Soils and Cryoturbation in Moist Nonacidic and Acidic Tundra in the Kuparuk River Basin,
Arctic Alaska, U.S.A.

Author(s): J. G. Bockheim, D. A. Walker, L. R. Everett, F. E. Nelson, N. I. Shiklomanov
Source: Arctic and Alpine Research, Vol. 30, No. 2 (May, 1998), pp. 166-174

Published by: INSTAAR, University of Colorado

Stable URL: http://www.jstor.org/stable/1552131

Accessed: 04/08/2009 20:04

Y our use of the JSTOR archive indicates your acceptance of JISTOR's Terms and Conditions of Use, available at
http://www.jstor.org/page/info/about/policies/terms.jsp. JSTOR's Terms and Conditions of Use provides, in part, that unless
you have obtained prior permission, you may not download an entire issue of ajourna or multiple copies of articles, and you
may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of thiswork. Publisher contact information may be obtained at
http://www.jstor.org/action/showPublisher?publisherCode=instaar.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or printed
page of such transmission.

JSTOR is anot-for-profit organization founded in 1995 to build trusted digital archives for scholarship. We work with the
scholarly community to preserve their work and the materials they rely upon, and to build a common research platform that
promotes the discovery and use of these resources. For more information about JSTOR, please contact support@jstor.org.

INSTAAR, University of Colorado is collaborating with JISTOR to digitize, preserve and extend access to Arctic
and Alpine Research.

http://www.jstor.org


http://www.jstor.org/stable/1552131?origin=JSTOR-pdf
http://www.jstor.org/page/info/about/policies/terms.jsp
http://www.jstor.org/action/showPublisher?publisherCode=instaar

Arctic and Alpine Research, Vol. 30, No. 2, 1998, pp. 166174

Soils and Cryoturbation in Moist Nonacidic and Acidic Tundra in the Kuparuk
River Basin, Arctic Alaska, U.S.A.

J. G. Bockheim,*

D. A. Walker,%

L. R. Everett,i

F. E. Nelson,$§

and N. I. Shiklomanov§

*Department of Soil Science,
University of Wisconsin-Madison,
Madison, Wisconsin 53706-1299,
US.A.

tInstitute of Arctic and Alpine
Research, University of Colorado,
Boulder, Colorado 80309, U.S.A.
Byrd Polar Research Center, The
Ohio State University, Columbus,

Abstract

We compared 22 pedons derived from silty materials in moist nonacidic tundra
(MNT) and moist acidic tundra (MAT) in the arctic foothills of the 9200-km?
Kuparuk River basin in northern Alaska. Soils in MNT have thinner organic
horizons, a significantly thicker active layer, and greater cryoturbation than soils
in MAT. The quantities of clay and organic-plus-inorganic C in the upper 100 cm
are comparable; however, soils in MNT have significantly greater amounts of
extractable Ca, Mg, and sum of base cations and significantly lower amounts of
exchangeable acidity and Al than soils in MAT. Tissues from forbs, sedges, and
woody shrubs in MNT have two to three times as much Ca as the same or similar
species in MAT. The area of nonsorted circles was significantly greater in MNT
(9.6%) than in MAT (0.9%). Although the existence of nonacidic tundra in the
Arctic has been known for some time, its origin and distribution have not been
fully explained. Our data link soil and vegetation properties and indicate that
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cryoturbation plays an important role in maintaining MNT in arctic Alaska.

Introduction

Moist nonacidic tundra comprises nearly half (45%) of the
9200-km? Kuparuk River watershed (Auerbach et al., 1996). Al-
though physiognomically similar, moist nonacidic tundra and
moist acidic tundra have different vegetational composition,
soils, thawing depth of the active layer, and land-atmosphere
exchange of energy and trace gases (Walker and Acevedo, 1987,
Walker and Everett, 1991; Walker et al., 1994; Shippert et al.,
1995; Walker et al., 1995; Nelson et al., 1997).

Douglas and Tedrow (1960) were the first to report calcar-
eous tundra soils in northern Alaska. Soils adjacent to the Sa-
gavanirktok River were consistently alkaline. Calcareous soils
derived from loess and lacustrine materials occur throughout the
Prudhoe Bay region (Everett, 1975; Everett and Parkinson, 1977;
Parkinson, 1978). Walker and Everett (1991) collected soil sam-
ples along a 20-km loess gradient downwind of the Sagavanirk-
tok River, showing the effects of loess deposition on particle-
size distribution, pH, and other soil properties. They proposed
that early minerotrophic stages of tundra succession in northern
Alaska are maintained by loess blown off the Sagavarnirktok,
Canning, and other large braided rivers.

