
400-401 73864 Sphagnum stems/leaves; Ericaceae leaves 4090 + 25 4452-4805 4619
471-472 98877 Sphagnum 4465+15 4978-5277 5157
574-575 67837 Sphagnum 5090+ 15 5753-5908 5820
Baie
32-33 98867 Sphagnum 105+ 15 28-259 131
58-59 73865 Sphagnum, Ericaceae leaves 300+25 300-455 376
100-101 98868 Ericaceae leaves 1000+ 15 840-958 925
150-151 79496 Sphagnum 1755£15 1614-1712 1661
200-202 98869 Sphagnum, Ericaceae leaves 2495+ 15 2491-2715 2586
250-251 79497 Sphagnum 2950+ 15 3065-3209 3127
304-305 80196 Sphagnum, Ericaceae seeds/leaves 3060+ 15 3219-3344 3290
398-399 73866 Sphagnum 3670+ 25 3915-4086 4012
455-456 79498 Sphagnum, Carex achenes; Larix needles 3830+ 15 4153-4288 4215

*CLAM best estimate.

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 2. Age—depth models developed with ‘CLAM’ using linear interpolation for the four studied peat records and showing 95% confidence

intervals.

other bog mosses, ligneous remains, Cyperaceae and brown
mosses) are also presented to document the transition to
ombrotrophy and evaluate the potential influence of vegeta-
tion composition on the testate amoebae records.

Peat samples (1 cm?®) were collected and treated following
standard extraction procedures (Booth et al., 2010). Two
tablets of Lycopodium were added as exotic markers to
calculate test concentrations. The size fraction between 300
and 15pum was analysed. Between 100 and 200 tests were
identified and counted under the optical microscope at 400x
magnification using the taxonomy of Charman et al. (2000)
with the modifications from Booth and Sullivan (2007).
Samples with at least 75 counts were considered reliable
following Payne and Mitchell (2009) who stated that 50
specimens are adequate for some samples and 100 counts are
sufficient in most cases. Fossil assemblages with at least 50
individuals are shown in the testate amoebae diagrams but
were not included in the WTD reconstructions. The relative
abundance of each species was calculated as a percentage of
the total count. The rotifer Habrotrocha angusticolis was
excluded from the total count and was not included in the
WTD reconstructions. Testate amoebae diagrams were con-
structed using C2 software version 1.7.2 (Juggins, 2011).

Copyright © 2014 John Wiley & Sons, Ltd.

Water table depth reconstructions

Paleohydrological reconstructions were carried out with C2
software using a new testate amoebae transfer function based
on 206 modern assemblages, including 120 samples from the
St. Lawrence North Shore area (Lamarre et al.,, 2013). A
weighted average tolerance down-weighted (WA-tol) model
with classical deshrinking was used to infer past WTDs. This
model has the best performance statistics in cross-validation
for the prediction of WTD (r*=0.82; RMSEP =5.65cm).
Sample-specific error ranges for the reconstructed WTD were
calculated using bootstrapping (1000 cycles).

Ordination with DCA

Detrended correspondence analysis (DCA) was applied to the
entire fossil data set (four records combined) to explore the
testate amoeba associations by excluding species with fewer
than three occurrences. Species with low occurrence have
also been down-weighted to minimize their impact on the
ordination. The axis 1 scores of the fossil samples derived
from the DCA of the testate amoeba data were used along
with the inferred WTD values to define the diagram zones.

J. Quaternary Sci., Vol. 29(3) 209-220 (2014)
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Results
DCA ordination of the fossil assemblages

