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SOIL GENESIS AND MORPHOLOGY OF A MONTANE MEADOW IN THE NORTI [ERN
SIERRA NEVADA RANGE

R. R BLANK,' T.J. SVEICAR*® ano G M. RIEGEL’

Given the importance of riparian areas in
the western United States, knowledge about
the spatial distribution, properties, and gen-
esis of these soils is surprisingly limited. In
conjunction with an interdisciplinary study
of the impacts of grazing on soils and vege-
tation, we characterized three pedons along
a hydrologic gradient on a montane meadow
of the northern Sierra Nevada range. Radio-
carbon dating of charcoal indicates that
meadow pedogenesis began approximately
3600 years B.P., after a catastrophic valley
erosional event. Since that time, nearly 1
meter of soil has accumulated over a basal
glaciolacustrine unit. Critical factors and
processes influencing soil genesis and mor-
phology include: seasonal variation in soil
redox status, frigid soil temperatures, addi-
tions of volcanic tephra, wildfires, and poly-
genesis related to Holocene climatic, hydro-
logic, and vegetation changes. Argillans are
present on ped faces of certain soil horizons,
which suggests extended dry periods at
which time clay pervection occurred. Clay
mineralogy is disjunct; surface horizons are
dominated by kaolinite and underlying hori-
zons by smectite. The high clay content of
such youthful soils suggests rapid primary
mineral weathering. Charcoal-containing
strata attest to frequent wildfires during the
Holocene epoch. The spatial complexity of
soil patterns and their properties infers that
these riparian areas are dynamic, and their
character may have been shaped by previous
climatic patterns.

[n xeric climates, riparian ecosystems play a
critically important role in water quality, stream
flows, wildlife habitat, and forage production.
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Previous work in more mesic areas has docy
mented the ability of riparian buffer sLps Lo ab
sorb nutrients from upland runoff (Lowrance and
Leonard 1988; Haycock and Pinay 1992) Thus,
properly functioning ripanan zones help improve
the water quality of streams. Ripanan zones may
also store water during wet periods that can be
released to the associated stream during dry peri
ods, thereby improving minimum flows (Elmore
and Beschta 1987). Wildlife tend to use riparian
areas disproportionately more than other habi
tats (Thomas et al. 1979), and these areas are also
an important source of forage (Reid and Pickford
1946; Roath and Krueger 1982).

Assessment of management impacts and short
term trends requires knowledge of the forces that
influenced the formation and dynamics of ripar-
ian ecosystems. Unfortunately, few studies have
characterized soil properties, the spatial variabil
ity of soils, and pedogenesis in these systems. A
multidisciplinary team was assembled to evaluate
the response of vegetation, soils, and water qual-
ity to grazing in a montane meadow of the north-
em Sierra Nevada range, California. The purpose
of this paper is to report on the properties and pe-
dogenesis of soils on a montane meadow of the
northern Sierra Nevada range. The record of
these soils documents a varied pedogenic history
and underscores the difficulty in management of
these complex ecosystems.

MATERIALS AND METHODS
Site characteristics

The study area is along the upper reach of Griz-
zly Creek, a tributary to Lake Davis and the
Feather River (Figs. I and 2). At the research site,
the floodplain is approximately 100 m wide, but
width varies considerably. The surrounding up-
lands are forested by lodgepole pine [Pinus con
torta ssp. murrayana (Grev. & Balf.) Critchf],
white fir [Abies concolor (Gordon & Glend.)
Lindley], and Jeffrey pine [Pinus jeffreyi (Grev
& Balf)]. The dominant vegetation on the
meadow consists of Kentucky bluegrass [Poa
pratensis (L.)], baltic rush [Juncus bai!imf_-‘
(Willd.)|, Nebraska sedge [Carex nebrascensts
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Fie. | Locauon map of study area

(Dewey)], and tufted-hairgrass [Deschampsia
carspitosa (L) Beauv.]). The species composition
differs systematically from stream edge to forest
houndary: Nebraska sedge dominates very poorly
drained areas along the stream, other graminoids
merease in poorly drained midfloodplain posi-
tions, and forbs increase in the better drained
(loodplain-upland interface.

