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ABSTRACT C than the atmosphere; warming of these C reservoirs
could generate positive feedbacks to rising atmosphericHigh-latitude warming could cause northern peatlands to become
CO2 levels (Gorham, 1991).C sources. Where peatlands border boreal forests, strong differences

in ecosystem C balances reflect drainage differences. Because local These cold organic soils may show less respiratory
drainage conditions could be influenced by alterations in temperature acclimation to increasing temperatures than warmer
and precipitation regimes, peatland-forest ecotones represent useful mineral soils (Luo et al., 2001). Improved drainage con-
locations for monitoring potential impacts of global warming. We ditions at these peatland-forest ecotones could acceler-
characterized the soils, hydrology, and forest structure along transects ate SOC mineralization (Freeman et al., 2001a). If
bracketing a peatland-forest ecotone in southeastern Alaska. We ex- warming and elevated CO2 levels stimulate forest pro-
pected to find soil properties and processes at the peatland-forest

ductivity at peatland margins, however, C sequestrationedge that were intermediate between those from peatland and forest.
by forests could offset C losses from peatlands. Peat-Instead, we found that above- and belowground features of the eco-
land-forest ecotones thus represent ideal study sites fortone did not coincide. Conifers grew on mineral soils, but also grew
monitoring effects of climate change and drainage onon Cryofibrists and Cryohemists, soils with high soil organic C (SOC)

contents to 100 cm (57 kg m�2) that are significantly greater than landscape-scale SOC dynamics.
the SOC contents of adjacent forested, non-Histosol pedons. Soil In southeastern Alaska, forests occupy 53% of the 11
respiration rates (SRR) at peatland-forest edges (0.08 g CO2–C m�2 million ha archipelago (Mead, 1998) and occur in a
h�1), by contrast, were threefold lower than forest rates and did not mosaic with peatlands. Peatlands have expanded and
differ significantly from peatland rates. Respiration rates were strongly contracted in response to past climate change in south-
influenced by water table height. Peatland and edge water tables were eastern Alaska (Heusser, 1952; Klinger et al., 1990; Han-
both significantly shallower than forest water tables. Our conceptual

sen and Engstrom, 1996); Neiland (1971) noted thatmodel suggests that if additional forest expansion and warmer sum-
this peatland-forest tension zone could be influencedmers enhance drainage of these edge soils and stimulate SRR to
by climatic and hydrologic changes. In an exploratoryforest-like levels, 23 kg C m�2 could ultimately be mineralized from
survey that included southeastern Alaska, peatland soilsthese extensive peatland-forest boundaries. Afforestation of peatland

margins under this scenario could represent a transient positive feed- were classified as Histosols and forested soils as Spodo-
back to rising atmospheric CO2 levels. sols (Rieger et al., 1979). To our knowledge, no other

studies have characterized ecotone soils or SRR for
this area.

Our objectives were to characterize the soils, hydrol-Aclear understanding of boundary or ecotone dy-
ogy, and vegetation at the peatland-forest ecotone, andnamics is critical to gaining insight into landscape-
to determine the degree of correspondence betweenlevel patterns and processes (Wiens et al., 1985). How
above- and belowground components of this ecotone.ecotones respond to altered precipitation and tempera-
Because Histosols contain more organic C than anyture regimes may presage landscape-level responses to
other soil order (Eswaran et al., 1993), we focused onclimate change (Allen and Breshears, 1998; Peteet,
soil properties relevant to C storage and to C loss.2000). The ecotone between boreal forests and northern

peatlands may be the locus of strong feedbacks to cli-
mate change because general circulation models predict MATERIALS AND METHODS
disproportionately large temperature and precipitation

Site Descriptionincreases at northern latitudes (Houghton et al., 2001).
For western North America in particular, model esti- We studied a subset of peatlands referred to as bogs. Across

southeastern Alaska, bogs commonly support stunted mixed-mates include winter and summer air temperature in-
conifer forests dominated by shore pine (Pinus contorta Dougl.creases as well as winter precipitation increases in excess
ex Loud. var. contorta) and are dominated by peat-formingof the corresponding global means. Carbon balance in
mosses, ericaceous shrubs, forbs, and sedges. Well-drainedhigh-latitude ecosystems is very sensitive to drainage
forests are dominated by tall western hemlock [Tsuga hetero-conditions (Oechel et al., 1993; Alm et al., 1999). Glob-
phylla (Raf.) Sarg.] and Sitka spruce [Picea sitchensis (Bong.)ally, northern peatlands and boreal forests contain more Carr.], but also include Alaska yellow-cedar [Chamaecyparis
nootkatensis (ex Don) Spach] and western red cedar (Thuja
plicata Donn ex D. Don). Riparian forests occupy some ofSoil Science Graduate Group, Dep. of Land, Air, and Water Re-

sources, Univ. of California, One Shields Ave., Davis, CA 95616-8627.
Abbreviations: Db, bulk density; DBH, diameters at breast height;Received 12 Feb. 2002. *Corresponding author (tony@stikine.org).
DOC, dissolved organic C; MAP, mean annual precipitation; PVC,
polyvinyl chloride; SOC30, soil organic C in upper 30 cm; SOC100,Published in Soil Sci. Soc. Am. J. 67:1572–1581 (2003).

 Soil Science Society of America SOC in upper 100 cm; SRR, soil respiration rates; �g, gravimetric
water content.677 S. Segoe Rd., Madison, WI 53711 USA
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the lowest elevations on the landscape, often lying meters
below upslope peatlands. At our Common Snipe site, the
forested landscape segment was 1.2 m lower than the adja-
cent bog.

We characterized bog-forest ecotones on Mitkof Island (500
km2, Fig. 1), which has one of the greatest fractions of bogs of
any large island in southeastern Alaska (Dachnowski-Stokes,
1941; USDA, 1997). Mean annual precipitation (MAP) gener-
ally increases from Petersburg (MAP 2690 mm, mean annual
snowfall 2580 mm; Hogan, 1995) to Crystal Lake Hatchery
(MAP 3660 mm) at the base of Crystal Mountain (1015 m).
In Petersburg, air temperatures average �1.2�C in winter and
12.6�C in summer. Most soils in southeastern Alaska devel-
oped over glacio-marine deposits uplifted approximately
11 000 yr before present (Ives et al., 1967). Southern Mitkof
Island is underlain by Cretaceous and Jurassic sedimentary
rocks with outcroppings of Cretaceous greenschist, granodio-
rite, and volcanic rock (Brew et al., 1984; USDA, 2001).