DCA of the fossil testate amoeba assemblages (Fig. 3) shows a
relatively good separation of the species along the main axis
of variability (axis 1). The ordination along axis 1 reveals a
coherent surface wetness gradient with the dry-indicating
species on the right (e.g. Trigonopyxis minuta, Trigonopyxis
arcula) (higher values) and hygrophilous species on the left
(e.g. Amphitrema wrightianum, Difflugia globulosa) (lower
values). Arcella discoides has an affinity with dry-indicating
taxa in fossil samples, which differs from its wet optima in the
modern dataset (Lamarre et al.,, 2013). This species is often
found with dry-indicating species such as Hyalosphenia
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Figure 3. DCA ordination of the fossil testate amoeba data: (A)
species and (B) samples. Full taxa names: Arcfla, Archerella flavum;
Ampwri, Amphitrema wrightianum; Arccat, Arcella catinus; Arcdis,
Arcella discoides; Arcvul, Arcella vulgaris; Assmus, Assulina musco-
rum; Asssem, Assulina seminulum; Bulind, Bullinularia indica;
Cenacu, Centropyxis aculeata; Cycarc, Cyclopyxis arcelloides; Cen-
eco, Centropyxis ecornis; Difglo, Difflugia globulosa; Diffluc, Dif-
flugia lucida; Difpri, Difflugia pristis; Difpul, Difflugia pulex; Eugrot,
Euglypha rotunda; Eugstr, Euglypha strigosa; Eugtub, Euglypha tuber-
culata; Helpet, Heleopera petricola; Helros, Heleopera rosea;
Helsph, Heleopera sphagni; Helsyl, Heleopera sylvatica; Hyaele,
Hyalosphenia elegans; Hyamin, Hyalosphenia minuta; Hyapap,
Hyalosphenia papilio; Hyasub, Hyalosphenia subflava; Nebboh,
Nebela bohemica; Nebcol, Nebela collaris; Nebfla, Nebela flabell-
ulum; Nebgri, Nebela griseola; Nebmil, Nebela militaris; Nebpar,
Nebela parvula; Nebtin, Nebela tincta; Nebtub, Nebela tubulosa;
Nebvit, Nebela vitrea; Nebwai, Nebela wailesi; Nebpen, Nebela
penardiana; Phracr, Phryganella acropodia; Plaspi, Placocista spi-
nosa; Psefas, Pseudodifflugia fascicularis; Pseful, Pseudodifflugia
fulva; Triarc, Trigonopyxis arcula; Trimin, Trigonopyxis minuta;
TriCor, Trinema/Corythion types.

Copyright © 2014 John Wiley & Sons, Ltd.

subflava in fossil samples and was associated with periods of
high decadal-to-centennial hydroclimate variability (Sullivan
and Booth, 2011). Difflugia pulex is positioned at the extreme
right on axis 1, indicating a clear affinity with the driest taxa
in fossil assemblages. This position of Difflugia pulex in fossil
samples contrasts with its intermediate-dry optimum in the
modern training set (20.9cm), although this species has a
wide tolerance (13.5cm) notably due to poor modern
analogues (Lamarre et al., 2013).

The position of most species in the DCA ordination of fossil
samples (Fig. 3) is coherent with their known ecology in
modern assemblages (Lamarre et al., 2013), an indication that
the fossil assemblages are clearly related to past surface
wetness conditions. The similarity of the species association
in both fossil and modern assemblages is revealed by a good
correlation between the DCA sample scores and the inferred
WTD values (Spearman’s rank coefficient 0.81, P<0.001).
The DCA ordination of the fossil testate amoeba data (Fig. 3)
shows an overlap between the assemblages of the two regions
but the samples from Havre St-Pierre are preferentially found
on the right side of axis 1 (dry end).

Paleohydrological reconstruction of Lebel bog (BC)

Relatively dry conditions are inferred during the early peat-
land stage (mean WTD: 18.5cm) based on a high abundance
of Hyalosphenia subflava and Trigonopyxis arcula (zone L1;
5680-5240 cal a BP) (Fig. 4; Table 2). The water table levels
gradually increased and very stable and wet conditions were
installed between 5240 and 3180 cal a BP (dominance of
Archerella flavum; zone L2). The bog surface became drier
and more variable from 3180 to 2490 cal a BP (zone L3). The
co-dominance of two species on opposite ends of the
moisture gradient (Arcella discoides and Hyalosphenia sub-
flava) between 2490 and 2070 cal a BP (zone L4) suggests an
increased seasonal-to-interannual hydrological variability
with significant periods of water table drawdown. After
2070 cal a BP, a return to wet conditions is indicated by the
presence of Amphitrema wrightianum and high levels of
Archerella flavum (zones L5 and L6). The recent dry shift
(<100 cal a BP) is mainly related to a high abundance of
Nebela militaris (zone L7) and its exact timing is uncertain
due to poor chronological control in the upper peat layers.