Elevation of the site is approximately 1800 me-
ters. Precipitation at nearby Three Mile Valley av-

Photograph of Gnzzly Creek meadow taken
tctober 22, 1994 Usually, cool fall temperatures de-
o rease plant water demands sufficiently, thereby raising
water levels in the stream. This fall, however, the

stresum remanns dry, vivadly demanstraning the extent of
A T ovear drought

Fie., 2

137

eraged 89 cm per year (SD = 34) from 1959
through 1991, approximately 85% of which is in
the form of snow falling in the months of Novem-
ber through March, The geology of Grizzly Creek
extending through Lake Davis is mapped as Qua-
ternary lacustrine deposits (Burnett and Jennings
1962). The geology of the surrounding area is
complex. Adjacent uplands are mapped as
Miocene, Oligocene, and Pliocene pyroclastics.
Minor associaled rock-types include Miocene an-
desite and Mesozoic granodiorite. Mapped along
the upper reaches of Grizzly Creek is Paleozoic
marine limestone and dolomite.

In 1990, soil oxidation-reduction potentials
were measured weekly from June 5 through Au-
gust 16, biweekly from August 29 through Octo-
ber 2, and monthly through November 15. In
1991, redox was measured weekly from May 27
through August 13, and biweekly through Octo-
ber 9. Platinum wire (1.5 cm) soldered onto
steel welding rods was used. Pairs of redox
probes were placed at 20- and 40-cm depths at
sampling points located at 2.5, 10, 20, and 50 m
on a transect line from the stream to the forest
boundary. A PVC salt bridge was located be-
tween the two redox probes to facilitate mea-
surements under dry conditions. Readings were
taken using a portable millivolt reader with an
AgCl reference electrode. Water table depths
were measured at the same locations. In 1990,
water table was measured weekly from May 4
through August 16. In 1991, water table was
measured twice a month from February 29
through April 22, weekly from May 15 through
August 18, and biweekly from September 5
through October 9. Perforated 5-cm PVC obser-
vation wells were placed to a depth of 1.5 m. Soil
thermistors were placed at depths of 10, 60, and
120 cm in the midfloodplain soil. Daily maxi-
mum, minimum, and average lemperatures were
recorded via a datalogger from August 1993
through July 1994.

A hydraulic coring device was used Lo cxamine
the soil around the research area to a depth of ap-
proximately 3 m. Based on this information, three
sites within the research plots were sampled for
detailed soil description and characterization:
stream ¢dge just beyond a subtle levee (10 m
from stream), midfloodplain (30 m from stream),
and the floodplain adjacent to the forest bound-
ary (50 m from stream). To minimize site distur-
bance, small approximately 0.5-m Lesseras were
excavated. Pedons were described and sampled
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using established procedures (Soil Survey Stafl
1984).

Laboratory

Soils reserved for laboratory characterization
were immediately air-dried in the field and then
transported to the laboratory. Soil was crushed
lightly to pass a 2-mm sieve and stored in paper
cartons. All subsequent analyses were done on
this material. Soil pH was measured in 0.01 M
CaCl, (McLean 1982). Organic carbon was mea-
sured by the Walkley-Black procedure (Nelson
and Sommers 1982). Total N was quantified by the
Kjeldahl method (Bremner and Mulvaney 1982).
Particle size determination used established pro-
cedures of Gee and Bauder (1986). Sand, silt, and
clay fractions were saved for later analyses.
Cation exchange capacity was measured by the 1
N NaOAc at pH 7.0 method (Soil Survey Staff
1984). Exchangeable cations were quantified with
an atomic absorption spectrophotometer. Mois-
ture desorption properties were quantified using
a pressure plate apparatus (Richards and Fire-
man 1943). Quantification of wet aggregate sta-
bility used the method of Harris (1971). Various
pools of Fe and Al were extracted using citrate-
dithionite, acid ammonium oxalate, and py-
rophosphate (McKeague and Day 1966; Soil Sur-
vey Staff 1984).