The mechanism for soil acidification on loess-derived soils
in the arctic foothills is not completely understood. Past studies
suggest that plant succession plays a large role in the distribution
of moist nonacidic and moist acidic tundra (Walker et al., 1995;
Walker and Walker, 1996).

This study compares and contrasts silt-rich soils under moist
nonacidic tundra and moist acidic tundra over a much larger area
than previous studies and illustrates the importance of cryotur-
bation in maintaining moist nonacidic tundra. The contribution is
part of the Arctic Flux Study, an investigation into land-atmo-
sphere-ice interactions in arctic Alaska (Weller et al., 1995).
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Methods and Materials
EXPERIMENTAL SITES

Fieldwork was conducted in and near the 9200-km? Kupa-
ruk River watershed (Fig. 1). Pedons were described and sam-
pled in the arctic foothills (17 sites), the arctic coastal plain (4
sites), and the Brooks Range (1 site). The study area is within
the zone of continuous permafrost (Péwé, 1975). Active-layer
thickness over the study area averaged about 44 cm in 1995 and
1996 but varied substantially with surface and substrate prop-
erties (Nelson et al., 1997; 1998). Elevations range from 1150
m in the southern foothills to sea level at Prudhoe Bay.

Climate in the area varies with distance from the Arctic
Ocean and with elevation. Mean annual air temperature ranges
from —12.8°C at Prudhoe Bay to —5.9°C in the Brooks Range
(Haugen, 1982). Temperature extremes are greater in the Brooks
Range and arctic foothills than in the arctic coastal plain. Pre-
cipitation along the gradient decreases northward from 300 to
450 mm yr~' in the Brooks Range to 180 to 230 mm yr~!' in the
arctic coastal plain.

The major landcover classes in the Kuparuk River basin
(Fig. 1) (including percentage of area) are moist nonacidic tundra
(45%), moist acidic tundra (25%), and shrublands (18%), with
lesser amounts of wet tundra (6%), barrens (1%), and open water
(5%) (Auerbach et al., 1996). Some of the shrublands are non-
acidic (Bockheim et al., 1997).

Moist nonacidic tundra is composed primarily of nontus-
sock sedges (Carex bigelowii Torr. and Eriophorum triste [Th.
Fries] Hadoc & Love), a few prostrate shrubs (Dryas integrifolia
M. Vahl, Salix reticulata L. ssp. reticulata, and S. arctica Pall.),
and brown mosses (Tomentypnum nitens Hedw. and Hylocom-
ium splendens [Hedw.] Schimp.). In contrast, the moist acidic
tundra contains cottongrass tussocks (Eriophorum vaginatum
L.), dwarf-birch (Betula nana L. ssp. exilis [Sukatsch.] Hult.),
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FIGURE 1. Location of sampling sites in the Kuparuk basin,

northernmost Alaska, including moist nonacidic tundra (solid
circles) and moist acidic tundra (open circles).

and other dwarf-shrub species, such as Ledum palustre L. spp.
decumbens (Ait.)) Hult., Vaccinium vitis-idaea L. ssp. minus
(Lodd.) Hult., V. ulignosum L., Salix planifolia Pursh. spp. pul-
chra (Cham.) Argus, and Sphagnum moss (Walker et al., 1994).

All soils selected for analysis are derived from silty mate-
rials. Parent materials generally are either recent loess or older
loess reworked by glaciation and/or mass wasting (arctic foot-
hills) or thaw-lake cycles (arctic coastal plain) (Kreig and Reger,
1982; Carter, 1988).

SAMPLE COLLECTION

Two sets of samples were collected. Thirty-two pedons
were sampled during a helicopter-supported reconnaissance to
prepare landcover and soil maps of the watershed; these are des-
ignated as R95-1 through R95-32 on Figure 1. These pedons
were in major landcover types selected from aerial photographs
and using a global positioning system (GPS) unit. The pedons
were excavated to the surface of the frost table in early August
when the active layer was near its maximum thickness. The up-
per 10 to 20 cm of frozen ground was sampled using a hammer
and cold chisel.