Paleohydrological reconstruction of Baie bog (BC)

From 4180 to 3250 cal a BP (zone B1; Fig. 5), the testate
amoebae (mainly Archerella flavum, Hyalosphenia papilio)
show relatively wet surface conditions except for a single dry
shift around 3900 cal a BP (Hyalosphenia subflava and
Trigonopyxis arcula). A slight shift to lower intermediate
WTD is recorded between 3250 and 2980 cal a BP (zone B2)
and this is followed by a period of low and fluctuating water
tables (zone B3; 2980-1990 cal a BP) with a co-dominance
of Hyalosphenia subflava (dry taxa) and Arcella discoides
(wet taxa) and sustained presence of Difflugia pulex and
Assulina muscorum. Testate amoeba data show an important
drying around 2290 cal a BP but wetter intermediate
conditions returned after 1990 cal a BP (zones B4, B5 and
B6) as shown by high levels of Archerella flavum. Very wet
conditions are inferred around 720 cal a BP by the significant
presence of Amphitrema wrightianum but the water table
levels decreased gradually thereafter.

Paleohydrological reconstruction of Plaine bog
(HSP)

Very wet conditions are inferred before 6560 cal a BP (mean
WTD: —1.5cm) based on the high abundance of Amphitrema

J. Quaternary Sci., Vol. 29(3) 209-220 (2014)
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Figure 4. Testate amoebae diagram (%) of Lebel peatland (Baie-Comeau)

Cyperaceae (white), ligneous (dark grey) and brown mosses (black).

wrightianum and correspond to the early fen phase with
Cyperaceae and brown mosses (zone P1) (Fig. 6). A slight
water table drawdown followed the transition to Sphagnum-
dominated ombrotrophic peat but relatively wet conditions
persisted until 4800 cal a BP (zone P2), except for a dry shift

Table 2.

. Peat types (%): Sphagnum (diagonal lines), other bog mosses (light grey),

at ~5700-5400 cal a BP (high levels of Hyalosphenia
subflava). Particularly dry surfaces are recorded between
4800 and 4240 cal a BP (zone P3) with the occurrence of
Assulina muscorum, Difflugia pulex and Trigonopyxis arcula.
This is followed by a sharp shift to wet conditions around

Details of the testate amoebae diagram zones for the four peat records.

Site and Zone Depth (cm) Age range (cal a BP) WTD (cm): mean £SD Main indicative species*
Lebel
L7 28-0 40 to Present 12.7£3 HYAELE, HYAPAP, NEBMIL
L6 80-28 520-40 54+2 ARCFLA, AMPWRI, HYAELE, HYAPAP
L5 196-80 2070-520 7.3+£2 ARCFLA, ARCDIS, ASSMUS, DIFPUL
L4 228-196 2490-2070 13.0+4 ARCDIS, HYASUB
L3 280-228 3180-2490 9.0£3 ARCFLA, ARCDIS, DIFPUL, PSEFUL
L2 484-280 5240-3180 57+£1 ARCFLA, AMPWRI
L1 552-484 5680-5240 18.5+£6 ARCCAT, ASSMUS, HYASUB, TRIARC
Baie
B6 48-0 280 to Present 8.4+2 ARCFLA, HYAELE, NEBMIL
B5 104-48 980-280 47+£3 ARCFLA, AMPWRI, HYAELE, HYAPAP
B4 168-104 1990-980 8.7+4 ARCFLA, ARCDIS, HYASUB,
B3 236-168 2980-1990 11.0+7 ARCDIS, ASSMUS, DIFPUL, HYASUB
B2 292-236 3250-2980 7.3+1 ARCFLA
B1 444-292 4180-3250 6.0+4 ARCFLA, HYAPAP
Plaine
P7 16-0 0 to Present 11.5+4 HYAELE, HYAPAP, NEBMIL
P6 42-16 950-0 8.0+5 ARCFLA, DIFPRI, HYAPAP, HYAELE
P5 124-42 2640-950 17.5+6 ASSMUS, DIFPUL, HYASUB
P4 170-124 4240-2640 49+4 ARCFLA, AMPWRI, ARCDIS
P3 212-170 4800-4240 21.8+£5 ASSMUS, BULIND, DIFPUL
P2 300-212 6560-4800 10.4+6 ARCFLA, HYASUB
P1 350-300 7350-6560 —-1.5+4 ARCFLA, AMPWRI
Morts
M5 16-0 240 to Present 14.0+6 ARCFLA, ASSMUS, HYAELE, HYAPAP
M4 32-16 470-240 21.14£5 DIFPRI, DIFPUL
M3 120-32 1470-470 11.3+£5 ARCFLA
M2 196-120 2310-1470 2147 DIFPUL, ASSMUS, TRIARC
M1 228-196 2590-2310 9.0+4 ARCFLA