Study Design

Using 1:24 000 aerial photographs, we identified �100 suit-
able ecotone study sites using roads, creeks, and the coastline
as reference elements. We randomly selected one site (Com-
mon Snipe [CS], 15 m elevation) for intensive characterization
and an additional five extensive sites. We described bog and
forest pedons at all six sites. At CS, we established transects
perpendicular to the bog-forest edge and stratified sampling
locations: bog interior, bog edge, edge, forest edge, and forest
interior (Fig. 1). Because our design was intended to bracket
the ecotone, we defined edge stations based on visible charac-
teristics (tree height, diameter, and density) and referenced
the remaining stations to this edge (i.e., bog interior �10 m,
bog edge �1 m, forest edge �1 m, forest interior �10 m).

When comparing soil properties (four stations: bog interior,
bog edge, forest edge, and forest interior) to hydrology and
tree structure (three stations: bog interior, edge, forest inte-

Fig. 1. Location of pedons, wells, tree plots, and soil respiration ringsrior), we averaged bog edge and forest edge results to obtain
at Common Snipe (CS). Insets show locations of CS and five exten-a single edge value. In our synthesis of property changes across
sive sites on Mitkof Island as well as the location of Mitkof Islandthe bog-forest ecotone, we averaged data from multiple depths
in southeastern Alaska.to obtain a single station-specific value. We present data from

the Year 2000 in our synthesis because there were no qualita-
non-living fibers, before and after rubbing (McKinzie, 1974).tive differences in water level and soil respiration data be-
Pyrophosphate extract color and rubbed fiber content weretween years.
used to categorize horizons as fibric, hemic, or sapric. To
compare depth-specific data between pedons with differingField Methods
horizon depths, we calculated average horizon depths for the

To calculate surface slopes across ecotones, we surveyed uppermost five horizons and averaged soils data for these
all six approximately 0.5-ha sites at a 5-m grid interval (Topcon horizon depths.
AT-F2 level, Paramus, NJ; Harrelson et al., 1994) referenced
to differentially corrected GPS elevations (Trimble GeoEx-

Common Snipe Measurementsplorer II, Sunnyvale, CA) at permanent spike monuments. At
each grid point at CS, we estimated the depth to mineral soil Hydrologic properties were measured along three transects
using a 1.2-cm diam. steel rod. at CS (Fig. 1). We used a water-activated alarm to measure

summer water tables one to five times per week (1999 to 2001)
Pedons at pairs of shallow and deep piezometers at bog, edge, and

forest stations. Piezometers consisted of 2.5-cm i.d., 35- orTo avoid disrupting the local vegetation and hydrology
105-cm lengths of polyvinyl chloride (PVC) pipe coupled toalong transects at CS, we dug 16 soil pits (mean depth 108 �
8-cm lengths of 0.25-mm-slotted PVC. Pump tests (Hvorslev,5 (SE) cm) at representative locations offset from the transects
1951; Freeze and Cherry, 1979) were performed on a subset(Fig. 1, Table 1). At all sites, soils were classified to the sub-
of piezometers once in 1999 and twice in 2000. We removedgroup assuming a cryic soil temperature regime (Soil Survey
water from the piezometers using multiple 60 cc syringes andStaff, 1999; Alexander, 1991). Pedons were described using
recorded water levels over time. Hydraulic conductivities werestandard methods (Soil Survey Staff, 1993). We also measured
calculated after graphically measuring the basic time lag andthe sodium pyrophosphate extract color (Soil Survey Staff,
assuming shape factor “C” (Hvorslev, 1951). Because there1996) using a 1:2 (v/v) moist soil/saturated solution, and we
were no differences between water table elevations obtainedestimated fiber content in the field by breaking open a 30 cm3

clod and determining the fraction of each clod face occupied by from pairs of shallow piezometers and wells slotted along their
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Table 1. Soil properties (mean � 1 SE) by station and by soil depth interval at Common Snipe. Different lowercase letters designate
significant (P � 0.05) differences between depth intervals for a given station. Different uppercase letters designate significant (P �
0.05) differences between stations for a given depth interval.

Property Depth Bog interior Bog edge Forest edge Forest interior

cm
Db, Mg m�3 0–6 0.03 � 0.01 a A 0.03 � 0.01 a AB 0.06 � 0.06 a AB 0.10 � 0.02 a B

6–14 0.05 � 0.01 a A 0.08 � 0.00 a AB 0.10 � 0.02 a AB 0.18 � 0.03 a B
14–25 0.06 � 0.01 a A 0.08 � 0.01 a A 0.15 � 0.02 ab A 0.74 � 0.15 b B
25–37 0.08 � 0.00 a A 0.11 � 0.01 a A 0.49 � 0.21 b B 0.62 � 0.13 b B
37–51 0.08 � 0.00 a A 0.11 � 0.00 a AB 0.52 � 0.25 b BC 0.98 � 0.18 b C

C, % 0–6 41.0 � 0.3 a A 43.9 � 0.2 a A 44.8 � 0.6 a A 39.7 � 2.0 a A
6–14 40.6 � 1.0 a A 42.3 � 0.5 a A 42.9 � 2.6 ab A 34.8 � 3.2 ab A

14–25 42.8 � 0.7 a A 43.5 � 0.9 a A 42.4 � 1.8 ab AB 5.0 � 1.8 b B
25–37 45.3 � 0.5 a A 42.4 � 1.9 a AB 26.5 � 11.5 bc BC 13.4 � 8.4 b C
37–51 44.6 � 0.6 a A 48.4 � 1.0 a A 20.2 � 12.3 c B 5.0 � 1.2 b B

N, % 0–6 0.8 � 0.2 a A 0.7 � 0.1 a A 0.9 � 0.0 ab A 1.2 � 0.1 ab A
6–14 1.1 � 0.2 ab A 1.1 � 0.1 ab A 1.6 � 0.2 ab A 1.4 � 0.2 b A

14–25 1.4 � 0.1 ab A 1.8 � 0.2 b A 1.9 � 0.2 a AB 0.2 � 0.1 c B
25–37 1.9 � 0.1 b A 1.8 � 0.1 b AB 0.8 � 0.4 b BC 0.4 � 0.2 ac C
37–51 1.7 � 0.0 ab A 1.8 � 0.0 ab A 0.6 � 0.3 b AB 0.2 � 0.0 c B

C/N ratio 0–6 63 � 11 a A 62 � 5 a A 48 � 1 a A 34 � 4 a A
6–14 44 � 8 a A 40 � 3 ab A 28 � 5 a A 27 � 5 a A