An additional set of detailed pedons, designated as A95-1
through A95-23 (Fig. 1), was examined at 11 tower sites for
measuring CO, and methane fluxes along a roughly north-south
gradient from Betty Pingo near Prudhoe Bay (70°17'N) to Im-
navait Creek (68°30'N). These pits were dug by hand to the frost
table and excavated farther to 100 cm with a gasoline-powered
Pico impact drill. Only the silt-rich soils under moist nonacidic
and moist acidic tundra were included in the present study.

Soil descriptions were made in accordance with procedures
detailed by the Soil Survey Division Staff (1993). Bulk samples
were collected from each horizon and placed in water-tight bags.
Soils were classified according to the recently adopted Gelisol
order in Soil Taxonomy (ICOMPAS, 1996).

Bulk density cores were taken from each horizon of the
detailed pedons within the active layer. Bulk density of recon-
naissance pedons and frozen horizons was estimated from the
equation, y = 1.374%107%926x where y = bulk density (g cm™?)
and x = organic carbon (%). This equation was derived from 82
measurements from the detailed pedons and had an r? of 0.823
(P = 0.0001). The equation may overestimate the bulk density
of frozen horizons containing abundant massive ice. Soil pH was
measured on a saturated paste within 8 h of sample collection
using a portable pH meter.

Tissue samples were collected from major plant species at
Sagwon Bluffs, a locality containing both moist nonacidic tundra
(sites A95-2 and A95-18) and moist acidic tundra (sites A95-3).
For nonwoody plants such as the sedges, mosses, and forbs, the
entire aboveground portion of the plant was harvested. For
woody shrubs such as Arctous rubra, Salix, and Betula, the fo-
liage and branches were sampled separately. Fourteen species
(including combined forbs) were sampled in moist nonacidic
tundra and 10 species in moist acidic tundra. Carex bigelowii,
Cassiope tetragona (L.) D. Don ssp. tetragona, and Hylocomium
splendens occurred in both landcover types.

During an accuracy assessment of the landcover map (Mul-
ler et al., in press), visual estimates were made of the percent
cover of nonsorted circles at 63 moist nonacidic tundra sites and
80 moist acidic tundra sites in the Kuparuk River basin.

LABORATORY ANALYSES

Soil samples were shipped to the University of Wisconsin
where bulk density (reported on samples dried at 105°C) and
gravimetric and volumetric field moisture contents were deter-
mined. Air-dried samples were ground to pass a 2-mm screen.
One set of subsamples was oven-dried at 105°C, ground to pass
a 0.25-mm screen, and sent to the University of Alaska-Fair-
banks Agriculture and Forestry Experiment Station at Palmer for
total carbon and nitrogen analysis on a Leco CHN-1000 analyz-
er. No adjustments were made for CaCO; so that the carbon
values represent organic and inorganic forms. A second set of
subsamples was sent to the University of Missouri Soil Char-
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TABLE 1

