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CENTURY-SCALE DEVELOPMENT OF POLY GON-PATTERNED TUNDRA

WETLAND, BYLOT ISLAND (73° N, 80° W)

CHRISTOPHER JAMES ELLIS' AND LINE ROCHEFORT

Département de phytologie and Centre d’ études nordiques, Pavillon Paul-Comtois, Université Laval,
Québec, Québec, Canada G1K 7P4

Abstract. Previous studies in tundra ecology provide evidence for sensitivity of the
vegetation—soil complex to climate. Short-term experiments (=10 yr) suggest that climate
change may have a decade-scale effect on soil moisture, decomposition and nutrient avail-
ability, plant phenology, and plant growth. In contrast, there exists little evidence to confirm
or refute the role of climate in structuring tundra vegetation over longer time scales (10 to
1000 yr). This study accordingly examines ~1500 yr in the stratigraphy of two permafrost
sediment cores from a High Arctic, polygon-patterned, graminoid—moss tundra. Present-
day bryophyte—environment relationships are quantified, and the radiocarbon-dated mac-
rofossil record of bryophytes is used to reconstruct past changes in soil moisture. The
paleoecological record is characterized by pronounced variability during polygon devel-
opment. As the hydrology of tundra polygons is controlled by known climatic and geo-
morphol ogic mechanisms, the recurrent development of polygon vegetation (cf. hydrologic
change) is compared to an independent paleoclimatic proxy for net radiation (R,). Based
on this comparison, the vegetation provides support for a pronounced shift to colder and
wetter conditions during the Little Ice Age (~300-465 yr BP), though the long-term re-
sponse to past climate change is otherwise equivocal. We suggest accordingly that autogenic
geomorphol ogic-vegetation processes may have been generally more important than climate
in the long-term development of the polygon-patterned wetland examined. A framework
for such processes is presented. We caution that previous research to simulate and describe
the effects of climate warming might not have properly accounted for the dynamic role of

geomorphology in regulating tundra microclimate.
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INTRODUCTION

Recent research in tundra ecology has focused on
the spatial structure and function of tundra vegetation
(Shaver and Chapin 1991) and soils (Giblin et al. 1991,
Nadelhoffer et al. 1991), and the effects on the vege-
tation—soil complex of simulated environmental change
(Chapin et al. 1995, Robinson et al. 1995, 1998, Chapin
and Shaver 1996). These short-term studies provide
evidence for a pronounced sensitivity of the tundra to
climate. Indirect and direct climatic effects may in-
clude, for example, an effect on soil moisture, decom-
position and nutrient availability (Chapin et al. 1995,
Jonasson et al. 1999, Johnson et al. 2000) and a species-
specific temperature response in phenology and growth
(Wookey et al. 1993, Molau 1997). However, the effect
of climate on tundra ecology should also be examined
by describing the sensitivity of tundra ecosystems to
past climatic variability, using the paleoecological re-
cord.
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Recent paleoenvironmental research points to an in-
solation- and volcanically forced decade- to century-
scale variability in the Arctic climate (Overpeck et al.
1997, Mann et al. 1998). The sensitivity of High Arctic
tundra vegetation in response to this intrinsic pattern
of environmental change remains unknown. There is
limited evidence from Holocene pollen recordsto dem-
onstrate a millennium-scale response in Arctic vege-
tation to a Holocene thermal maximum that occurred
in the Eastern Arctic Archipelago between ~7000 and
5000 yr BP (Mode 1996), though the response is weak
in pollen records from High Arctic sites (Hyvérinen
1985, Bourgeois 1986). Studies that have examined
decade- to century-scal e processes in tundra vegetation
are inconclusive (Ovenden 1982) or contradictory,
some invoking local geomorphology and not climate
(LaFarge-England et al. 1991) while others support cli-
mate (Garneau 1992, Vardy et al. 1997) asacontrolling
factor in vegetation—soil development. Thus, it remains
impossible to determine the extent to which the climatic
sensitivity of tundravegetation described by short-term
studies might contribute also to inherent, long-term,
vegetation change. Understanding such long-term
change is likely to be critical in confirming or refuting
the ““scaling-up’’ of previous small-scale experiments.
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Map showing (&) the location of Bylot Island and the Agassiz-84 ice core (Ellesmere Island) in the Canadian

Arctic Archipelago, and (b) the approximate position in the Qunguligtut Valley of sediment cores BY-a and BY-b.

This paper examines evidence for and against past
century-scale change in the vegetation structure and
function of a High Arctic tundra. It is significant in
describing one of very few studies as yet undertaken
to describe in detail the long-term development of a
High Arctic terrestrial ecosystem. Modern bryophyte—
environment relationships are quantified and combined
with the radiocarbon-dated macrofossil record to de-
scribe ~1500 yr in the vegetation development and
paleohydrology of a polygon-patterned tundra wetland
on Bylot Island, in the Canadian Arctic Archipelago.