The <2-pm size fraction, reserved after particle
size separations, had the following treatments
performed before X-ray diffraction (Moore and
Reynolds 1989): K-saturation and air-drying; K-
saturation with heating to 150°C for 15 min; K-
saturation with heating to 450°C for 1 h; Mg-
saturation followed by vapor intercalation with
glycerol; Mg-saturation followed by vapor inter-
calation with ethylene glycol. Clays were sedi-
mented on glass slides before X-ray diffraction.
X-ray diffractograms were run using the follow-
ing conditions: Phillips automated diffractometer
system PWI1710, Bragg Brentano goniometer
equipped with curved graphite diffracted-beam
monochromator, 0.2-mm receiving slit, incident
and diffracted beam soller slits, divergence and
antiscatter slits, Cu K alpha radiation, take-off
angle 6°, step size of 0.02 degrees with step count-
ing time of 0.5 s, at 0.04 degrees/s, theta compen-
sating slit. The coarse-silt through medium sand
fractions were examined with a petrographic mi-
croscope and minerals identified using standard
methods (Stoiber and Morse 1981, Phillips and
Griffen 1981) Particle percentages were deter-
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mined on the very fine sand fraction using the line
count method (Brewer 1976). One hundred grains
were counted for each soil horizon.

[n 1991 a large pit was excavated near the east
edge of the study area to obtain charcoal for ra-
diocarbon dating. The position of the pit was
slightly lower and wetter than the other studied
pedons and on the side of an older stream mean-
der approximately 5 m north of present Grizzly
Creek and approximately 100 m downstream
from the stream edge pedon. Normally, the water
table would have been close to the soil surface at
this position, but 1991 was a very dry year after
several below average precipitation years. We
chose strata for '* C dating based on the presence
of sufficient charcoal. The strata from which the
charcoal was extracted showed no evidence of
disturbance. Charcoal was sent to a commercial
lab (Beta Analytical Inc., Miami, FL) for radiocar-
bon dating.

RESULTS AND DISCUSSION

Site information

In the 4 years of this study, there was remark-
able variation in precipitation. On average, snow
is completely off the meadow by late March to
late May. Subsequent to snow melt, the entire
width of the meadow is flooded. Redox potentials
during this period are low, ranging between —231
and 627 mV at 20-cm depth and -249 to 598 mV at
40-cm depth. Even during this soil saturation pe-
riod, redox potentials closer to the forest are
more positive as a result of their slightly higher
position. Plant growth proceeds rapidly after
snow melt, and except for the low bench astride
the stream, surface soils become significantly
more aerated. By early fall, redox potentials
ranged from 89 to 724 mV near the stream to 301
to 722 mV near the forest edge.

In early May of 1990, after snow melt and ini-
tial water table draw down, water table depth
was 31 cm al the stream edge, 45 cm at mid-
floodplain, and 50 cm at the forest edge. Water
table draw down was very gradual at the stream
edge, dropping to 46 cm on June 28. A dramatic
decline began on July 18, with depth dropping to
97 cm and reaching 114 cm by July 31. The mid-
floodplain and forest edge sites dropped further
by July 5, to 105 and 108 cm, respectively. By July
31, both sites were approaching 135-cm depth. A
similar pattern was determined for 1991. Caution
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must be used in extrapolating from these data
because 1990 and 1991 were drought years.

Soil thermistor readings from August 1993
through July 1994 indicate a frigid soil tempera-
ture regime. The stream has a gradient of 1 to 2%
and would be classified as a (C with an E poten-
tial) based on Rosgen (1994)

Pedon descriplions

The stream edge and midfloodplain pedons
have similar horizonation (Table 1). The surface
O horizons have a weak to moderate granular
structure that, when wet, is very unstable and
smears easily. The A honzons are fine-textured
and have granular to blocky structure that readily
smears when wet. The presence of clay cutans
(argillans) in the field and distinct prismatic
structure suggests a Bt horizon. Upon micro-
scopic examination, however, the suspected clay
cutans were very faint. Moreover, given that these
soils are seasonally frozen, compression and