Morphological properties of soils in moist nonacidic and moist acidic tundra

B
Active A B Solum hor.
layer Organic horizon horizon  thick- tex-
Profile depth  thick. thick. thick. ness pH pH  tural Color Color
no. (cm)  (cm)  (cm) (cm) (cm) O hor. B hor. class A hor. B hor. Soil subgroup? Parent materials
Moist nonacidic tundra and dry tundra
A95-2 72 24 0 45 72 74 7.3 sil (not present) 10YR 4/2 R.-H. Aquaturbel Loess/outwash
A95-18 71 3 0 32 71 8.0 7.9 sil (not present) 10YR 3/2  T. Aquaturbel Loess/outwash
A95-19 43 0 21 0 42 73 7.4 2.5YR 2.5/1 T. Molliturbel Loess and lacustrine
A95-21 49 17 41 >41 82 7.1 73 sil SYR 2.5/1 7.5YR 3/2 T Mollihaplel Silty lacustrine
R95-4 83 1 17 16 62 7.0 6.9 sil 10YR 4/2 10YR 4/1 T Aquaturbel Silty colluvium
R95-8 30 23 10 0 40 6.6 sil (not present) T. Aquaturbel Silty colluvium
R95-11 50 26 8 16 50 7.1 6.3 sicl  7.5YR 372 10YR 4/1 T Histohaplel Silty colluvium
R95-12 60 14 6 30 60 7.3 6.3 1 10YR 3/1 10YR 4/2  T. Aquaturbel Colluvium
R95-13 64 8 43 13 64 7.1 74 1 SYR 2.5/1 7.5YR 3/2 T. Molliturbel Loess
R95-15 46 7 9 16 32 7.7 6.8 sil 7.5YR 2.5/1 2.5Y 3/1 T. Aquaturbel Loess/outwash
R95-29 52 9 32 27 52 7.1 7.1 sil 10YR 372 I0YR 3/2  R.-H. Aquaturbel Silty colluvium
R95-32 70 5 55 0 60 72 6.7 sil 10YR 3/1 T. Mollihaplel Loess
Avg. (n = 12) 58 11 20 18 57 73 7.0
SD 15 9.2 18 15 15 037 049
SE 43 2.6 52 43 43 0.11 0.14
Moist acidic tundra
A95-3 45 16 0 24 42 4.0 5.5 sil (not present) 10YR 4/1 T. Aquaturbel Loess
A95-9 35 18 0 12 35 4.6 4.9 1 (not present) 7.5YR 4/4 T. Aquahaplel Loamy till
A95-10 48 23 0 17 48 4.5 5.2 1 (not present) 10YR 4/1 T Histoturbel Silty colluvium
A95-15 44 11 0 24 50 4.5 5.2 1 (not present) 10YR 5/2 T. Aquaturbel Loamy till
A95-17 39 10 0 18 40 4.4 52 sicl (not present) 10YR 5/1 T. Aquaturbel Loess/till
R95-1 34 32 0 0 32 4.1 53 sil (not present) T. Histohaplel Silty colluvium
R95-6 41 9 0 6 41 43 54 sil (not present) 2.5Y 4/1 T. Aquaturbel Silty colluvium
R95-7 46 22 0 0 22 6.4 sicl (not present) T. Histohaplel Silty colluvium
R95-22 61 11 0 28 39 52 sil (not present) 2.5Y 5/2 T. Aquahaplel Silty till
R95-31 47 4 0 32 36 5.0 sicl (not present) 2.5Y 4/1 T. Aquahaplel Colluvium
Avg. (n = 10) 44 16 0 16 39 43 53
SD 7.7 83 0 11 8.0 022 041
SE 2.5 25 0.0 35 2.5 0.07 013
P 0.019 0.281 0.002 0.553  0.0017 0.0000 0.0000

2R = Ruptic, H = Histic, T = Typic.
® P = probability based on Analysis of Variance.

acterization Laboratory, where the following analyses were done
using methods established by the Soil Survey Staff (1996): par-
ticle-size distribution (method 3A), NH,OAc-extractable bases
(5B1), BaCl,-triethanolamine-extractable acidity (6H1), cation-
exchange capacity (CEC) by NH,OAc at pH 7.0 (5A1), CEC by
sum of cations following extraction with NaOAc at pH 8.2
(5A3a), KCl-extractable Al (5B3), Bray P-1 absorbed P (6S3),
base saturation by summation (5C3), and base saturation from
NH,OAc.

Nutrient contents of the profiles were determined to a depth
of 100 cm by taking the product of nutrient concentration, bulk
density, and horizon thickness. In a few cases we were unable
to excavate the soils to 100 cm. In those cases we extrapolated
the last horizon, which was usually a Cgf or a Cg/QOajjf, to 100
cm. The percentage of coarse fragments was low and no correc-
tions were necessary for skeletal material.

Tissue samples were dried at 65°C, ground in a laboratory
mill, digested in concentrated HNO, and HCIO,, and total ele-
mental analysis was performed on an inductively coupled plasma
emission spectrometer by the University of Wisconsin Soil and
Plant Analysis Laboratory. Comparisons in soil properties and
percent nonsorted circles between moist nonacidic and moist
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acidic tundra were done by one-way analysis of variance and
two-sample ¢ test, respectively.

Results
SOIL MORPHOLOGY AND CLASSIFICATION

Soils under moist nonacidic tundra contain an 11 * 2.6-
cm-thick organic layer over a dark-colored A horizon (average
thickness = 20 * 5.2 cm) and a gleyed Bg horizon. The A
horizon occasionally qualifies as a mollic epipedon, a dark col-
ored and relatively thick surface mineral horizon that is enriched
in organic C and has a base saturation of 50% or more (Table
1). Soils under moist acidic tundra have a thicker organic hori-
zon and lack an A horizon. The Bg horizon in soils of the moist
acidic tundra often displays dilatancy, which is a property of
saturated soils enriched in coarse silt whereby the volume and
moisture content changes upon deformation (Alexander, 1992).
Soils under moist nonacidic tundra have a significantly (P <
0.05) deeper seasonal thaw (active) layer (58 cm) than soils un-
der moist acidic tundra (44 cm).