“Full taxa names are presented in Fig. 3.

Copyright © 2014 John Wiley & Sons, Ltd.
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Figure 5. Testate amoebae diagram (%) of Baie peatland (Baie-Comeau). Peat types (%): Sphagnum (diagonal lines), other bog mosses (light grey),

Cyperaceae (white), ligneous (dark grey) and brown mosses (black).

4240 cal a BP (Amphitrema wrightianum and Arcella
discoides) that persisted until 2640 cal a BP (mean WTD:
5cm; zone P4). From 2640 cal a BP a gradual water table
drawdown is documented (Assulina muscorum, Difflugia
pulex, Hyalosphenia subflava) with lowest levels around
1900 and 1700 cal a BP (~32cm). These dry conditions
persisted locally until 950 cal a BP (zone P5) followed by a
wet shift (zone P6) until a recent surface drying (zone P7).

Paleohydrological reconstruction of Morts bog
(HSP)

The testate amoeba assemblages reveal relatively wet conditions
(high levels of Archerella flavum) on the site before 2310 cal a
BP (zone MT1; Fig. 7) especially before the fen—bog transition
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Figure 6. Testate amoebae diagram (%) of Plaine peatland (Havre St-Pierre). Peat types (%):
grey), Cyperaceae (white), ligneous (dark grey) and brown mosses (black).
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dated at 2520 cal a BP. Particularly dry conditions (Difflugia
pulex and Hyalosphenia subflava) were installed between 2310
and 1470 cal a BP (mean WTD: 21 cm; zone M2) except for a
single wet shift (Arcella discoides) around 2040 cal a BP. A
significant rise in water table levels after 1470 cal a BP (zone
M3) was interrupted by a temporary dry event around 1150 cal
a BP followed by a sharp wet shift (Amphitrema wrightianum).
Drier conditions (Difflugia pulex) are recorded between 520 and
240 cal a BP (zone M4) followed by intermediate water table
levels in recent peat deposits (zone M5).

Multi-site comparison of the water table records

The testate amoeba data show similar regional patterns of
water table changes for the comparable time periods (Fig. 8).
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grey), Cyperaceae (white), ligneous (dark grey) and brown mosses (black).

In Lebel and Baie, a synchronous trend towards increased
WTD variability was recorded from ~3000 cal a BP with a
particularly dry period around 2600-2200 cal a BP and
generally wet conditions after 2000 cal a BP. In Plaine, the
dry shift from 2640 cal a BP coincides with a water table
drawdown related to the fen-bog transition in Morts and
dated at ~2500 cal a BP. Water tables were particularly low
and highly variable between 2300 and 1500 cal a BP in

GOPO 5090

4000 3000
\ \

Morts and Plaine (Fig. 8) although there are many discrep-
ancies between these two records. For example, the dry
phase in Morts between 520 and 240 cal a BP contrasts with
the near-surface water tables in Plaine. Many short-term shifts
in WTDs, such as the wet event at ~2040 cal a BP in Morts,
are most probably related to site-specific factors.