Stuby SITE

The study site is a wetland area of graminoid—moss
tundra (sensu Bliss 1997) occurring on eolian terraces
to the south of the Qunguligtut Valley in western Bylot
Island (73°08’ N, 80°00" W, Fig. 1). Bylot Island forms
part of the Canadian Arctic Archipelago between lat-
itudes 72° and 74° N and longitudes 75° and 82° W.
For the period 1951—1980, mean total annual precip-
itation at Pond Inlet (adjacent to Baffin Island) was 159
mm, while the warmest month (July) had a mean air
temperature of 7.9°C (Zoltai et al. 1983).
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Qunguligtut Valley comprises a braided river which
drains glaciers from the Island’s central ice cap and
enters Navy Board Inlet as awide delta. It is bound to
the north and the south by hills composed of Cretaceous
and Tertiary age sedimentary rock. An aggradation of
aluvial fan sediments on the plain to the north of the
river is causing the fluvial erosion of low-lying terraces
to the south (Allard 1996). The southern terraces have
developed as the accretion of eolian sands and silts and
the concurrent deposition of peat. Their formation is
thought to have been initiated sometime after a marine
transgression that followed glacial retreat, dated from
shell fragments to ~6000 yr BP, but before active peat
deposition, which commenced at or before ~2900 yr
BP (Allard 1996). A network of ice wedges has de-
veloped concomitant with the aggradation of the ter-
races (for process descriptions, see French 1996). The
syngenetic growth of ice wedges has resulted in the
extensive development of polygon-patterned ground,
and the southern bank of the river today includes a
range of polygon-types and associated |and forms: low-
center and high-center polygons, polygon ponds, and
thaw lakes (cf. Billings and Peterson 1980). The poly-
gon complex is fed by melt water from the hills to the
south, and the vegetation is typically dominated by
sedges (e.g., Carex aquatilis var. stans, Eriophorum
scheuchzeri), grasses (e.g., Arctagrostislatifolium, Du-
pontia fischeri, Pleuropogon sabinei) and fen mosses
(e.g., Drepanocladus spp., Aulocomnium spp.).

METHODS
Field methods

Two sediment cores were collected in June 1999,
from the center of adjacent high-center polygons sep-
arated by a secondary ice wedge (BY-a and BY-b, 210
cm and 204 cm deep, respectively, and ~15 m apart).
Sediments from the active layer (to ~30 cm depth)
were sampled as 2-cm slices cut with a knife from an
unfrozen peat monolith (~10 cm?). Permafrost sedi-
ment cores were collected as contiguous 5 cm diameter,
50-cm segments, using a machine-driven corer (built
by M. Allard, Université Laval). The low torque at the
chamber, when coring below a depth of ~2 m, made
it impossible to sample the entire sediment column,
and neither of the cores encompass the total sediment
depth. The cored sections were examined in the field
to ensure that sediments were horizontally bedded. The
frozen 50-cm segments were cut into 2-cm slices which
were then sealed in labeled polythene bags. Samples
were stored in a dark cool box packed with ice for the
remainder of the field season (eight weeks) and there-
after in the dark at 4°C.

Vegetation description to quantify bryophyte—envi-
ronment relationships was carried out in late July and
early August 2000. Bryophyte distribution in the poly-
gon wetland was compared to four generic environ-
mental variables: (1) soil moisture (hydrological), (2)
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pH, (3) corrected conductivity of a bulk soil-water
sample (both chemical), and (4) soil organic/mineral
matter aslossonignition (LOI) (physical). Present-day
bryophyte assemblages were quantified as presence—
absence data in each of 25, 5 X 5 cm subunits com-
prising a single 25-cm quadrat, totaling an unsubdi-
vided area of 625 cm? Percentage frequency of oc-
currence was thus estimated on a 25-point scale be-
tween 0 and 1. Species identification and nomenclature
follows Nyholm (1954-1964). A total of 99 quadrats
were systematically chosen and examined to include rep-
resentative samples from recognized habitats: low-cen-
ter polygon ridges, flanks and centers, high-center poly-
gon centers and eroding flanks, polygon-pond flanks and
standing water, water courses, and areas of active eolian
deposition.

Sampling for the analysis of soil properties was dur-
ing asinglerain-free period in early August, the warm-
est and wettest period of the year (Zoltai et al. 1983).
A turf (5 cm? X 5 cm deep) was cut from the center
of each quadrat and divided into two equal halves,
which were sealed in separate polythene bags. One turf
from each quadrat was preserved for laboratory anal-
ysis. It was sealed in a second outer bag and stored for
between two and three weeks in adark cool box packed
with ice. The green “living”” moss layer (~1 cm in
thickness) was removed from the second turf. The re-
maining peat—sediment sample was weighed wet then
dried for 24 h at ~60°C in a wooden drying box sus-
pended above a diesel room heater. The dry mass was
measured and samples were resealed.