Aquaturbels, mineral soils that are cryoturbated and have



TABLE 2

Laboratory data for selected soils in moist nonacidic tundra and moist acidic tundra

Extractable bases (cmol(+) kg™!)

Base
Depth C N Clay Silt Sand Extr. P Ex. Ex. sat.
Horizon* (cm) pH (%) (%) CN (%) (%) (%) (mgL') Ca Mg Na K acid. Al CEC (%)
Moist Nonacidic Tundra
A95-18
Oi 0-3 796 40.7 1.15 35 44 117 11 0.1 1.1 209 O 129 100
B/A 3-35 7.91 4.00 0.25 16 185 692 123 0.0 22.7 1.6 TR 0.1 23 0 244 100
Bw 35-47 7.69 444 028 16 178 683 14.0 0.0 23.0 1.6 TR 0.1 1.6 O 24.7 100
C/Ajj 47-71 7.08 5.67 040 14 240 652 108 0.7 334 2.4 TR 0.2 51 0 36 100
Ajj/Cf 71-85 7.18 826 049 17 150 715 13.4 2.4 354 2.7 TR 0.1 51 0 38.3 100
R95-4
A 0.5-18 7.57 395 027 15 154 763 8.2 0.2 21.0 3.8 TR 0.2 14 O 25.1 100
Bg 18-34 7.50 301 018 17 172 771 5.7 0.3 16.6 2.4 TR 0.2 23 0 19.2 100
BC 34-62 7.69 281 019 15 187 717 3.6 0.5 16.7 3.1 TR 0.2 23 0 20 100
A/Cjj 62-72 7.65 495 035 14 251 723 2.5 0.4 30.0 3.1 TR 0.2 44 0 334 100
Ajj 72-83 7.49 966 0.62 16 224 746 3.0 0.4 50.5 35 0.1 0.2 79 0 54.3 100
R95-13
Oi 0-2 7.75 346 1.86 19
Oa 2-8 732 26.0 1.67 17 1.2 112 5.8 0.1 0.3 172 0 118 75
A/Bjj 8-32 7.88 7.12 048 15 15.8 299 544 0.0 37.6 1.9 TR 0.1 44 0 39.6 100
B/Ajj 32-45 7.67 593 041 14 198 350 452 0.0 34.6 1.2 TR 0.1 34 0 359 100
Oajj 45-64 720 153 1.01 15 221 462 317 0.8 71.0 2.6 0.1 0.1 127 0 79.8 100
Moist Acidic Tundra
A95-3
Oi 0-6 5.04 47 1.13 42 38.4 32.7 6.1 0.3 2.8 744 1 80.1 52
Oe 6-16 529 422 206 20 12.4 63.1 5.7 03 0.6 684 03 97 72
Bg 16-40 5.92 4 030 13 268 653 79 0.7 16.4 1.6 TR 0.1 17.8 0.2 28.5 64
Oejj 40-42 5.81  20.0 1.27 16 1.5 32.7 1.9 TR 0.1 524 04 76 46
Oajj/Cgf 42-65 641 232 1.28 18 238 570 19.1 0.1 62.8 4.4 0.1 0.2 46 0 96.7 70
Cg/Oajjf 65-87 7.12 9.61 045 21 162 77.0 6.8 0.1 334 23 TR 0.2 S 0 36 100
A95-17
Oi 0-9 436 46.6 1.14 41 39.2 18 5 0.1 0.2 757 1.2 97 27
Oe 0-30 571 38 1.68 23 21.2 12.8 2 0.1 0.5 708 4 83.2 19
Oijjf 0-61 5.61 33.0 140 24 9.6 9.3 1.1 TR 0.2 673 4 71.6 15
Bgjj 0-40 5.17 1.84 009 20 235 668 9.7 0.2 27 1.6 TR 0.1 146 4 14.6 30
Cgjj 0-50 5.00 1.5 0.08 19 218 678 104 1.0 1.7 0.8 TR 0.1 134 42 14.1 18
R95-1
Oi 0-8 411 468 1.14 41 47.6 31 8.7 0.2 2.9 82.1 08 100 42
Oe 8-24 425 494 1.18 42 42.0 22.7 5.6 0.1 23 697 03 93.9 33
Oa 24-36 594 39.8 1.67 24 9.2 55.4 6.8 0.1 0.4 593 0.1 108 58
Cg 36-37 5.85 5.64 0.31 18 163 783 5.4 0.1 11.3 1.9 0.1 0.1 183 0.6 26.5 51
Cgf 37-50 5.67 8.2 0.48 17 164 745 9.1 0.0 13.2 1.9 0.1 0.1 254 0.6 334 46