14–25 32 � 3 ab A 25 � 4 ab A 23 � 2 a A 22 � 3 a A
25–37 24 � 2 b A 24 � 1 b A 33 � 2 a A 27 � 3 a A
37–51 26 � 0 ab A 27 � 0 ab A 33 � 3 a A 32 � 2 a A

�g, kg kg�1 0–6 14.4 � 2.4 a A 12.3 � 3.7 a AB 7.6 � 1.0 a AB 5.6 � 0.8 a BC
6–14 15.8 � 2.6 a A 10.9 � 0.5 a AB 7.8 � 0.9 a AB 3.8 � 0.2 ab BC

14–25 14.0 � 1.2 a A 10.8 � 1.0 a A 7.2 � 0.3 a A 0.8 � 0.2 bc B
25–37 10.6 � 0.3 a A 8.1 � 1.0 a AB 3.0 � 1.2 a BC 1.3 � 0.6 bc C
37–51 11.6 � 0.6 a A 8.5 � 0.2 a AB 1.9 � 1.2 a BC 0.5 � 0.2 c C

entire length, we report the shallow piezometer readings as with horizon midpoint depths (z) as an independent variable
(Db � 0.0016 z � 0.0359, R2 � 0.60, P � 0.001; %C � 0.0013water tables.

We measured daytime SRR at four stations on 3 to 14 d z � 0.4084, R2 � 0.52, P � 0.001). For mineral horizons, we
used Db, %C, and gravel content values from comparableeach summer (1998 to 2001, Fig. 1). All living vegetation inside

PVC rings (4-cm tall, 21-cm diam.) was clipped at least 1 h depths in neighboring pedons.
before SRR measurements with a portable infrared gas ana-
lyzer (EGM-1, PP Systems, Haverhill, MA). The gas analyzer Statistical Methods
was referenced to ambient CO2 immediately before each read-

To examine spatial patterns in soil properties across theing; coefficients of variation for the 12 stations typically aver-
bog-forest ecotone, we used two-way ANOVA to test foraged �25%. At the same time, we measured soil temperatures
differences in soil properties between stations and betweenat depths of 2 and 12 cm adjacent to the PVC collar.
depths. To evaluate patterns of other ecosystem properties,We measured tree diameters at breast height (DBH, 1.4 m)
including SOC and SRR, we used one-way ANOVA to testand tree heights (Opti-Logic 400LH hypsometer, Tullahoma,
for differences between stations. Data were transformed asTN) for five trees (�2 m tall and �5 cm DBH) in variable
needed to meet ANOVA assumptions, but all results are pre-area plots (Fig. 1). One core from each tree was collected
sented untransformed. Where significant (P � 0.05) ANOVAand rings were counted. Two plots were not included in the
results were obtained, Bonferroni-adjusted pairwise compari-analyses because there were no trees �0.5 m tall within 5 m
sons were performed. All analyses were performed with Systatof the plot centers. We estimated whole tree, oven-dry biomass
7.0 (SPSS Inc., 1997).using allometric equations compiled by Stanek and State

(1978: 51) and assumed C was 47% of oven dry biomass
(Barnes et al., 1998). RESULTS

Soil PropertiesLaboratory Methods
There were significant differences in soil propertiesAt CS, we measured bulk density (Db; clod results presented

across the CS bog-forest ecotone, and some of theseon a field-moist volume basis; Blake and Hartge, 1986; Klem-
differences were depth-specific. For the uppermostetti and Keys, 1983) of horizon-specific soil samples from 14
depth interval (0–6 cm), Db was lower and �g was higherpedons. We also measured the percentage of C (%C) and

percentage of N (%N) (Integra-CN system, Europa Scientific, at bog interior pedons than forest interior pedons
UK), gravimetric water content (�g; expressed on a dry weight (Table 1). Profile characteristics for four representative
basis), and soil pH (0.01 M CaCl2; Soil Survey Staff, 1996) for pedons are shown in Table 2. For 54 horizons from 15
samples of the fine earth (�2 mm) fraction. Coefficients of pedons, pH values ranged from 2.8 to 3.6.
variation were �10%. Soil organic C pool sizes were calculated By the third depth interval (14–25 cm), all properties
by summing volumetric C values for horizons (N � 58) that except C/N differed significantly between the bog andhad both Db and %C data to 30 cm (SOC30). We also estimated

the forest (Table 1). In this depth interval, average %C,SOC pool sizes to 100 cm (SOC100) for all pedons by estimating
%N, and �g for bog interior, bog edge, and forest edgeDb, %C, and gravel content values for deep horizons (N �
pedons were nearly an order of magnitude greater than27) that could not be sampled because of shallow water tables
corresponding values for forest interior pedons. Differ-or poorly consolidated material. For organic horizons, gravel

content was assumed to be 0% and Db and %C were estimated ences were less pronounced between forest edge and
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Table 2. Description, classification, and selected properties of representative bog interior, bog edge, forest edge, and forest interior
pedons at Common Snipe.

Lower horizon
Horizon depth Moist color† SPEC‡ RFC§ UFC¶ Db Texture# C N pH (CaCl2)

cm Mg m�3 %
Pedon 8. Typic Cryohemist (Bog interior)

Oi1 5 7.5YR 2/2 8/1 0.65 0.85 0.05 p 42 1.5 3.2
Oi2 18 5YR 3/3 8/1 0.50 0.80 0.07 p 44 1.7 3.2
Oi3 25 5YR 3/3 8/1 0.50 0.75 0.07 p 45 1.8 3.3
Oe1 41 5YR 3/2 8/1 0.30 0.75 0.08 mp 45 1.6 3.3
Oe2 63 5YR 3/2 8/2 0.30 0.75 0.12†† mp 48 –‡‡ –
Oe3 110 7.5YR 3/2 7/3 0.30 0.66 0.14 mp 52 – –

Pedon 9. Typic Cryohemist (Bog edge)
0.5 7.5YR 3/4,

Oi1 5 0.5 10YR 5/6 8/1 1.00 1.00 0.04 p 44 0.6 3.3
Oi2 11 7.5YR 3/2 8/2 0.75 0.95 0.08 p 42 1.0 3.1
Oi3 18 7.5YR 3/3 8/2 0.66 0.80 0.08 p 44 1.3 3.2
Oi4 23 7.5YR 3/2 7/3 0.50 0.95 0.06 p 43 1.4 3.2
Oi5 38 5YR 3/3 8/1 0.40 0.75 0.09 p 42 1.6 3.1
Oe 47 7.5YR 2/2 7/2 0.30 0.60 0.11 mp 46 – –
Oi’ 68 5YR 3/2 8/2 0.45 0.75 0.12 p 46 – –
Oe’ 90 7.5YR 2/2 8/2 0.20 0.66 0.14 mp 51 – –