Laboratory analyses

Macrofossils and LOI.—Plant macrofossil analysis
was used to describe the vegetation history of the poly-
gons. A 1-cm® sediment sample was extracted from
each of the contiguous 2-cm slices. Samples were gent-
ly macerated in ~20 mL of 7% potassium hydroxide
(KOH) and simmered at 90°C for 45 min. The sedi-
ment—K OH mixture wasfiltered through a0.3-mm wire
sieve and the residue washed into a clear Petri dish.
Macrofossils were scored as presence/absence in 50,
equidistant, 2-mm? quadrats, placed within the confines
of the Petri dish (Tallis 1985). Taxa were quantified as
the percentage frequency of occurrence for each strati-
graphic level. Macrofossil specimens (typically bryo-
phyte stems and leaves) were identified at 640X,
200X, and 400X magnification, according to a modern
reference collection. ldentification and nomenclature
follows Nyholm (1954—-1969). Specimens of macro-
fossil and present-day bryophyte taxa were collected,
preserved, and placed in the Herbier Louis-Marie
(QFA) at Université Laval, Quebec, Canada.

A second sample from each horizon was oven dried
at 105°C for 18 h, weighed, and the percentage con-
tribution of mineral material quantified as ash weight
after incineration (LOI) at 550°C for 5 h. Stratigraphic
values are expressed as the seven-point weighted av-
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TaBLE 1. Radiocarbon dates from Bylot Island (BY-a and BY-b); with calibrated ages calculated using INTCAL 98 (Stuiver
et al. 1998).
Conventional  Calibrated radiocarbon Stratigraphic setting
radiocarbon age age (calibrated yr BP (i.e., macrofossil shift upward
Core Depth (cm) Labcode (yrBP += 1sg) and 1 sigmarange) across the horizon)
BY-la 2-6 Beta 143338 120 * 40 140 (271-0) Surface peat
208-210 Beta 143339 1660 = 40 1545 (1600-1520) Base of core
BY-la 18 Beta 152427 270 = 40 300 (420-290) Shift from wet to dry assemblage
40 Beta 152428 390 = 40 480 (500-330) Shift from dry to wet assemblage
52-54  Beta 152429 520 * 40 530 (540-520) Shift from wet to dry assemblage
62 Beta 152430 710 = 40 660 (680—650) Shift from dry to wet assemblage
74 Beta 152431 620 + 40 590 (650-550) Shift from wet to dry assemblage
114 Beta 152432 1040 = 40 950 (970-930) Shift from dry to wet assemblage
140-142 Beta 152433 1590 + 40 1510 (1530-1420) Shift from wet to dry assemblage
162 Beta 152434 1520 = 40 1400 (1420-1350) Shift from dry to wet assemblage
By-1b 10 Beta 152435 210 = 40 165 (298-4) Shift from wet to dry assemblage
170 Beta 152436 1370 = 40 1290 (1300-1270) Shift from wet to dry assemblage
182 Beta 152437 1470 = 40 1340 (1390-1310) Shift from dry to wet assemblage

erage, calculated to emphasize low-frequency cycles
and minimize noise (Green 1995).

Radiocarbon dating.—Samples were pretreated be-
fore being submitted for radiocarbon analysis, to mit-
igate against contamination by carbon-rich Tertiary de-
posits (Gajewski et al. 1995), which occur on Bylot
Island adjacent to and within the catchment area of the
study site (Klassen 1993). A sediment sample of ~2
cm?® was washed in distilled water and sieved through
a0.3-mm sieve. In the absence of woody remains, bryo-
phyte stems and |eaves were collected from the residue
and rinsed in distilled water. They were dried at 60°C
and samples of =0.1 g were submitted for radiocarbon
analysis by accelerator mass spectrometry (AMS).

Bryophyte remains from the surface and basal sed-
iments of BY-a were radiocarbon dated at Beta Ana-
lytic, (Miami, Florida, USA). A further 11 samples
weredated (eight from BY-aand threefrom BY-b) from
horizons delimiting stratigraphically important levels
in the macrofossil record: i.e., they were positioned at
horizons that maximized variance in the macrofossil
record intercal ated between dated levels. Results of the
radiocarbon-analysis are presented in Table 1. Con-
ventional radiocarbon ages (years BP) were calibrated
using INTCAL 98 (Stuiver et al. 1998) and are pre-
sented in the text as calibrated years before present
(calibrated yr BP).

Soil physical and chemical properties.—The turfs
collected from each of the quadrats were reweighed
and oven dried at 105°C for 18 h. The laboratory dry
mass was used to estimate a soil moisture value for
each quadrat, as percentage dry mass per unit volume.
The content of organic matter and mineral material was
estimated as LOI for the same samples, after inciner-
ation at 550°C for 5 h. Within 5 d of their arrival at
Université Laval, the turfs that had been previously
stored as fresh material were analyzed for pH, using a
Fisher Scientific Accumet model 10 pH meter (Fisher
Scientific, Hampton, New Hampshire, USA), and for
conductivity (nS/cm), using an Orion model 122 con-

ductivity meter (Orion, Milan, Spain). Conductivity
was corrected for temperature and pH according to
Sjors (1950).