compaction duning {reezing may lorce thin films
of water containing suspended fine clay to orien
tate on surfaces of peds (Gorbunov 1961). Thus,
we classify these horizons as Bw. The Bw hori-
zons overlie a light-colored, platy-structured hori
zon that, at the time the pedons were excavated,
had lateral water movement occurnng toward the
stream. Based on this information, the layer was
field identified as an E honzon; however, the very
fine sand fraction was dominated by volcanic
tephra with plentiful diatom frustules (Table 2,
Fig. 3, A, B, and C). [t is clear this layer is a litho
logic discontinuity and is thus identified as a 2(
horizon. Below the tephra layer is a fine-textured,
gleyed horizon with pronounced prismatic struc
ture and distinct, thick, clay cutans. The cutans
were deposited via percolating water as sug-
gested by a waxy luster, by the fact they can be
peeled off when dry, and by flow structures on
the cutans. The stratigraphic position of this hon-
zon and its appearance suggests it is a paleosol B

TABLE 2
Line counts (in percent) of the very fine sand fraction for the collected pedons
Quartz & Amphiboles Freeze

Horizon Glass Glass-like* Feldspar Pyroxenes® Phytoliths agglomerates Others®

S T L e "Stremm edge e -,
Oa 37 8 28 9 3 10 5
A 17 32 12 3 23 10 2
AB 19 22 15 6 7 22 10
Bw 4l 9 21 3 3 22 0
2Cg 92 2 1 2 0 1 |
3Bgb 15 10 50 3 L 13 10
3Cg 9 0 67 19 0 5 1

-——---------- Midfloodplain - CEEERES S E st
A 9 0 55 11 4 19 3
AB 15 0 33 11 3 32 6
Bw 23 0 24 18 0 29 6
26 76 4 3 4 2 11 0
3Btgb 18 8 a3 4 0 32 1
3Cg 15 10 50 3 | 13 1o
em e e mmemmemmmem—l oo dama -~ Forest edge e

A 13 3 48 L1 2 18 7
AB 14 1 40 13 0 30 l
Bl 12 ] 41 10 0 37 0
B2 25 3 14 8 ] 47 3
2Bth 2 0 29 i 0 G2 2

2C0g  not sampled

* A seniitransparent material that appears as devitirified glass but often has enmeshed diatom tests

"Green homblende 1s domuinant.

© Particles that visually appear as weathered biotite but are actually Fe-rich halloysite thar agglomerdte
together to formn large optically uniform domains (Blank et al 1992}

*Includes zircons, opaques, and diatoms
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horizon, which we identify as 3Bigb. Underlying
this horizon is a gleyed and strongly mottled hori-
con. The honzon has a varved depositional tex-
ture with occasional coarse-strata, especially
nearer the stream. We interpret this layer to be
the Quaternary-aged glaciolacustrine unit
mapped by the U.S. Geological Survey (Burnett
and Jennings 1962).

The slightly higher forest edge pedon is dis-
tinctly different from the midfloodplain and
stream edge pedons. An O horizon is absent, pos-
sibly because of the relative dryness of this loca-
tion. The Bt horizon has much more pronounced
structure and more plentiful clay skins than the
Bw horizons of the midfloodplain and floodplain
soils. The 2C horizon is absent in the forest edge
pedon; however, the transitional zone between
the Bt2 and 2Btb horizons shows streaks of
whitish material. Moreover, the Bt2 horizon is es-
pecially rich in volcanic glass (Table 2). The pale-
osol 2Btb horizon has more pronounced and
plentiful clay films than occur in the 2Btgb hori-
zons of the stream edge and midfloodplain pe-
dons. The underlying varved lacustrine sediments
occur as well in the forest edge pedon (Table 1).