Pedon 15. Terric Cryohemist (Forest edge)
Oi1 6 10YR 4/3 8/1 1.00 1.00 0.03 p 44 0.9 3.3
Oi2 12 10YR 2/2 8/1 0.60 0.85 0.06 p 44 1.2 3.1
Oe1 23 7.5YR 2/2 8/1 0.20 0.60 0.12 p 44 2.2 3.1
Oe2 35 10YR 2/1 7/2 0.05 0.20 0.19 m 34 1.0 3.2
Oa 52 10YR 2/2 4/4 0.10 0.50 0.27 m 32 0.9 3.2
C 86 0.5 2.5Y 3/2, – – – 0.85 gr s l 6 0.2 –

0.5 10YR 2/2,
fff 2.5YR 2.5/4
mottles

Pedon 16. Oxyaquic Haplocryod (Forest interior)
Oi 6 10YR 4/3 8/1 1.00 1.00 0.05 p 43 0.9 3.2
Oe 18 7.5YR 2/2 8/1 0.33 0.50 0.09 mp 44 1.0 2.9
E 29 N 3/0 – – – 0.61 gr s l 8 0.3 3.2
Bh 36 10YR 2/2 – – – 0.64 gr s l 5 0.2 –
Bsm 48 0.5 10YR 4/3, – – – 1.40 gr l co s 3 0.1 –

0.3 5YR 4/6,
0.2 7.5YR 3/2

C1 63 0.7 5Y 4/2, – – – 1.12 gr s 1 0.0 –
0.3 5Y 7/2 (m.g.)

C2 120 0.7 5Y 4/1, – – – 1.12 gr s 0.5 – –
0.3 5Y 7/2 (m.g.)

† Fff, few fine faint; m.g., mineral grains.
‡ Sodium pyrophosphate extract color.
§ Rubbed fiber content.
¶ Unrubbed fiber content.
# Gr, gravel(ly); l, loam(y); m, muck(y); p, peat; s, sand(y); co, coarse.
†† Estimated (italicized).
‡‡ Not determined.

forest interior pedons with increasing depth, although and the forest, reflecting the different depths at which
forest edge %C was four times greater in the deepest the transition from organic to mineral horizons oc-
depth interval (37–51 cm). Although C/N ratios did not curred. At forest edge and forest interior pedons, the
differ significantly across the ecotone at any depth, C/N significant increases in Db with depth were matched by
ratios decreased monotonically from the bog interior to significant decreases in %C (Table 1). Bog Db and %C
the forest interior at all depths. changed little with depth because this organic-to-min-

The O horizon thicknesses decreased significantly eral transition occurred at greater depths for bog inte-
from bog to forest at CS (Tables 3 and 4). The SOC30 rior and bog edge pedons (95–253 cm, Tables 2 and 3).
and slope showed the opposite pattern, nearly doubling Unlike %C, %N increased with depth in bog pedons
from bog to forest pedons. The SOC100, by contrast, was and decreased with depth in forest pedons. Ratios ofsignificantly higher at edge pedons (56.5 kg m�2) than

C/N decreased with depth for all pedons, but the onlyat forest pedons (32.8 kg m�2). The fraction of SOC100 significant decreases were at bog interior and bog edgein the upper 30 cm was greatest for forest pedons (0.49),
pedons. At these pedons, surface C/N ratios (approxi-more than double that of edge pedons and triple that
mately 62) were �2.5 times greater than C/N ratios forof bog pedons. SOC contents of forest O horizons varied
the 25- to 37-cm depth interval. Only %C and %Ndramatically, ranging from 6 to 33 kg m�2 (mean 16 kg
yielded significant depth-by-station interactions, attrib-m�2); horizon-specific C densities also ranged widely
utable to the abrupt and shallow transitions from or-(4–165 kg m�3), exceeding 72 kg m�3 in 12 horizons.

Soil properties varied by depth differently in the bog ganic to mineral soil in forest interior pedons.
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Table 3. Pedon classifications and organic horizon thicknesses for six sites on Mitkof Island. Pedon locations at Common Snipe (CS)
are mapped in Fig. 1.

Organic horizon
Station Site Pedon Classification thickness

cm
Bog interior CS 1 Typic Cryohemist 236

2 Sphagnic Cryofibrist 226
5 Typic Cryohemist 228
7 Typic Cryohemist 253
8 Typic Cryohemist 218

Bog edge CS 3 Typic Cryofibrist 146
4 Terric Cryohemist 95
6 Typic Cryohemist 140
9 Typic Cryohemist 153

A 17 Typic Cryofibrist � 135
B 18 Typic Cryohemist � 165
C 19 Typic Cryohemist � 250
D 20 Sphagnic Cryofibrist 99
E 21 Typic Cryofibrist � 145

Forest edge CS 11 Terric Cryohemist 50
13 Typic Cryaquod 29
15 Terric Cryohemist 52

A 22 Fluvaquentic Cryofibrist† � 135
B 23 Typic Cryofibrist � 140
C 24 Terric Cryohemist 81
D 25 Terric Cryohemist 100
E 26 Typic Cryohemist � 145

Forest interior CS 10 Terric Cryohemist 56
12 Oxyaquic Haplocryod 8
14 Histic Cryaquept 20
16 Oxyaquic Haplocryod 18

† Cg from 23–49 cm.