Satistical analyses

Quadrat data.—An ordination of the quadrat data
was performed using a canonical correspondence anal-
ysis (with rare species downweighted) and computed
using the program MVSP 3.1 (Kovach 1986-1999).
Derivation of each component was constrained using
the four environmental variables. Additionally, we es-
timated for 16 of the most common bryophyte taxa (1)
the weighted average optima and (2) the tolerance
range (Birks 1995) for soil moisture and pH. Theresults
provide an approximation of parameters otherwise de-
rived from unimodal Gaussian response curves (Ter
Braak and Prentice 1988), examples of which have
been described for bryophytes by Birks et al. (1997).
The results are tested and consequently applied to the
macrofossil record, providing an analogue for the re-
construction of soil moisture during the development
of BY-a and BY-b.

Stratigraphic record.—Polygon hydrology is con-
trolled by known climatic and geomorphologic mech-
anisms. Assuming each polygon acts as a watershed
and basin (i.e., ridges and polygon centers), the water
balance (AS) of a plot within a given polygon can be
approximated as

AS=P+ Q,+ Q — ET (1)

where P is precipitation, Q, is groundwater flow
through the active layer soil, Q, is surface inflow or
outflow, and ET is evapotranspiration (Rovansek et al.
1996). To estimate therole of climate during vegetation
development, the paleohydrologic record of soil mois-
ture is compared to an independent proxy-climatic re-
cord for the Eastern Arctic Archipelago: five-year av-
erage values of percentage melt, measured in the stra-
tigraphy of the Agassiz-84 ice-core, Ellesmere Island
(Koerner and Fisher 1990). Linear regression was used
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Fic. 2. Species ordination based on the canonical correspondence analysis to describe the present-day distribution of

bryophytes. Bryophyte taxa, in alphabetical order: Amblystegi
Brachythecium turgidum, Bryum cryophilum, Bryum pseudotri

um riparium, Aulacomnium palustre, Aulacomnium turgidens,
quetrum, Calliergon giganteum and sarmentosum, Calliergon

straminuem, Campylium arcticum and stellatum, Cinclidium arcticum and latifolium, Cyrtomnium hymenophylloides, Dicra-
nella crispa, Dicranum cf. elongatum, Distichium capillaceum, Drepanocladus spp. excl. uncinatus, Drepanocladus uncinatus,

Hylocomnium splendens, Hypnum spp., Isopterygium pulchell
Oncophorus wahlenbergii, Orthothecium chryseum, Philonotis
chum al pinum, Polytrichum piliferum, Psilobium spp., Racomitri

um, Meesia triquetra, Myurella julacea, Oncophorus virens,
tormentella, Pohlia spp., Polytrichastrum juniperum, Polytri-
um canescens, Sphagnum section Acutifolia, Sphagnumsection

Cuspidata, Sphagnum section Squarrosa, Sphagnum section Subsecunda, Thuidium abietunum, and Tomenthypnum nitens.

to compare the stratigraphic records for those periods
intercalated between radiocarbon dates, by matching
horizons of corresponding age. Reconstructed soil
moisture based on macrofossil analysis (see Statistical
analysis: Quadrat data) was regressed against the Ag-
assiz-84 paleoclimatic record. Variance in the macro-
fossil record attributable to paleoclimatic change was
therefore estimated as values of R2. In addition, to ac-
count for a possible lag in the vegetation response, the
reconstructed record of soil moisture (macrofossils)
was compared to preceding paleoclimatic horizons
(Agassiz-84), for contiguousintervals of between 5 and
40 yr, up to a maximum lag period of 130 yr. The
resolution of the comparison and attendant lag period
were therefore determined by the rate of sedimentation.

ResuLTs
Bryophyte—environment relationships

In describing the relationship between bryophytes
and environmental variables, the first axis of the ca-
nonical correspondence analysis explains 21.8% of var-
iation in the data set, the second axis only 4.5% (26.3%
cumulative). Accordingly, an ordination of species
scores and environmental covariates is plotted for the

first two axes only (Fig. 2). Soil moisture and pH cor-
relate with the first axis and are apparently important
factors explaining the distribution of the bryophyte
taxa. Conductivity and loss on ignition are less signif-
icant. The occurrence of mesic species toward the left
of the diagram (e.g., Dicranum cf. elongatum, Dre-
panocladus uncinatus, Hylocomnium splendens, Po-
Iytrichum piliferum) and hydric speciestoward theright
(e.g., Calliergon giganteum/sarmentosum, Drepano-
cladus spp., Meesia triquetra) is consistent with co-
varying environmental gradients in soil moisture and
pH. These patterns are manifest in the present-day
polygon complex as a predictable change in the bryo-
phyte community along a topographic gradient from
well-drained polygon ridges (mesic) to the wet centers
of low-center polygons (hydric).