2 New soil horizon nomenclature for permafrost-affected soils (Gelisols) includes *jj” for horizons showing cryoturbation (ICOMPAS, 1996).

aquic conditions, are dominant in each landcover type (Table 1).
Whereas 75% of the pedons investigated in the moist nonacidic
tundra are cryoturbated (i.e., classified as Turbels), only 50% are
cryoturbated in the moist acidic tundra. Four of the 12 pedons
examined in the moist nonacidic tundra have mollic epipedons
and are classified as Mollihaplels, mineral soils with minimal
cryoturbation and a mollic epipedon, or Molliturbels.

PARTICLE SIZE DISTRIBUTION

For comparative purposes the soils were chosen for their
similarity in parent material composition. All except five of the
pedons are in coarse-silty or fine-silty texture classes and have
silt-loam textures within the 25 to 100 cm depth interval (Table
1). The silt concentration for all soils averages 55% (Table 2).

There are no significant differences in the profile quantities of
silt or clay between soils of the two landcover classes (Table 3).

CHEMICAL SOIL PROPERTIES

The pH values of the uppermost organic horizon and B
horizon are 7.3 and 7.0 for the moist nonacidic tundra and 4.3
and 5.3 for the moist acidic tundra (Table 1). There are similar
quantities of clay and total C in the upper 100 cm of the two
broad soil groups (Table 3). Nevertheless, there are significantly
greater amounts of extractable Ca, Mg, and sum of bases and
significantly lower amounts of exchangeable acidity and Al in
profiles of moist nonactdic tundra than in profiles of moist acidic
tundra. These trends are due partly to the existence of free car-
bonates in soils of moist nonacidic tundra. For this reason, the
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FIGURE 2. A comparison of tissue concentrations of Ca for
plant species in moist nonacidic tundra (MNT) and moist acidic
tundra (MAT), including Hylocomium splendens (Hyl spl), Car-
ex bigelowii (Car big), and Cassiope tetragona (Cas tet).

cation-exchange capacities as determined by extraction with 1M
NH,OAc and by sum of cations are greater in soils of moist
nonacidic tundra than in soils of moist acidic tundra. Whereas
profile N is significantly greater in moist nonacidic tundra, pro-
file extractable P is significantly greater in moist acidic tundra
(Table 3).

PLANT TISSUE CONCENTRATIONS

Concentrations of Ca are two to three times greater for plant
species on moist nonacidic tundra than for equivalent species on
moist acidic tundra (Fig. 2; Table 4). Manganese concentrations
are nine-fold greater in plant tissues of moist acidic tundra than
for tissues in moist nonacidic tundra.

Discussion

Soils of nonacidic tundra have thinner organic horizons, a
deeper thaw depth, greater quantities of extractable Ca, Mg, and
sum of bases, and lower quantities of extractable acidity and Al
than soils of moist acidic tundra on parent materials of similar
composition (Fig. 3; Tables 1, 3). A greater proportion (75%) of
soils in the moist nonacidic tundra are cryoturbated than in the
moist acidic tundra (50%) (Table 1). In addition, visual estimates
during the helicopter-supported reconnaissance show a signifi-
cantly greater area occupied by nonsorted circles in moist non-
acidic tundra (9.6%, n = 63) than in moist acidic tundra (0.9%,
n = 80) (Fig. 3).

These trends suggest that nonacid conditions, thin organic
layers, deep thaw, and cryoturbation are mutually reinforcing.
Cryoturbation mixes organic matter and mineral soil throughout
the active layer and exposes the mineral soil. Numerous field
observations on the Alaskan North Slope indicate that the po-
tential for cryoturbation is enhanced at upland sites with moist
conditions and relatively deep thaw (Walker and Walker, 1996).
Site-specific conditions necessary to produce mass displacement
include a reversed vertical density gradient and loss of inter-
granular contacts between soil particles (Vandenbergh, 1988).
Development of differential freezing rates as a consequence of

local variations in snow cover, vegetation density, and soil mois-
ture can lead to cryostatic pressures within a refreezing active
layer (Nicholson, 1976). Mackay (1980) showed that patchy
vegetation cover promotes local increases in thaw depth, forming
bowl-shaped depressions in the base of the active layer that ul-
timately give rise to mass displacements within the soil. Indeed,
mudboils are common within the Kuparuk basin, but are less
common in surrounding undisturbed and continuously vegetated
areas that often support moist acidic tundra.