Pedon Classifications Soil Respiration, Hydrologic, and Forest Patterns
Interannual variability in SRR was low (Fig. 2). OverAcross all six sites, pedon classifications reflected O

horizon thickness differences between and within sta- a 4-yr period, average forest interior SRR were more
than double rates at bog interior, bog edge, and foresttions (Table 3). The thick O horizons of bog interior,

bog edge, and forest edge stations resulted in all but edge stations (�0.12 g CO2–C m�2 h�1). Forest interior
water tables were consistently and significantly deeperone of 22 pedons being classified as Histosols. Of these

21 Histosols, the most common subgroups were Typic than bog interior or edge water tables (Table 4) because
the nearby creek created a sharp hydraulic gradientCryohemists (9) and Terric Cryohemists (5). All Histo-

sols were in dysic families. The only forest edge pedon (Fig. 1). Edge hydraulic conductivities at 25 cm (1.3 	
10�7 m s�1) were an order of magnitude lower thannot classified as a Histosol (CS Pedon 13: Typic Crya-

quod; Fig. 1) shared qualities of the two forest interior bog or forest conductivities. Hydraulic conductivities
decreased with depth and were approximately two or-Haplocryods: slopes �5%, shallow E-Bh-Bsm horizon

sequences, and thixotropic material. At CS, forest inte- ders of magnitude lower at 75 cm than at 25 cm. Tree
heights and basal areas in the bog interior were signifi-rior pedons showed large differences in O horizon thick-

nesses and encompassed three soil orders: Histosols, cantly lower than corresponding measures of edge or
forest interior trees (Table 4). Although there were noSpodosols, and Inceptisols.

Table 4. Comparison of soil, hydrologic, and forest characteristics for bog interior, edge, and forest interior stations at Common Snipe.
For soil data, bog edge and forest edge pedon data were averaged to obtain a single edge value. Values (mean � 1 SE) in rows
followed by different lowercase letters are significantly different (P � 0.05).

Data type Characteristic Bog interior Edge Forest interior

Soil Organic soil thickness, m 1.60 � 0.45 a 1.06 � 0.13 ab 0.46 � 0.14 b
SOC30, kg C m�2 (30 cm)�1 7.7 � 0.5 a 13.6 � 2.5 a 14.2 � 2.8 a
SOC100, kg C m�2 (100 cm)�1 54.3 � 1.1 ab 56.5 � 4.9 a 32.8 � 9.1 b
SOC30/SOC100 0.14 � 0.01 a 0.24 � 0.04 a 0.49 � 0.07 b

Hydrology 1999 water table depth, cm �3.0 � 0.5 a �3.4 � 0.4 a �13.7 � 0.5 b
2000 water table depth, cm �2.4 � 0.6 a �3.0 � 0.6 a �20.8 � 0.5 b
2001 water table depth, cm �7.6 � 1.5 a �8.6 � 1.6 a �16.3 � 1.5 b
k† at 25 cm (10�7 m s�1) 19.6 � 8.3 a 1.3 � 0.7 a 51.2 � 17.5 a
k† at 75 cm (10�9 m s�1) 3.0 � 0.0 a 5.2 � 2.3 a 2.6‡
Slope, % 10.1 � 3.8 ab 6.1 � 1.2 a 20.1 � 8.8 b

Forest Height, m 4.4 � 0.7 a 7.6 � 0.7 b 8.4 � 1.6 b
Basal area, m2 ha�1 5.5 � 2.4 a 28.6 � 8.3 b 37.2 � 4.4 b
Age, yr 100 � 22 a 127 � 21 a 140 � 15 a
Mean maximum age, yr 194 � 63 a 213 � 40 a 246 � 13 a

† k, hydraulic conductivity.
‡ This term not included in ANOVA because N � 1.
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Fig. 2. Mean (� 1 SE) soil respiration rates (1998 to 2001) for four
Common Snipe stations. For each year, forest interior rates were
significantly greater (P � 0.05) than bog interior, bog edge, or
forest edge rates.

significant differences in the average or maximum ages
across the ecotone, ages consistently increased from the
bog to the forest.

Changes across the Ecotone
We categorized patterns of change across the ecotone.

If edge values fell outside the range of corresponding
bog and forest values, this reflected an anomalous

Fig. 3. Mean Common Snipe edge values (solid triangles) for 15 prop-change. If edge values were intermediate between those
erties normalized to the ranges defined by mean bog interior (leftof the bog and forest, we examined whether the differ- side; open circles; �1) and forest interior (right side; open squares;

ences between edge and non-edge values were signifi- �1) values. If an edge value were the average of the corresponding
cant (abrupt) or not (gradual). bog and forest interior values for a particular property, it would

plot in the center of the graph with a value of 0. Hyd. cond.The aboveground ecotone, which we quantified using
(hydraulic conductivity at 25 cm); original units as in Tables 1 andboth tree basal area and height, changed abruptly, as
4 and Fig. 2.

both edge basal area and height were significantly
greater than corresponding bog values (Table 4). In differences between edge and forest basal areas or tree
Fig. 3, 15 edge properties are plotted on normalized heights. Thus, belowground structural elements such as
scales defined by bog interior (�1) and forest interior water tables and SOC100 appeared to influence ecosys-
(�1) values to facilitate comparison between properties. tem functions such as soil respiration more strongly than
The two properties used to define the aboveground did aboveground structural elements. Soils and vegeta-
ecotone (basal area and tree height) are plotted at the tion may have distinct response thresholds to changing
top, to highlight the lack of correspondence with be- temperature and precipitation regimes, with pedoge-
lowground properties. Other than basal area and tree netic changes lagging vegetative changes (Camill and
height, only edge tree age and SOC30 plotted closer to Clark, 2000; Hansen and Engstrom, 1996). If vegetation
the forest interior value than the bog interior value. Of responds more quickly to climate change than soils,
the remaining 11 edge properties, five changed anoma- vegetation and soils at ecotones could become decou-
lously or abruptly. Edge hydraulic conductivities, slopes, pled (Stohlgren and Bachand, 1997). Any decoupling
and SOC100 were outside the ranges defined by bog and would be amplified by positive feedbacks. Once pine
forest values (anomalous). Water table and SRR (both seedlings exceed 2 cm in diameter, for example, they are
from summer 2000) changed abruptly. capable of slowing or stopping peat growth, a common

agent of pine mortality (Ohlson et al., 2001). Wiens et
al. (1985) have argued that edaphic patterns determineDISCUSSION
the locations of boundaries between vegetative commu-Lack of Correspondence between Above- and nities, but our results show that vegetation patterns needBelowground Properties not precisely reflect belowground soil properties and
processes (Swanson and Grigal, 1989; Stohlgren andBelowground differences across the bog-forest ecotone

did not coincide with the abrupt changes we observed in Bachand, 1997).
Although edge basal areas were intermediate be-aboveground properties: at edge stations, belowground

properties were more bog-like, while aboveground tween those of bog and forest stations, edge hydraulic
conductivities, SOC100, and slope were not bracketed byproperties were more forest-like. Soil C stocks to 100 cm,

water tables, and SRR differed significantly between the corresponding bog and forest values. Carbon storage
at peatland-forest edges could be more strongly influ-edge and forest stations, but there were no significant
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forest SOC in O horizons at CS is nearly double that
reported for southeastern Alaska (Alexander et al.,
1989) and nearly sevenfold greater than that reported
for the western Oregon (Homann et al., 1995). These
discrepancies likely resulted because the Alaska pedons
did not include forested peatland margins and because
the Oregon pedons were subjected to prescribed fire.
The threefold greater Db of forest surface horizons
(Table 1) may result from greater decomposition rates
or root compaction (Chappell et al., 1996). Although
we measured SRR at stations offset from pedon loca-
tions, the high SRR we recorded at forest interior sta-
tions indicate high decomposition rates that could lead
to the accumulation of recalcitrant and dense SOC in