The estimated optima and tolerance range of the six-
teen most common taxa are plotted for soil moisture
and pH as a bivariate environmental ordination (Fig.
3). There are three species clusters, two of which are
contrasting: (1) a group whose estimated optima are
located in aregion of relatively dry soil moisturevalues
and lower pH (mesic group, Fig. 3, lower left); (2) a
cluster whose estimated optima occupy a range of rel-
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Fic. 3. Bivariate ordination for the 16 most common bryophyte taxa, calculated as the estimated optima (points) and

range (bars) of values for soil moisture and pH. Distinct ecological groups are delimited asfollows: 1, Hylocomniumsplendens;
2, Pohlia spp.; 3, Dicranum cf. elongatum; 4, Aulocomnium turgidum; 5, Polytrichum spp.; 6, Aulocomnium palustre; 7,
Tomentypnum nitens; 8, Philonotis tormentella; 9, Brachythecium turgidum; 10, Cinclidium arcticunvlatifolium; 11, Sphagnum
spp.; 12, Campylium stellatunvarcticum; 13, Drepanocladus spp.; 14, Bryum pseudotriquetum; 15, Meesia triquetra; 16,

Calliergon giganteurn/sar mentosum.

atively wet soil moisture values and higher pH (hydric
group, Fig. 3, upper right); and (3) a third cluster (in-
termediate group), which is transitional between the
mesic and hydric groups, and comprises species whose
estimated optima occur within a region of low to me-
dium soil-moisture values and relatively high pH.
The estimated optima are significantly different for
two of the species groups, mesic and hydric. This was
tested using amodified t test for small populationswith

unequal variances (Parker 1979); for soil moisture, t
= 12.74 and P < 0.001; for pH, t = 12.13 and P <
0.001, both with df = 11.

Radiocarbon timescale

Linear interpolation between radiocarbon dates is
used to estimate a continuous time scale, though two
of the radiocarbon dates in BY-a are inverted (Fig. 4).
There are therefore two regions in the stratigraphy of
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Fic. 4. Sediment age—depth profile, based on calibrated radiocarbon dates and one-sigma errors for BY-a (filled squares)
and BY-b (empty circles). The interpolation between radiocarbon dates is shown for BY-a.
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BY-a where the dating scheme bifurcates (incorporat-
ing sections IV and V and VI and VII). The limited
number of radiocarbon dates in BY-b provides a dis-
crete timescale only (Fig. 4).

The dating scheme for BY-a and BY-b demonstrates
the accretion of permafrost sediments since at least
~1500 calibrated yr BP (Table 1). Recent dates for the
near surface sedimentsin BY-a(~140 calibrated yr BPR,
2—6 cm depth) and BY-b (~165 calibrated yr BF, 10
cm depth) identify the age at which the active accu-
mulation of sediment ceased, presumably evidencing
the degradation of the former low-center polygon com-
plex and the initiation of the current high-center poly-
gons.

Macrofossil record

The macrofossil records for BY-aand BY-b (Figs. 5
and 6, respectively) demonstrate significant vegetation
change during the development of the polygons ex-
amined, while the correspondence between soil mois-
ture and the occurrence of bryophyte taxa (Figs. 2 and
3) provides a clear analogue for the interpretation of
the paleoecological record. The macrofossil records
suggest that while BY-a has fluctuated between distinct
periods of drier and wetter conditions (characterized in
Fig. 5 by alternate peaks in the remains of Drepano-
cladus spp. and Aulacomnium palustre), BY-b has, over
the developmental period examined, been consistently
wetter. Above a layer of Aulacomnium palustre at the
base of BY-b in Fig. 6, and except for several smaller
layers characterized by Aulacomnium spp. at ~170—
160 cm, 110 cm, and 10-0 cm depth, the stratigraphy
is dominated by known hydric elements, especially
Drepanocladus spp. with Cinclidium spp., Bryum cf.
pseudotriquetrum, Meesia triquetra, and Calliergon gi-
ganteum and sarmentosum. In contrast to BY-a, the
development of BY-b appears to have been buffered
against climatic and geomorphologic effects on soil
moisture (cf. Eq. 1), explaining the different macro-
fossil records in closely adjacent cores. However,
where there is evidence for paleoecological changein
either BY-a or BY-b, the moisture preferences of the
macrofossil taxa suggest that the effect on soil moisture
is likely to have been significant (cf. Fig. 3 with Figs.
5 and 6).

The environmental gradients estimated in Fig. 3 are
too short (<2 sb in Fig. 2) to permit the application
of Gaussian-type models to the macrofossil record
(Birks 1995). However, the contribution of hydric and
mesic macrofossil elements can be used to approximate
relative values of soil moisture during polygon devel-
opment. Changes in the contribution of macrofossils
classified as mesic and hydric taxa in Fig. 3 are there-
fore plotted for BY-a and BY-b in Fig. 7, along with
the percentage of mineral material. The input of min-
eral material in BY-a is apparently closely associated
with the paleohydrologic record, increasing and de-
creasing during wetter and drier periods, respectively.
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Core BY-b, which has awetter, less variable hydrologic
record, also has a sediment lithology with higher
though less variable values of mineral material; the
variance in the percentage of mineral material is sig-
nificantly greater in the stratigraphy of BY-a (s> = 99)
than BY-b (8? = 49), Fiy; 100 = 2.02, and P < 0.05.