The data also show coherent periods of water table
changes between the two regions, such as the dry phase in
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Figure 8. Comparison of the four water table depth records for the last 6000 cal a BP with sample-specific error ranges. The shaded boxes show the
common late Holocene period of increased hydrological variability and drier conditions in each region. The black arrows show the fen-bog

transition in Baie and Morts.
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Lebel and Plaine between 5700 and 5400 cal a BP and the
wet conditions in Lebel, Baie and Plaine between 4200 and
3000 cal a BP and after 1000 cal a BP (Fig. 8). The dry shift
in Plaine and the fen-bog transition in Morts around 2500 cal
a BP coincide with the onset of the driest period in the two
bogs of Baie-Comeau. However, there are also regional
discrepancies, such as the dry event in Plaine between 4800
and 4240 cal a BP when wet surface conditions are recorded
in Lebel. Moreover, the late Holocene shift towards drier and
more variable hydrological conditions has started earlier in
Baie-Comeau (~3000 cal a BP) than in Havre St-Pierre
(~2500 cal a BP).

Discussion

Detecting climate forcing using peat-based
paleohydrological records

The multi-site comparison of WTD records was used to
evaluate the climatic influence on peatland paleohydrology.
The differences in timing and magnitude of past hydrological
variations between Baie-Comeau and Havre St-Pierre may
have resulted from distinct climatic conditions between the
Estuary and the Gulf of St. Lawrence. Overall, the coherent
periods of hydrological changes between the two bogs within
each region provide evidence for some common climate
forcing.

However, the inconsistencies between the paleohydrolog-
ical records, especially in Havre St-Pierre (Fig. 8), indicate
that peatland water tables have not responded consistently to
past climate changes. These results suggest that variations in
BSW were also driven by internal peatland processes (e.g.
peat accumulation). Our study supports the idea that peat-
lands are complex adaptive systems (Belyea and Baird, 2006;
Morris et al., 2012) continuously responding to a combina-
tion of internal and external factors. While some water table
shifts may be climatically driven, others may result primarily
from internal processes related with peat accumulation
(Belyea and Clymo, 2001). Moreover, due to ecohydrological
feedback mechanisms, peatland water tables may have been
partially disconnected from external influences (Swindles

40\00 3690 32‘00 28‘00 24‘00

20‘00

et al., 2012), and hence only significant climate changes may
be recorded.

Yu et al. (2003) suggested that long-term surface drying in
peatlands may result primarily from autogenic vertical devel-
opment associated with peat growth. In our study, this
potential autogenic effect was evaluated by comparing peat-
lands with different basal ages within each region and the
regional synchronicity of the late Holocene drying points to
an external climatic influence. In Morts peatland (HSP),
which developed more recently around 3240 cal a BP, the
climate-driven late Holocene drying may have been delayed
by the persistence of minerotrophic conditions and possible
influence of water runoff until around 2500 cal a BP. In the
studied bogs, the sensitivity of surface wetness to climate may
have changed over time along with the vertical development
and this autogenic influence may explain some inconsisten-
cies between sites.

Testate amoeba communities are not directly influenced by
vegetation composition (Woodland et al.,, 1998) but the
hydrological variability at the bog surface may be affected by
changes in vegetation structure and density (Sullivan and
Booth, 2011). This influence was probably limited in our
study given that the four studied peat profiles were largely
dominated by Sphagnum mosses following the transition to
ombrotrophy (Figs. 4-7).

Our data support the idea that testate amoebae are reliable
indicators of past hydrological conditions in ombrotrophic
peatlands (Mitchell et al., 2008a). The similarity of species
associations in both fossil (Fig. 3) and modern samples
(Lamarre et al., 2013) indicates that the composition of fossil
testate amoeba assemblages was not considerably affected by
decay or other taphonomic processes as suggested by previ-
ous research (Swindles and Roe, 2007; Mitchell
et al., 2008b).

Comparison of the bog paleohydrology with
documented mid-to late Holocene climate
periods in NE Canada