Fig. 4. Conceptual model based on soil respiration rates, tree biomass the surface horizons of the forest.
carbon estimates, and soil organic carbon pool sizes for the bog- Across the bog-forest ecotone, SOC100 was greatest inforest ecotone at Common Snipe. Dissolved organic carbon (DOC)

poorly drained settings with lesser slopes (bog interior-could link different parts of the catena.
forest edge) and lowest in well-drained settings with
greater slopes (forest interior). The high variability weenced by factors governing C losses (i.e., respiration,
observed in forest SOC100 also reflected variability inleaching) than by factors responsible for C inputs (i.e.,
slopes, which could influence local drainage patterns.run-on, litter) (Schuur et al., 2001; Schlesinger and An-
Local drainage appears to affect O horizon thicknessdrews, 2000). Soil respiration rates in northern peatlands
and development of Histosols, Spodosols, and Incepti-and boreal forests are controlled by drainage (Oechel et
sols. Drainage of forest pedons is a function of steepal., 1993) or by the seasonal allocation of photosynthates
hydraulic gradients resulting from channel incision,belowground (Hogberg et al., 2001). For both temperate
sharp texture contrasts between O and E horizons, and(A.S. Hartshorn, 2003) and tropical (Davidson et al.,
higher transpiration rates. Forest interior SOC100 peaked2000) rainforests, soil water content was a better pre-
in the most poorly drained setting (Pedon 14), 2 m fromdictor than soil temperature of SRR. Although summer
the creek channel (Fig. 1). Intermediate SOC100 wassoil temperatures were not significantly different be-
found for the only forest pedon classified as a Histosoltween stations at CS, soil temperatures were commonly
(42 kg m�2; Pedon 10; Table 3), which was located onlowest at shaded forest interior stations where SRR
a nearly level bench �10 m from the creek channel.were highest (A.S. Hartshorn, 2003). Although we did
Forest SOC100 was lowest in steeply sloping settingsnot measure SRR outside of the growing season, we
where deep water tables facilitated the development ofexpect that cooler temperatures would further amplify
Haplocryods. Thus, forests contained well-drained sitesthe importance of water table differences and minimize
despite lying downslope of bogs. In forests, pedogeneticthe importance of soil temperature differences.
processes in general, and C storage in particular, appearSoil respiration rates were consistent between years
to be strongly influenced by drainage conditions. Drain-and across stations. Bog SRR were not significantly
age varies spatially because run-on is concentrated intodifferent from edge SRR (Fig. 2 and 4) and fell within
discrete flowpaths and because creeks define the hy-the range of values reported for other northern peat-
draulic gradients for the immediate area. Just as drain-lands (Silvola et al., 1996). The low SRR we recorded
age conditions strongly influence vegetation patterns inat bog edge and forest edge stations may be one reason
southeastern Alaska (Neiland, 1971; Hanley and Brady,for the large SOC stocks at the bog-forest edges (Valen-
1997), soil properties and classifications reflect the spa-tini et al., 2000). Forest SRR, by contrast, were greater
tial variability in drainage conditions, both across thethan rates reported for European boreal forests domi-
peatland-forest ecotone and within the forest.nated by pine or spruce (Hogberg et al., 2001; Buch-

Suárez et al. (1999) used mean maximum tree agesmann, 2000; Widen and Majdi, 2001) and were associ-
to argue that forests were expanding into adjacent tun-ated with the lowest SOC100. Additional characterization
dra in northwest Alaska, a pattern also reported forof C inputs (e.g., run-on, litter) would clarify the role
northern Alaska (Sturm et al., 2001; Serreze et al., 2000).of C losses via respiration in defining the pattern of C
Afforestation of peatlands may also be occurring instocks across this ecotone.
southeastern Alaska. Although we found no significant
differences in mean maximum tree ages across the bog-Variability in Forest Properties
forest ecotone at CS, the trend in ages was consistent

Forest properties were highly variable. We were able with these recent findings from northern Alaska.
to detect significant edge-forest differences despite this
variability. For example, average forest SOC100 was sig- Catena Patterns and Processesnificantly lower than edge SOC100 (Table 4, Fig. 4) al-

Catenas represent sequences of linked soils acrossthough forest SOC100 ranged from 17 to 54 kg m�2, com-
topographic gradients (Milne, 1935) and have been re-parable with the variability in SOC100 reported for four

forest pedons in Alaska (Ping et al., 1997). The average garded as consisting of upslope eluvial, midslope collu-
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vial, and downslope illuvial landscape complexes (Mori- tional water storage. Additional precipitation could lead
to increased lateral flow. This work helps constrain theson, 1948). In southeastern Alaska, dissolved organic C

(DOC) fluxes could link upslope peatlands to down- scope of soil changes that could result if bog-forest eco-
tones shift in response to climate change.slope forests (Fig. 4). Although we did not measure

DOC, stream water color clearly indicates that DOC is Because edge pedons contain significantly more
SOC100 than adjacent forest pedons, we predict that addi-mobile in this environment. Exceptionally high DOC

river export (approximately 9 kg DOC-C ha�1 yr�1; Su- tional improvements in drainage at edge locations as a
result of warming could lead to the mineralization ofgai and Burrell, 1984) and average concentrations in

overland flow (20 mg L�1; Engstrom et al., 2000) have 23 kg SOC m�2, the difference between edge and forest
interior SOC100 (24 kg m�2) adjusted for increased Cbeen documented for southeastern Alaska. Fluxes of