Invoking an assumption that (i) the proxy data and
(ii) the dating framework for the sediment stratigraphy
of BY-a (Table 1, Fig. 4) and the Agassiz-84 ice-core
(Fujii 1995) are accurate, mesic-hydric elementsin the
macrofossil record are tentatively compared to values
of percentage melt for periods intercal ated between ra-
diocarbon dates (Fig. 8). Maximum values of R? there-
fore vary from 0.72 with atime lag of 15 yr during the
period ~300—-465 calibrated yr BP (section Il) to 0.08
with atime lag of 5 yr during the period ~1400-1540
calibrated yr BP (section Vlla), though they are gen-
erally less than 0.5 and occur mostly between ~0.15
and 0.4 (Fig. 8).

Discussion

The permafrost cores BY-a and BY-b demonstrate
striking temporal and spatial variation in the vegetation
development of a High Arctic tundra wetland during
the past ~1500 yr. This variability contrasts impor-
tantly with the linear succession toward terrestriali-
zation described for polygon-patterned, peat-forming
wetlandsin the western Canadian Arctic and sub-Arctic
(Zoltai and Tarnocai 1975). Three pointsin the follow-
ing discussion are critical to the explanation of this
variation. First, temporal shifts in mesic and hydric
bryophyte groups are consistent with the sensitivity of
Arctic vegetation to local variation in soil moisture
(Drury 1962, Peterson and Billings 1980, Sheard and
Geale 1983, Miller and Alpert 1984). Second, the veg-
etation of the polygons was apparently affected by wet-
ter and cooler climatic conditions during the Little Ice
Age of ~300-465 calibrated yr BP. However, third,
climate change has not predominantly controlled long-
term fluctuationsin vegetation composition (Fig. 8) and
recurrent shifts in mesic and hydric elements are at-
tributable instead to autogenic polygon development.
The palaeoecology of cores BY-a and BY-b thus in-
dicates that very local geomorphologic processes may
play a significant role in determining moisture regime
and microhabitat for particular vegetation types.

The paleoenvironmental record

The ordination of bryophyte species along amoisture
gradient agrees with previous observations by Steere
(1976, 1978), Vitt and Pakarinen (1977) and LaFarge-
England (1989), who found that water availability was
the single most important factor controlling the distri-
bution of Arctic bryophytes. However, the correspond-
ing influence of pH on bryophyte distribution, as well
as moisture, accords well with studiesin the plant ecol-
ogy of north temperate and boreal fens. Such studies
have described a nonrandom series of bryophytesalong
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Fic. 5. Summary stratigraphic record: macrofossil bryophyte taxa in core BY-a. Dominant macrofossil bryophytes are
arranged as a hydrological series, with mesic and hydric elements delimited (cf. Figs. 2 and 3).

environmental gradients controlled principally by mi-
crotopography, namely, from higher (hummocks) to
lower (pools) and, accordingly, dry to wet (Vitt et al.
1975, Slack et al. 1980) and low to high pH (Chee and
Vitt 1989, Vitt and Chee 1990). The specific pattern of
bryophyte species may vary across climatic boundaries
(Gignac et al. 1991) and an analogous ecological gra-
dient is evidenced by the ordination of Arctic species
(Fig. 2). Themacrofossil record of bryophytes provides
therefore a credible proxy for the reconstruction of past
relative wetness or dryness (Fig. 7).

Climate change and polygon devel opment

Evidence for the effect of regional climate on the
development of ice-wedges is provided by their dis-
tribution (Péwé 1966), though the study site lies well
within the climatic threshold for ice-wedge activity
(Zoltai et al. 1983) and is likely to have been suffi-
ciently cold for persistent ice-wedge growth during at
least the past 3000 yr (Bradley 1990). To test for the
role of climate in the development of the polygon com-
plex, the paleohydrologic record of BY-a (the corewith
the most variable stratigraphy) was compared to 5-yr
average values of percentage melt in the stratigraphy
of the Agassiz-84 ice core, Ellesmere Island (Koerner
and Fisher 1990). Measured as the changing concen-