The main trends in bog paleohydrology over the last 4200 cal
a BP (Fig. 9) correspond to documented climate periods in
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main climatic periods documented in north-eastern Canada and discussed in the text are shown. This figure is available in colour online at
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north-eastern Canada. The stable and wet surface conditions
from 4200 to 3000 cal a BP coincide with the end of the
warm and moist Holocene Climatic Optimum documented in
northern Quebec (e.g. Filion, 1984; Filion et al., 1991; Viau
et al., 2006). The late Holocene surface drying in the bogs of
the St. Lawrence North Shore corresponds to a widespread
cooling (Neoglacial) at northern latitudes mainly forced by
decreasing insolation (Renssen et al., 2005). This cooling
trend has been recorded by many proxy climate records in
north-eastern Canada. Colder and drier climatic conditions
were documented in north-western Quebec from ~3000 cal
a BP by increased eolian activity (Filion, 1984; Filion
et al., 1991), opening of the boreal forest (Payette and
Gagnon, 1985; Gajewski et al., 1993) and increased fire
occurrence (Desponts and Payette, 1993; Carcaillet and
Richard, 2000). The most important cooling over most of the
North Atlantic regions would have occurred between 2.8 and
2.6 ka (Renssen et al.,, 2006), which corresponds to an
important period of water table drawdown in our study
(Fig. 9). In the peatlands of the James Bay region, Quebec,
very dry surface conditions were also recorded after 3000 cal
a BP (van Bellen et al., 2011). The driest surface conditions in
the bogs of the St. Lawrence North Shore between 2400 and
1800 cal a BP (Fig. 9) coincide with a period of sea-surface
cooling and increased duration of sea-ice cover recorded in
the Gulf of St. Lawrence (Dhahri, 2010).

The higher water tables after 1600 cal a BP correspond to a
period of warmer sea-surface temperature (SST) in the Gulf of
St. Lawrence (Dhahri, 2010). In north-western Quebec, a
warmer and/or moister period was also documented after
~1100 cal a BP with improved tree growth (Arseneault and
Payette, 1997) and low eolian activity (Filion, 1984; Filion
et al., 1991). In eastern Canada, the warming trend linked to
the Medieval Climate Anomaly (MCA) was interrupted by a
major climate deterioration after 600 cal a BP (LIA) notably
documented by permafrost growth in some peatlands of the
lower North Shore (Dionne and Richard, 2006) and forest
retreat in the Labrador plateau (Payette, 2007). Our WTD
records show relatively wet surface conditions after 600 cal a
BP except in Morts bog where an important drying occurred
from 470 to 240 cal a BP (Fig. 8). However, our interpreta-
tions of the recent hydrological changes are limited by the
errors inherent in '*C dating and the relatively low resolution
of the analyses in recent peat layers, especially for the last
200 years. High-resolution analyses are underway for the
upper peat layers (Sanderson et al., 2013) to evaluate the
impact of the LIA cooling and recent climate changes on the
hydrology of the studied peatlands.

Paleoclimatic interpretation of the water table
variability in the bogs of the St. Lawrence North
Shore

The main paleohydrological trends and linkages with docu-
mented mid-to-late Holocene climate changes suggest a
common response of peatland ecosystems to some climate
forcing. However, the lack of independent proxy climate
records from the studied regions prevents the evaluation of the
key climate variables driving the reconstructed water table
changes. The Holocene climatic conditions may have differed
slightly between the St. Lawrence North Shore and northern
Quebec where most proxy climate data are available. There-
fore, further proxy climate data will be required to evaluate
more accurately the relationship between Holocene climate
variability and BSW in the maritime regions of eastern Canada.

Shifts in BSW have commonly been interpreted as changes
from cool and/or wet to warm and/or dry climate in mid-

Copyright © 2014 John Wiley & Sons, Ltd.

latitude Europe (Charman and Hendon, 2000; Barber
et al., 2003; Barber and Langdon, 2007; Charman, 2010).
Previous studies suggested that water table records in peat
bogs primarily reflect changes in summer water deficit and
that moisture deficit in oceanic peatlands is mainly related to
precipitation (Charman et al., 2004; Charman, 2007). In
oceanic regions of mid-latitude Europe, it was usually
assumed that winter conditions have few impacts on BSW
(Charman et al., 2009).

In the studied peatlands, the wettest and more stable
hydrological conditions between 4200 and 3000 cal a BP
coincide with a period of warmer climatic conditions,
whereas the driest surface conditions were linked with the
late Holocene cooling. The increased surface wetness vari-
ability and drier conditions in the bogs of the St. Lawrence
North Shore during the late Holocene cannot be simply
interpreted in terms of lower summer precipitation. In these
coastal bogs, surface drying may have resulted from other
environmental factors, such as the duration of seasonal
freezing. The formation of ice lenses during winter and
persistence of frozen peat over the growing season corre-
spond with important moisture deficit in boreal and subarctic
peatlands. Snow cover also influences BSW by controlling
frost penetration through the peat layers and constitutes an
important water supply at the start of the growing season. The
influence of these winter processes on testate amoeba
communities is poorly documented despite their important
implications for the interpretation of paleohydrological re-
cords in northern peatlands.