Chemical and physical properties

Selected chemical and physical attributes are
presented in Table 3. Soil pH is 5.0 or less in sur-
face horizons and increases with depth. The pe-
dons are all very high in organic carbon in surface
soil horizons, but this gradually decreases with
depth. Carbon to N ratios are less than 20 for soil
above the basal lacustrine U. Clay content is re-
markably high, far higher than that estimated in
the field; organic matter apparently masks the
high clay content. Sand content is highest in the
forest edge pedon. High organic matter and silt
and clay content foster elevated moisture reten-
tion capacity, espécially in the O and A horizons
of the stream edge pedon. Cation exchange ca-
pacities are very high and generally decrease with
depth. Given the high organic matter content of
surface horizons, a portion of the cation ex-
change capacity is attributable to pH dependent
charge; the pH of the extracting solution (7.0) is
greater than the natural soil pH. The exchange
complex of all pedons is dominated by calcium,
followed by magnesium, then sodium and potas-
sium. Percent base saturation is less than 50% in
surface horizons and increases o greater than
60% in the paleosol Bt horizons and below. Index
of soil aggregation, which has ramifications for
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streambank stability, is generally lowest in the
stream edge pedon.

Pools of extractable iron are very low (Table
4). Anoxic conditions promote the formation of
the soluble Fe*? species which is then mobilized
from the system. Dithionite-extractable Fe and Al
are highest in surface horizons and generally de-
crease with depth (Table 4). The pyrophosphate
extraction, which measures organic bound Fe
and Al, is, as expected, highest in the organic-rich
horizons. Oxalate-extractable Fe generally de-
creases with depth, then increases in the paleosol
Bt horizon; oxalate-extractable Al generally de-
creases with depth (Table 4). The ratio of dithio-
nite-extractable Fe to Al correlates with the pres-
ence of the paleosol Bt horizons and underlying
lacustrine sediments (Table 4).

Soil stratigraphy-age relationships

The stratigraphy of the charcoal dating pit
closely matches that of the characterized pedons.
The A horizon is thicker in the charcoal dating
pit, possibly because of greater sedimentation.
The tephra rich 2C horizons of the stream edge
and midfloodplain pedons were not found in the
charcoal dating pit; however, a stratigraphically
equivalent stratum contained lapilli with some
volcanic ash.

From the radiocarbon dates obtained, soil gen-
esis on the meadow began after 3600 + 90 yrs B.P
(Table 5). The paleosol Bt horizon is at least older
than 2840 + 220 yrs B.P. and not older than 3600 +
90 yrs B.P. Soil material above the paleosol Bt
horizon, including the volcanic tephra, is younger
than 2840 + 220 yrs B.P.

Mineralogy

The importance of volcanic tephra in the gene-
sis of these soils is evident from line counts of the
very fine sand fraction (Table 2; Fig. 3 A and B).
Tephra amounts were greatest in the 2C horizons
of the stream edge and midfloodplain positions.
The purity of tephra in these horizons and pres-
ence of admixed diatom frustules (Fig. 3C) sug-
gests a quiet water environment at the time of de-
position. Hydraulic soil coring of the meadow
indicates the tephra layer extends more than one-
quarter km above and below the study area. We
attempted to determine the provenance of the
glass by matching its chemistry to dated tephra
deposits; unfortunately, the glass segregated into
four chemical groups. [t appears that the magma
that produced the tephra was either differenti-
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ated and zoned or that quiet water conditions per
sisted for a time such that several different
tephras were incorporated (Bruce Cochran 1990,
personal communication)

A glass-like material was plentiful in the very
fine sand fraction, especially in the stream edge
pedon (Table 2; Fig. 3 D and E). Particles are an
admixture of semiopaque, yellowish-brown,
Isotropic material with striations of weakly bire-
[ringent material. A refractive index of approxi-
mately 1.46 suggests the isotropic material is opa-
line silica. By focusing the microscope in and out,
minute diatom frustules are seen encased in the
siliceous material. We believe this material repre-
sents silica deposited around roots in response to
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plant water uptake, a mechanism which has been
reported previously (Buurman et al. 1973) D
atoms, which are a component in the wetl envi
ronment, die and become encased in the silica
precipitate.