tration with depth of textural melt layers, percentage
melt isaproxy for past summer temperature during the
period of snow deposition (Koerner 1977, Koerner and
Fisher 1990). Therecord of percentage meltin Agassiz-
84 is a significant paleoclimatic indicator for the East-
ern Arctic Archipelago (Bradley 1990). It reflectslong-
term variations in net radiation (R,), which controls
spring snowmelt (Young and Lewkowicz 1990, Young
et al. 1997) and evapotranspiration (ET) (Vourtilis and
Oechel 1997). The additional climatic effect of precip-
itation (P) will be strongly modified by the local to-
pography (Rovansek et al. 1996, Young et al. 1997).
Compared as a linear regression, values of R? are
highest (>0.72) for the period comprising section 11,
~300-465 calibrated yr BP (Fig. 8). This period is
coeval with the Little Ice Age (Lamb 1977), the effects
of which are evident in the geomorphology of Qun-
guligtut Valley as the advance and subsequent retreat
of alocal glacier, C-79 (Klassen 1993, Allard 1996).
The percentage contribution of hydric elementsin BY-
a increases (as increasing soil moisture) as the paleo-
climatic record indicates cooling (as decreasing val ues
of percentage melt). The direction of vegetation change
thusis consistent with recent evidence to suggest colder
though wetter climatic conditionsin the Canadian Arc-
tic Archipelago during this period (Lamoureux 2000,
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Lamoureux et al. 2001). The data also agrees with ev-
idence from central-west Greenland, documenting a
shift in peat-forming vegetation toward wetter condi-
tions between AD 950 and 1760 (Bennike 1992).
Establishing unequivocally the presence or absence
of aclimate signal during polygon development is ne-
gated by the lack of replication and consequent re-
stricted geographic scope of this study. The composi-
tion of the sediments analyzed here, predominantly
moss remains, and their rate of accumulation, also
weaken a direct comparison between our results and
those of previous studies, which have sought mostly
to demonstrate a rapid, subdecade-scale effect of sim-
ulated climate change on vascular plants only. Confir-
mation or refutation of the climate signal observed dur-
ing the period of the Little Ice Age would benefit from
wider paleoecological analyses in the High Arctic, at
higher resolution if possible, while its relevance to a
fuller range of vegetation might be examined by in-
cluding different taxonomic groups, such as diatoms
and vascular plant remains. However, a circumspect
comparison of the paleoecological and paleoclimatic
records for periods preceding or succeeding the Little
Ice Age (section |1, ~300-465 calibrated yr BP) sug-
gests only a modest link between climate and hydro-
logically controlled vegetation change (Fig. 8). Except

for the Little Ice Age, there is only equivocal evidence
for the effect of past climate change on the long-term
development of the examined polygons.

Geomorphology and hydrologic-vegetation change

In the absence of evidence for a strong climatic ef-
fect, geomorphology, expressed as the effect of poly-
gon topography on Qs and Q, (Eg. 1) isinvoked as the
principal environmental factor controlling hydrology
and vegetation change during polygon development.
Differences in the paleoecological records of BY-aand
BY-b are more likely attributable to the influence on
hydrology of local topographic variation (Rovansek et
al. 1996, Young et al. 1997). Polygon ridges will ac-
cumulate less snow and, consequently, receive less wa-
ter from snowmelt than sheltered concavities (Young
et al. 1997). By contrast, runoff is rapidly transported
along hydraulic gradients (Q, and Qg), collecting in
low-lying polygon centers (Rovansek et al. 1996,
Young et al. 1997). Hydrologic change during polygon
development will be affected by the position in a poly-
gon center relative to the surrounding ridge, the slope
of its flanks and the height and width of the polygon
ridge. Local topographic variation can thus explain the
contrasting development of closely adjacent cores,
whereas regional climate change cannot.
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Fic. 6. Summary stratigraphic record: macrofossil bryophyte taxa in core BY-b. Dominant macrofossil bryophytes are
arranged as a hydrological series, with mesic, intermediate, and hydric elements delimited (cf. Figs. 2 and 3).

Autogenic vegetation-geomorphologic change

Developmental patterns common to BY-a and BY-b
suggest a functional inter-relationship between vege-
tation processes (i.e., production—decomposition) and
geomorphology during polygon development.

Accumulation of organic matter.—Soil moisture
may be functionally related to the accumulation of or-
ganic matter, through an effect on net primary produc-
tion and rates of decomposition. The productivity of
bryophyte species decreases along a wet to dry habitat
gradient, though their total nitrogen and phosphorus
content increases (Vitt and Pakarinen 1977). The nu-
trient content of bryophytes may be important in con-
trolling species-specific decomposition rates (Clymo
and Hayward 1982, Aerts et al. 1999). In addition, the
depth to the permafrost table, which isinversely related
to soil moisture (Woo and Xia 1996), might control the
amount of time during which plant necromass decays
in the active layer, comparabl e to the diplotelmic model
of peat growth (Clymo 1984, 1991).

Mineral sedimentation.—The pattern of mineral sed-
iments suggests that the distribution of wind-blown ma-
terial is modified locally by water flow (Fig. 7). The
secondary deposition of eolian sands and silts would
therefore follow water-transport gradients (Q, and Q,),
accumulating in lower-lying, water-collecting, polygon
centers.