DOC might function in the same way that element trans- storage in trees (approximately 1 kg m�2; Fig. 4).
Warmer temperatures could increase DOC export fromfers across a landscape have been proposed to represent

lateral podzolization (Sommer et al., 2000). peat soils (Freeman et al., 2001b), and if warmer temper-
atures result in deeper water tables, more aerobic condi-The low hydraulic conductivities and low slopes we

measured at edge stations indicate that lateral flow can tions could accelerate SOC mineralization rates (Free-
man et al., 2001a) and subsidence (Silins and Rothwell,also play a critical pedogenetic role across bog-forest

ecotones. Interpedon transfers of materials and energy 1998). We base our prediction on SOC and SRR pat-
terns across the bog-forest ecotone, the forest structureacross the ecotone by lateral flow should increase in

importance as bog subsurface horizons humify and as across the ecotone, and paleoecological and modern
evidence of forest expansion in Alaska. Our estimate issubsoil horizons with lower conductivities develop in

forests (Table 2; Ugolini and Mann, 1979). Lateral flow triple the C losses reported for drained peatlands (Tret-
tin et al., 1995) but only a fraction of the C loss ofwould also intensify nutrient and C cycling by concen-
drained temperate wetlands (156 kg m�2; Zdruli et al.,trating activity in the upper portion of the profile and
1995). Although our estimates of SOC100 rely in part onby joining upslope and downslope landscape elements.
estimated Db and %C values for deep horizons, ourWe hypothesize that the strong property contrasts
average values fall within the range of values reportedwhere Typic and Terric Histosols of bogs grade into
for six bog and forest pedons in Alaska (17–129 kg m�2;the forest suite of Histosols, Spodosols, and Inceptisols
Ping et al., 1997) and the range calculated for 23 forestedcould further reduce hydraulic conductivities and feed
wetland pedons across southeastern Alaska (33–80 kgback to poor drainage. Just as vertical textural disconti-
m�2; depth range 38 to 213 cm; D’Amore and Lynn,nuities may slow intrapedon water movement (Schaetzl,
2002).1996), horizontal textural discontinuities along a catena

Forest expansion at high latitudes might not increasecould slow interpedon water movement, especially when
C sequestration (Lal, 2001), just as woody plant expan-subsurface properties restrict deep-water movement.
sion into wet grasslands can trigger SOC losses (JacksonAlthough DOC would be expected to dampen edge
et al., 2002). Increased root densities as a result of forestSRR in water-gathering locations, DOC could also stim-
expansion will enhance transpirational dewatering andulate forest SRR by acting as a C substrate in better-
the temperature sensitivity of the soil profile (Boone etdrained locations. Allochtonous C has been shown to
al., 1998). Potential C sequestration by forests is alsostimulate soil respiration (Gallardo and Schlesinger,
likely to be offset by decreases in surface albedo as1994; Hogberg and Ekblad, 1996). Since geomorphic
peatlands are replaced by forests (Betts, 2000). Theseredistribution of C can exceed plant C inputs to the soil
types of complex dynamics will govern the responses ofprofile (Yoo et al., 2001), we hypothesize that dissolved
northern peatlands and boreal forests to rising atmo-fluxes of C may be an important C redistribution mecha-
spheric CO2 levels. If these patterns prove to be wide-nism at the landscape scale in southeastern Alaska, link-
spread in southeastern Alaska and across high latitudes,ing catena elements and helping explain C storage and
we speculate that initial afforestation of peatlands couldC loss patterns.
represent a significant and transient positive feedback
to rising atmospheric CO2 levels. Such a feedback wouldImplications for Carbon Cycling be consistent with model simulations (Smith and Shu-

Carbon storage in Tongass National Forest soils has gart, 1993).
been estimated at 1.2 Pg (Alexander et al., 1989), a
value that may be conservative since we measured C

CONCLUSIONSdensities greater than the maximum density used in that
study (72 kg m�3). Carbon storage in this region appears In our study, variations in soils, hydrology, and veg-
to be strongly influenced by drainage conditions. Recent etation across bog-forest ecotones did not coincide.
climate modeling work (Houghton et al., 2001) suggests In bogs, Cryohemists supported peat-forming mosses,
that winter and summer temperatures will both increase sedges, and low basal areas. These bogs had very shallow
in this region as a result of global warming. Estimates water tables, low hydraulic conductivities, and low SRR.
of precipitation differences are not as clear, but it is In forests, Cryohemists, Haplocryods, and Cryaquepts
unlikely that increased precipitation would lead to supported much higher basal areas, which coincided
higher water tables and bog expansion since the existing with the greatest slopes, deepest water tables, highest

hydraulic conductivities, and highest SRR. At the bog-steep hydraulic gradient (Fig. 4) would likely limit addi-
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Klute (ed.) Methods of Soil Analysis. Part 1. 2nd ed. Agron. Mo-forest edge, however, we found evidence of a soil-vege-
nogr. 9. ASA and SSSA, Madison, WI.tation uncoupling. Pedons were dominantly Cryohe-

Boone, R.D., K.J. Nadelhoffer, J.D. Canary, and J.P. Kaye. 1998.mists, with intermediate O horizon thicknesses but basal Roots exert a strong influence on the temperature sensitivity of
areas that were significantly greater than bog basal ar- soil respiration. Nature (London) 396:570–572.

Brew, D.A., A.T. Ovenshine, S.M. Karl, and S.J. Hunt. 1984. Prelimi-eas. The O horizon properties and low slopes of edge
nary reconnaissance geologic map of the Petersburg and parts of thestations coincided with the lowest hydraulic conductivi-
Port Alexander and Sumdum 1:250,000 quadrangles, Southeasternties across the ecotone, shallow water tables, low SRR,
Alaska. U.S. Geological Survey Open File Report 84–405. U.S.and the highest SOC100. Dep. of Interior, U.S. Geological Survey, Reston, VA.

Soil-vegetation uncoupling provides a preview of how Buchmann, N. 2000. Biotic and abiotic factors controlling soil respira-
landscapes might respond to climate change. We ques- tion rates in Picea abies stands. Soil Biol. Biochem. 32:1625–1635.
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edges reinforces the importance of characterizing eco- impact of Sitka spruce (Picea sitchensis (Bong.) Carr.) on soil
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Dachnowski-Stokes, A. 1941. Peat resources in Alaska. USDA Tech-ments. The high variability in SOC in forest soils means

nical Bulletin No. 769.USDA, Washington, DC.that forest soil C inventories with much higher spatial D’Amore, D.V., and W.C. Lynn. 2002. Classification of forested Histo-
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tems will respond to climate change. Across the ecotone, Davidson, E., L.V. Verchot, J.H. Cattanio, I.L. Ackerman, and J.E.M.