Other abundant particles in the very fine sand
[raction include “freeze agglomerates” {(Eig. 3F).
The appearance of these particles suggests a
weathered biotite; however, several factors miti-
gate against this conclusion. First, its large pro-
portion in some samples is incompatible with the
low levels of biotite in surrounding rock types. In
addition, X-ray diffraction indicates that hal
loysite is the principal mineral comprising freeze-
agglomerates (Blank et al. 1992). We hypothe-

FG. 3. Photomicrographs of selected soil particles. Scanning electron mic rographs of the two most common
pumiceous shards extracted from the 2Cg horizon of the stream edge pedon. One type has spherical to oval vesi-
cles (A) and the other elongated tubular vesicles (B) Phowmicrograph (C) is a frustule of the most prevalent
species of diatom admixed with the pumiceous shards. A “glass-like” particle is very common in the A horizon of

the stream edge pedon. Particles are isotropic, translucent,

yellowish-brown in color, and often have minute diatom

frustules encased in the isotropic material (D). Viewed with the scanning electron microscope, the “glass-like” par
ticle appears made of up smaller particles pasted together (E). Freeze-agglomerates make up a sizable portion of
the mineral fraction of the meadow soils. This sample, from the 2Btb horizon of the forest edge pedon, shows the
typical microgranular surface texture and plate-like fornn (F). A mynad of phytolith forms occur in most soil hori-
zons. In the A honzons of the stream edge pedons, the abundance of phytoliths is striking. Forms range from rod

like forms (G) o joined cell-like bodies (H)

15 10 pum

The majority of phytolith forms occurring in the present A horizon are
far different fromn that of Carer nebrascensis (1) orJuncus balticus (J) All line

scales = 20 pm, except for E which



ANT R

U AR

i

A

ER e




RIPARIAN SOLL GENESIS




140

sized that these parucles are formed via (recze-
induced accreuon ol Fe-nch colloidal halloysite
(Blank and Fosberg 1991). The formation of
frecze-agglomerates may increase soil physical
stability

In certain soil horizons, particularly the A hon-
zon of the stream edge pedon, phytoliths are plen-
tiful. The most common morphologies evident
were as long cylindrical units (Fig, 3G) and as
quadnlaterals composed of cell-like units (Fig
3H) Phytolith {(G) is possibly a template of xylem
or other cylindnical-shaped cells, and (H) is likely
from epidermal cells (Mulholland and Rapp Jr.
1992) We also extracted plant silica from the
leaves of Carex nebrascensis and Juncus balti-
cus, which now dominate the vegetation of the
stream edge pedon. Plant silica from Carex ne-
brascensis is dominantly in the form of quadri-
laterals in which individual fibers are evident
(Fig. 3I), whereas phytoliths of Juncus balticus
consist of more massive epidermal secretions
that are not composed of subunits (Fig. 3J). The
morphological dissimilarity between plant silica
of present meadow species and soil phytoliths
from the A horizon suggests (i) the stream edge
position was occupied by different vegetation in
the past and (ii) overland flow or stream flooding
may deposit phytoliths from areas occupied by
different vegetation.

The clay mineralogy of the studied pedons is
disjunct (Fig. 4). Soil horizons above the paleosol
2Btb and 3Btbg horizons are dominated by kaoli-
nite; the 2Btb horizons and horizons below con-
tain appreciable smectite. The youngest soil hori-
zons have prominent reflections at 0.72 nm and
0.36 nim that correspond to the 001 and 002 planes
of kaolinite (Bailey 1980). The lack of a strong re-
flection at 0.445 nm (02 and 11 planes) indicates
that halloysite is not a major component. In the
Sierra Nevada range west of Reno, NV, halloysite
is the dominant clay mineral under pine forests
(Birkeland 1969; Birkeland and Janda 1971).
Potassium-saturated and air-dried treatments
show a weak reflection at 1.02 nm, which ex-
pands near 1.4 nm with magnesium and glycerol
intercalation, thus, vermiculite is a minor compo-
nent. Given the youthfulness of these soils, the
high clay content and dominance of kaolinite in
the clay fraction is surprising. Plant activity can
greatly increase muneral weathering kinetics
(Mortland et al 1956; Robert and Berthelin 1986).
Perhaps the meadow vegetation fosters rapid
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mineral weathering and clay formation. A varia
tion of ferrolysis is another possibility (Brinkman
1970). Ferrolysis occurs when seasonal reduction
causes Fe™* to replace other cations on exchange
sites. As the water table lowers later in the sea-
son, the Fe'? is oxidized, and clay surfaces are
acidified. Perhaps this seasonal acidification pro-
motes hydrolysis of primary minerals. The high
content of rapidly weatherable volcanic glass in
these soils may, in part, explain the high clay con-
tent. However, given the youthfulness of these
soils, it is unlikely that tephra would have weath-
ered significantly to clay minerals, and if the
tephra had weathered appreciably, there should
have been far higher levels of oxalate-extractable
Al attributable to the formation of short-range or-
dered minerals (Lowe 1986). However, one can-
not discount a possible interaction between vol-
canic tephra and the meadow environment that
fostered rapid weathering without the production
of short-ranged ordered minerals,