Williams and Smith (1989) suggested that many of the soil
structures attributed to cryoturbation are the result of differential
frost heaving that is related to localized high soil moisture con-
tent. Most work on cryoturbation has focused on soil processes
and properties at specific locations or within small areas. Broad
inferences about permafrost and the active layer, and their rela-
tion to climatic change, have been made on the basis of soil
cryoturbation features, usually at widely spaced locations (Maar-
leveld, 1981). Despite an early recommendation by Benninghoff
(1952), there has been no systematic, regional-scale effort to
examine the spatial distribution of cryoturbation features and
their relation to other environmental variables such as winter
surface soil temperature, distribution of snowcover, and the
thickness of the organic mat.

Although there is a relationship between the occurrence of
moist nonacidic tundra and widespread cryoturbation, the gen-
eral trend in the region over a millennial scale is toward acidic
tundra. During the process of paludification, the soils, even on
moderate slopes, become waterlogged, and the accumulation of
organic matter and mosses, chiefly Sphagnum, contribute to the
acidification of the soils (Walker et al., 1989; Walker and Walker,
1996).

Therefore, in areas of moist nonacidic tundra, some external
factor maintains the nonacidic conditions. This factor could be
modern loess deposition that contributes Ca and other base cat-
ions to the system. However, this process occurs primarily in
highly braided reaches of streams in the coastal plain and in
proximity to major rivers in the arctic foothills (Carter, 1988;
Walker and Everett, 1991). The soils for this study were selected
so as to be distributed throughout the Kuparuk River basin and
not chiefly in the coastal plain or adjacent to the Sagavanirktok
River (Fig. 1).

These data imply that some landscape factor is either en-
hancing cryoturbation in nonacidic areas or influencing vegeta-
tion production/decomposition in nonacidic areas that in some
way results in thin organic horizons. The conversion of moist
nonacidic tundra to moist acidic tundra may be explained as
follows. Cryoturbation inhibits the development of a Sphagnum
mat and mixes base cations, mainly Ca and Mg, originating
within the system or contributed externally as wet and dry de-
position. Changes in environmental conditions which to date
have not been explained allow a Sphagnum mat to develop. The
Sphagnum releases protons that replace base cations on soil ex-
change sites (Sjors, 1950; Gorham, 1956; Clymo, 1963); the
base cations are subsequently lost to subsurface flow (Everett et
al., 1989).

Regardless of the causes of nonacidity in any given place
(it could vary from place to place), it results in the set of linked
soil and vegetation properties described here. The differences in
base cations in moist nonacidic and moist acidic tundra soils
have important implications regarding ecosystem functioning.
For example, moist nonacidic tundra vegetation apparently cy-
cles larger amounts of base cations, especially Ca, than moist
acidic tundra vegetation. This is reflected by the high tissue con-
centrations of Ca and Mg in moist nonacidic tundra (Fig. 3).
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TABLE 4

Tissue chemistry of Moist Nonacidic Tundra and Moist Acidic Tundra at Sagwon Bluffs, Alaska