Carvalho. 2000. Effects of soil water content on soil respiration inthe largest differences in SRR did not coincide with
forests and cattle pastures of eastern Amazonia. Biogeochemis-the largest aboveground differences in tree basal areas,
try 48:53–69.highlighting the importance of characterizing both Engstrom, D.R., S.C. Fritz, J.E. Allmendinger, and S. Juggins. 2000.

above- and belowground ecosystem structure. Our con- Chemical and biological trends during lake evolution in recently
ceptual model suggests that forest expansion across deglaciated terrain. Nature (London) 408:161–166.

Eswaran, H., E. Van Den Berg, and P. Reich. 1993. Organic carbonthese ecotones as a result of continued or accelerated
in soils of the world. Soil Sci. Soc. Am. J. 57:192–194.warming in southeastern Alaska could result in the net
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carbon from peat soils. Nature (London) 412:785.
Freeze, R.A., and J.A. Cherry. 1979. Groundwater. Prentice-Hall,ACKNOWLEDGMENTS Englewood Cliffs, NJ.
Gallardo, A., and W.H. Schlesinger. 1994. Factors limiting microbialThis work was funded primarily by the Natural Resources

biomass in the mineral soil and forest floor of a warm-temperateConservation Service (Cooperative Agreement No. 68-7482-
forest. Soil Biol. Biochem. 26:1409–1415.7-240), UC Davis grants and fellowships, and a Society of

Gorham, E. 1991. Northern peatlands: Role in the carbon cycle andWetland Scientists Student Grant. The City of Petersburg probable responses to climatic warming. Ecol. Applic. 1:182–195.
Department of Public Works and the USDA Forest Service Hanley, T.A., and W.W. Brady. 1997. Understory species composition
(Stikine Area) provided in-kind support. This manuscript was and production in old-growth western hemlock—Sitka spruce for-
improved by comments by V. Bakker and K. Rains. We thank ests of southeastern Alaska. Can. J. Bot. 75:574–580.
C. Alconcel, V. Bakker, G. Bluhm, A. Cohn, M. Finlay, P. Hansen, B.C.S., and D.R. Engstrom. 1996. Vegetation history of Pleas-

ant Island, Southeastern Alaska, since 13,000 yr B.P. QuaternaryJennings, L. Palle, and E. Stolpe for field and laboratory as-
Res. 46:161–175.sistance.

Harrelson, C.C., C.L. Rawlins, and J.P. Potyondy. 1994. Stream chan-
nel reference sites: An illustrated guide to field technique. GTR

REFERENCES RM-245, USDA Forest Service, Fort Collins, CO.
Hartshorn, A.S. 2003. Structure and function of peatland-forest eco-Alexander, E.B. 1991. Soil temperatures in forest and muskeg on

tones in southeastern Alaska: Carbon and nitrogen dynamics. Ph.D.Douglas Island, Southeast Alaska. Soil Surv. Hor. 32:108–116.
diss. University of California, Davis, CA.Alexander, E.B., E. Kissinger, R.H. Huecker, and P. Cullen. 1989.

Heusser, C.J. 1952. Pollen profiles from Southeastern Alaska. Ecol.Soils of Southeast Alaska as sinks for organic carbon fixed from
Monog. 22:331–352.atmospheric carbon-dioxide. p. 203–210. In E.B. Alexander (ed.)

Hogan, E.V. 1995. Overview of environmental and hydrogeologicProc. Watershed ’89: A Conference on the Stewardship of Soil,
conditions near Petersburg, AK. US Geological Survey Open FileAir, and Water Resources. 21–23 March 1989. Juneau, Alaska.
Report 95–342. U.S. Dep. of Interior, U.S. Geological Survey,USDA Forest Service R10-MB-77. USDA Forest Service, Ju-
Anchorage, AK.neau, AK

Hogberg, P., A. Nordgren, N. Buchmann, A.F.S. Taylor, A. Ekblad,Allen, C.D., and D.D. Breshears. 1998. Drought-induced shift of a
M.N. Hogberg, E. Nyberg, M. Ottosson-Lofvenius, and D.J. Read.forest-woodland ecotone: Rapid landscape response to climate
2001. Large-scale forest girdling shows that current photosynthesisvariation. Proc. Natl. Acad. Sci. USA 95:14839–14842.
drives soil respiration. Nature (London) 411:789–792.Alm, J., L. Schulman, J. Walden, H. Nykanen, P.J. Martikainen, and

Hogberg, P., and A. Ekblad. 1996. Substrate-induced respiration mea-J. Silvola. 1999. Carbon balance of a boreal bog during a year with
sured in situ in a C-3-plant ecosystem using additions of C-4-su-an exceptionally dry summer. Ecology 80:161–174.
crose. Soil Biol. Biochem. 28:1131–1138.Barnes, B.V., D.R. Zak, S.R. Denton, and S.H. Spurr. 1998. Forest

Homann, P.S., P. Sollins, H.N. Chappell, and A.G. Stangenberger.ecology. 4th ed. Wiley and Sons, New York.
1995. Soil organic carbon in a mountainous, forested region: Rela-Betts, R.A. 2000. Offset of the potential carbon sink from boreal
tion to site characteristics. Soil Sci. Soc. Am. J. 59:1468–1475.forestation by decreases in surface albedo. Nature (London) 408:

Houghton, J.T., Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden,187–190.
Blake, G.R., and K.H. Hartge. 1986. Bulk density. p. 363–382. In A. and D. Xiaosu (ed.). 2001. Climate change 2001: The scientific



HARTSHORN ET AL.: PEATLAND-FOREST ECOTONES IN ALASKA 1581

basis. Intergovernmental Panel on Climate Change. Cambridge 1996. Carbon dioxide fluxes from peat in boreal mires under varying
temperature and moisture conditions. J. Ecol. 84:219–228.University Press, Cambridge, UK.

Hvorslev, M.J. 1951. Time lag and soil permeability in ground-water Smith, M., and H.H. Shugart. 1993. The transient response of terres-
trial carbon storage to a perturbed climate. Nature (London) 361:observations. Waterways Exp. Station Bull. 36. US Army Corps

of Engineers, Vicksburg, MS. 523–526.
Soil Survey Staff. 1993. Soil survey manual. USDA-SCS Handb. 18.Ives, P., B. Levin, C.L. Oman, and M. Rubin. 1967. US Geological

Survey radiocarbon dates IX. Radiocarbon 9:505–529. U.S. Gov. Print. Office, Washington, DC.
Soil Survey Staff. 1996. Soil survey laboratory methods manual. SoilJackson, R.B., J.L. Banner, E.G. Jobbágy, W.T. Pockman, and D.H.
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