The paleosol horizons and underlying glaciola-
custrine sediments also contain appreciable kaoli-
nite (Fig. 4). Potassium-saturated and air-dried
samples have a reflection at 1.0 nm that expands
to between 1.5 and 1.68 nm with Mg and glycerol
intercalation. Magnesium and ethylene glycol in-
tercalation (not shown) increases this spacing to
between 1.73 and 1.74 nm and allows a small 1 4-
nm reflection to be more easily deciphered. Smec-
tite is, therefore, a major component, and vermi-
culite a minor component, of the clay-sized
fraction. The increase in the 001 spacing with gly-
col over that of glycerol suggests the smectite may
be beidellite (Borchardt 1989). Birkeland and
Janda (1971) did not identify montmorillonite
within soil profiles of the Sierra Nevada of roughly
equivalent temperature and precipitation of the
Grizzly Creek study site.

Smectite and kaolinite are co-stable (Kittrick
1969). High solution levels of silicic acid favor
smectite stability, whereas lower levels favor
kaolinite. In surface soil horizons, spring
snowmelt may flush silicic acid, thereby favoring
kaolinite stability. Underlying honzons, which in
most years remain wet or near saturation, are not
leached. Soil-solution levels of silicic acid may re-
main high enough to foster either neoformation of
smectite or prevent inherent smectites from
weathering Lo kaolinite. High levels of volcanic
glass may also contribute to hugher solution levels
of silicie acid
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TABLE 4
Chemical extractions and ratios of the extractions of the collected pedons®
lonzon  Fey Rlgivio o Pegs v - AL Fe N, FefFe, Fe/Ala  FejAl,  FeuA,
__________________ up s LY. I TSN !

——————————————— Stream edge —— e mmm—
Oa 5.80 2.13 1.98 3.83 4.39 5.80 0.76 2.72 0.52 0.76
A 324 4.11 0.86 4.18 1.04 8.14 0.32 0.79 0.21 0.13
AB 2.82 0.89 0.61 3.07 0.81 4.55 0.29 3.17 0.20 0.18
Bw 2.29 0.73 0.37 1.73 0.57 3.22 0.25 3.14 021 0.18
2Cg 0.68 0.28 0.03 0.15 0.11 1.86 0.16 242 0.20 0.06
JBgb 6.09 0.34 0.44 0.45 1.36 097 0.22 179 0.98 1.40
3Cg 3.59 0.26 0.09 0.22 0.50 0.65 0.14 138 041 0.77

————————————— Midfloodplain-- - - - - == - - - - - - - - -
Oa 457 1.03 1.35 2.42 2.53 3.15 0.55 4.44 0.56 0.80
A 4.49 0.92 1ok 2.74 181 2.13 0.40 488 0.43 0.85
AB 5.60 0.92 0.89 1.71 1.70 223 0.30 6.09 0.52 0.76
Bw 7.12 0.76 0.46 0.45 1.66 1.52 0.23 9.37 1.02 1.09
2C 2.65 0.48 0.08 0.25 0.50 2.30 0.19 5.52 0.32 0.22
3Brgb 5.11 0.53 0.14 0.16 1.22 1.40 0.24 9.64 0.88 0.87
3Cg 12.28 0.40 0.21 0.20 1.37 0.81 0.11 30.7 1.05 1.69