The hypothetical application of these patternsis ex-
plained graphically in Fig. 9. Growth of syngeneticice
wedges occurs under the limiting conditions of slow,
continuous sedimentation and repeated frost-cracking
(Harry and Gozdzik 1988). We thus invoke a feedback
between (i) the effect of mineral and organic sedimen-
tation on the rate of ice-wedge growth and (ii) the rate
of ice-wedge growth on polygon topography and, there-
fore, hydrology and vegetation. During periods of ac-
tive ice-wedge growth (Fig. 9A), the increased ampli-
tude between polygon ridges and centers will enhance
the accumulation of snow during winter (P) and in-
crease the hydraulic gradient (Q, and Q). As a con-
sequence, the deposition of mineral sediment and soil
wetness will both increase, with attendant vegetation
change and accompanying shifts in rates of productiv-
ity and decomposition. The effect of such local, small-
scale factors on ice-wedge cracking has been demon-
strated by Mackay (1991, 1993). The upward growth
of polygon ridges should slow down or cease at a point
where the continued growth of syngenetic ice wedges
becomes impeded by decreased rates of vertical de-
position (Harry and Gozdzik 1988, Mackay 2000). This
may occur as the ridge becomes higher, rising above
the surrounding sediments. However, continued sedi-
mentation and peat accumulation in the polygon center
(Fig. 9B) might subsequently lower the amplitude be-
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tween the polygon ridges and centers, reducing the to-
pographic effect on soil moisture of Qg and Q, and P.
Decreasing soil moisture will be accompanied by plant
succession toward a drier facies. With continued sed-
imentation and the outward transfer of surface material
to the periphery of the polygon (Mackay 2000), syn-
genetic ice-wedge growth may be rejuvenated (Fig.
9C), resulting in the recurrent growth of polygon-ridges
and a staggered or vertically discontinuous chevron
pattern of ice-wedge growth (Dostovalov and Popov
1963, Mackay 1974, 1990, Lewkowicz 1994).

Sgnificance to Arctic plant ecology

The paleoecological record of the BY-a and BY-b
cores suggests that climate has not been the most im-
portant factor governing long-term vegetation devel-
opment. Instead, local geomorphologic processes are
invoked as having controlled polygon hydrology and
autogenic vegetation development. Macrofossil change
during the Little Ice Age indicates the potential sen-
sitivity of the vegetation to climate, ostensibly sup-
porting the effect of simulated rapid and severe climate
warming described by short-term studies (Chapin et al.
1995, Robinson et al. 1995, 1998, Chapin and Shaver

1996, Jonasson et al. 1999, Johnson et al. 2000). It
remains possible though that the effect of the Little Ice
Age on hydrology and vegetation was indirect, owing
to a climatic influence on sedimentation rates and/or
ice-wedge growth, resulting in effects on local topog-
raphy (Kasper and Allard 2001). On the basis of the
evidence presented here, we caution that previous stud-
ies to simulate and describe the effects of climate
warming might not have properly accounted for the
dynamic role of geomorphology in regulating tundra
microclimate. The rate of vegetation change described
by the paleoecological record is admittedly different
from the rate of simulated climate change in short-term
experiments, though there is a detectable effect of re-
cent climate warming on permafrost (Lachenbruch and
Marshall 1986, Osterkamp and Romanovsky 1999).
This effect is manifested in certain areas as significant
and rapid geomorphologic and ecological change (Jor-
genson et al. 2001, Nelson et al. 2001). We suggest
therefore that the principal effect of climate change on
the vegetation of polygon-patterned tundra will be in-
direct, via the climatic control of periglacial geomor-
phologic processes.



April 2004

Plant succession toward wetter facies.

(decreasing values of Q and Q).
Plant succession toward drier facies.

TUNDRA WETLAND DEVELOPMENT

975

C) Rejuvenation of syngenetic ice wedges (chevron pattern of growth).
Ridges raised above the polygon center (increasing values of C?g and Q).

Water transport of
aeolian sediments

B) Sediment accumulation; polygon becomes drier,

Syngenetic growth of ice wedges impaired.

A) Wetter low-center polygon (high values of Q and Q).

Peat formation

Water transport of
aeolian sediments

g

Fic. 9. Mechanisms explaining inferred topographic, hydrologic, and vegetation change during the development of the
polygon-patterned wetland. Vertical arrows indicate the time course.

Conclusion

The topography of polygon-patterned ground influ-
ences strongly the spatial distribution of Arctic vege-
tation in wetlands (Drury 1962, Billings and Peterson
1980, Schaefer and Messier 1994). We suggest here
that topographic variation during the development of
tundra polygons may explain the temporal patterns ev-
idenced in the BY-a and BY-b cores. These patterns
might be modified by pronounced climate change,
which may have occurred during the Little Ice Age,
though climate has apparently been generally lessim-
portant in polygon development than autogenic geo-
morphol ogi c-vegetation processes. L aFarge-England et
al. (1991) similarly suggested that slope processes and
consequent changesin local hydrology have been more
important than macroclimatic change during the de-
velopment of a High Arctic wetland on Ellesmere |s-
land. We conclude that long-term variability in the

structure and function of polygon-patterned tundrawet-
land, implied by this study, may be controlled in part
by climate, though additionally by local geomorphol-
ogy and autogenic vegetation processes.
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