The particularly dry surface conditions in the bogs of Havre
St-Pierre between 2400 and 1500 cal a BP suggest major
water deficits, which may have been amplified by the multi-
annual persistence of frozen peat during the Neoglacial
cooling as suggested by van Bellen et al. (2011). The change
in testate amoeba communities after 3000 cal a BP points to
major hydrological changes in the studied peatlands (Figs. 4—
7). In Baie and Lebel (BC), the co-dominance of Arcella
discoides (wet optima) and Hyalosphenia subflava (dry
optima) between 3000 and 2000 cal a BP probably reveals
high seasonal-to-interannual hydrological variability (Barber
and Langdon, 2007; Sullivan and Booth, 2011; van Bellen
et al., 2011). In Morts and Plaine (HSP), the dry phase from
2600 cal a BP is mainly related to a high abundance of
Difflugia pulex. This species remains problematic in peatland
paleohydrological studies due to poor modern analogues
(Amesbury et al., 2013; Lamarre et al., 2013). Sullivan and
Booth (2011) showed that it is characteristic of highly variable
environmental conditions. Lamarre et al. (2012) have associ-
ated permafrost growth in a subarctic peatland with high
abundance of Difflugia pulex, an indication of its prevalence
under drier and highly variable hydrological conditions.
Clearly, further studies are needed to improve knowledge on
Difflugia pulex and other species, such as Hyalosphenia
subflava, which are often abundant in fossil samples but
poorly represented in modern samples.

The regional differences in the amplitude of the water table
fluctuations and in the timing of the late Holocene drying
(Fig. 8) seem to reflect distinctive climatic conditions between
Baie-Comeau and Havre St-Pierre. Along the Gulf of St.
Lawrence North Shore, the climate is strongly influenced by
the cold waters from the Labrador Current. In this region, sea-
ice cover plays an important role in the regional climate by
modifying wind strength, air temperature and cloud cover
(Faucher et al., 2004). It is possible that the expansion of sea-
ice cover and decreased SST in the Gulf of St. Lawrence
during the Neoglacial cooling have amplified the atmospheric
thermal response causing greater cooling in the Havre
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St-Pierre area. In the North Atlantic, the advection of cold
ice-bearing waters may also have been an important driver of
BSW variability over the Holocene (Hughes et al., 2006).
Given the role of sea-ice conditions along the St. Lawrence
North Shore, it would be useful to compare the bog
paleohydrology with further quantitative reconstructions of
Holocene sea-surface conditions in the Estuary and Gulf of
St. Lawrence.

Conclusions

This study provides detailed reconstruction of past hydrologi-
cal variability in the peatlands of the north shore of the
Estuary and Gulf of St. Lawrence. The comparison of four
peat-based paleohydrogical records was used to detect long-
term trends in regional climatic variations. The influence of
climate forcing on bog paleohydrology is suggested by some
coherent periods of water table changes between sites over
the last 4200 cal a BP and links with documented climate
changes in north-eastern Canada. However, further indepen-
dent proxy climate data will be needed from terrestrial and
oceanic sites to strengthen the interpretation of the climatic
influence on BSW variability in eastern Canada. Also, more
research is needed to evaluate the role of winter processes on
the surface hydrology of boreal and subarctic ombrotrophic
peatlands, especially on the influence of seasonal freezing on
testate amoeba communities.

The peatlands of Havre St-Pierre have experienced much
drier surface conditions than the bogs of Baie-Comeau over
the late Holocene, suggesting a contrasted hydrological
response to the Neoglacial cooling. This may reflect distinct
peatland sensitivities between the two regions possibly relat-
ed to the increased subarctic influence in the Gulf of St.
Lawrence. The greater sensitivity of the plateau bogs of Havre
St-Pierre to past climate deteriorations may be due to their
ecotonal position at the wet and cold limit of northern
peatland distribution (sensu Yu et al., 2009).
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