N P K Ca Mg N Zn B Mn Fe Cu Al
Species Tissue (%) (mg kg™")
Moist Nonacidic Tundra
Arctus rubra leaves 1.2 0.1 0.39 1.32 0.13 0.06 43.4 12.8 45 120 37 112
Arctus rubra branches 0.6 0.06 0.16 1.06 0.14 0.06 811.5 103 37 133 4 83
Carex bigelowii aboveground 0.7 0.07 0.3 0.63 0.06 0.06 31.6 4.2 318 259 8.1 243
Cassiope tetragona aboveground 0.6 0.06 0.2 1.02 0.08 0.06 15.3 9.2 176 265 4.5 254
Cetraria cucullata aboveground 0.3 0.05 0.2 1.67 0.05 0.02 16 3 66 261 2.6 249
Dryas integrifolia aboveground 0.7 0.07 0.18 2.57 0.13 0.05 335 11.1 109 388 4.2 342
Eriophorum triste aboveground 1 0.12 0.54 0.64 0.09 0.08 333 8.6 303 195 5.6 156
Forbs aboveground 1.5 0.11 0.45 1.58 0.25 0.07 13.7 19.8 80 168 8 130
Hylocomium splendens aboveground 0.6 0.06 0.21 1.12 0.11 0.05 16.1 9.5 152 462 39 361
Lupinus arcticus aboveground 1.1 0.08 0.66 5.47 0.44 0.05 21.5 14.9 152 96 3.1 179
Rhododendron lapponicum aboveground 0.7 0.07 0.23 0.38 0.05 0.06 68.2 10.2 102 119 79 126
Rhytidium rugosum aboveground 0.7 0.08 0.26 1.23 0.15 0.06 17.8 14.6 237 725 3.1 567
Salix glauca leaves 1.5 0.11 0.58 1.59 0.36 0.13 106.6 143 71 81 2.6 58
Salix glauca branches 0.5 0.06 0.33 1.17 0.07 0.04 1339 11.5 91 58 2.7 53
Salix lanata leaves 1.6 0.14 0.66 3.14 0.41 0.12 153.3 21.8 51 54 2.6 39
Salix lanata branches 0.6 0.06 0.22 0.88 0.07 0.04 98.8 12.1 25 39 34 42
Salix reticulata leaves 1.1 0.1 0.57 2.46 0.25 0.08 104.3 20.2 100 146 39 165
Salix reticulata branches 0.5 0.08 0.27 1.27 0.11 0.04 127.2 11.9 97 151 38 132
Tomentypnum nitens aboveground 0.5 0.05 0.2 1.65 0.14 0.04 19 11.3 264 642 43 594
Average 0.8 0.08 0.35 1.62 0.16 0.06 98.2 12.2 130 230 43 204
Moist Acidic Tundra
Betula nana leaves 0.6 0.09 0.22 0.6 0.3 0.04 367.4 26.5 3714 118 5 142
Betula nana branches 0.7 0.09 0.24 0.2 0.07 0.05 357.7 10.1 593 65 42 70
Carex bigelowii aboveground 1 0.06 0.8 0.38 0.09 0.11 31.4 58 685 139 4.2 70
Cassiope tetragona aboveground 0.9 0.08 0.19 0.44 0.07 0.05 313 6.9 742 126 3.7 135
Eriophorum vaginatum aboveground 0.9 0.09 0.36 0.21 0.07 0.07 39.7 5.6 575 124 4.5 83
Hylocomium splendens aboveground 0.6 0.07 0.24 0.41 0.07 0.05 102 4.4 823 206 3.5 187
Ledum decumbens leaves 1.3 0.14 0.44 0.49 0.12 0.08 222 179 2042 56 43 106
Ledum decumbens branches 0.6 0.08 0.19 0.27 0.06 0.05 29.9 9.1 1336 72 5.1 87
Salix pulchra leaves 1.1 0.06 0.19 0.84 0.2 0.08 246.6 11.8 1441 55 32 69
Salix pulchra branches 0.7 0.08 0.24 0.75 0.08 0.06 367.2 13.6 560 47 3.1 54
Sphagnum lenense aboveground 0.4 0.04 0.26 0.42 0.09 0.03 39.1 3.1 402 161 2.7 163
Sphagnum warnsdorfii aboveground 0.6 0.07 0.34 0.38 0.09 0.04 76.6 4.1 643 152 12 161
Vaccinium vitis-idaea aboveground 0.7 0.08 0.27 0.64 0.13 0.05 34.4 11.7 3068 59 4.6 194
Average 0.8 0.08 0.31 0.46 0.11 0.06 134.3 10 1279 106 4.6 117
20
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Lupinus arcticus has unusually high amounts of base cations,
including a Ca concentration in excess of 5% (Table 4). Micro-
nutrients such as Mn and Zn are less available at high pH values
in moist nonacidic tundra as evidenced by lower tissue concen-
trations of these elements than in moist acidic tundra.

Moist nonacidic tundra has a greater plant diversity than
moist acidic tundra (Walker et al., 1994) and possibly a greater
variety of habitats for wildlife use. The greater abundance of Ca
in plants of moist nonacidic tundra may be important for lacta-
tion and horn and bone production of ungulates (Bryant and
Kuropat, 1980). Plants of the nutrient-poor moist acidic tundra
tend to have an abundance of protective chemical compounds
that limit their palatability as forage.
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