------------- Forestedge-------==--====--=
A 5.84 0.71 1.16 1.87 3.04 1.64 0.562 8.23 0.62 1.85
AB 567 0.52 0.51 0.42 1.70 1.24 0.30 10.90 1.21 1.37
Btl 6.08 0.45 0.60 1.04 131 1.06 0.22 13.51 0.58 1.24
Bt2 5:51 0.35 0.11 0.15 1.00 0.90 0.18 15.74 0.73 1.11
2Btb 594 0.33 0.10 01.2 1.03 0.63 0.17 18.00 0.83 1.63
2Cg not sampled /

* Subscripts d, p, and o refer to citrate-dithionite, pyrophosphate, and acid ammonium oxalate extractions, re-

spectively
Soil classification Reconstruction of soil genesis

The diagnostic surface epipedons for all pe-
dons are umbric, based on dark colors, high or-
ganic C content, and base saturation less than
50%. Only the stream edge pedon has sufficient
clay increase from the A to Bt horizon to qualify
as argillic. Because nearby well drained upland
soils developing on glacial till require nearly
40,000 years to form a textural B horizon, (Birke-
land and Janda 1971), it is unlikely that the
stream edge pedons meet the modal concept of
an argillic horizon and more likely that they rep-
resent a finer depositional U. Similar reasoning
makes it unlikely that paleosol Bt horizons qualify
as argillic. In most years the soil moisture regime
for all pedons would be aquic. The 2C horizons, in
our opinion, do not fit the concept of an albic
horizon. Based on these diagnostic properties,
the pedons would be classified as Typic
Humaquepts

The basal unit at the Grizzly Creek study siteisa
Quaternary-aged glaciolacustrine U (Burnett and
Jennings 1962). There is no published information
on the longevity of this lake or when the lake emp-
tied. After lake recession, pedogenesis occurred
on this basal U, if not during the Pleistocene, cer-
tainly in the drier early Holocene. Whatever soil
development occurred during this time has been
obliterated. Radiocarbon dates indicate that the
soils are younger than 3600 years; the meadow as-
sociated with Grizzly Creek is very recent in origin.

Mountain meadows in the central Sierra
Nevada underwent catastrophic valley cutting
during the Holocene (Wood 1975). The impetus
for this valley cutting is unclear; it could have
been an intensely erosive precipitation event, a
wildfire that destroyed protective vegetation, or
a rare combination of factors. Ely et al. (1993)
correlated large floods in the southwest between
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480 and 3600 yrs B.P. with El Nino events. Once
valley cutting begins, however, it leads to nearly
complete removal of valley fill (Wood 1975)
Toulomne Meadows (2700 m), in Yosemite Na-
tional Park, has basal charcoal-bearing strata at
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Fi6. 4 X-ray diffractographs of clay-sized material
from selected honzons. K-sat refers to potassium satu-
rated treatment and air drying; Mg-Gly refers to magne-
sium saturation and vapor intercalation with glycerol
Only K-saturated treatment is included for the A hon
ton of the stream edge pedon.
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3830 yrs B.P. (Wood 1975) and is thus a near time
analog of valley cutting to Gnizzly Creek.

After valley cutting, boggy meadow soils often
oceur at base level (Wood 1975), which is con.
gruous with the peat layer at 160 to 170 em in the
charcoal dating pit. The depth of Holocene valley
filling can be extraordinary, reaching several me-
ters (Wood 1975). The texture of the valley fill de-
posits is dependent largely on the surrounding
rock type and stream gradient In the central
Sierra Nevada, steep gradients and granitic rock
types lead to coarse-textured soil deposits. [n the
Grizzly Creek riparian area, we conjecture that a
gentle gradient, a preponderance of volcanic
tephra, an interaction with meadow vegetation,
and extrusive volcanic rock types lead to fine-tex-
tured valley fill sediments.

Pedogenesis of the initial valley fill sediment
produced a differentiated soil profile in the time
frame of 3600 yrs B.P. to until the time the lake-
laid volcanic tephra was deposited. The paleosol
Bt horizon formed during this interval. If hydro-
morphic conditions were prevalent at this soil-
forming stage, little profile differentiation would
have occurred because a high water table delim-
its pervection; the profile would have been an A-
Cg type (Duchaufour 1977). The presence of clay
skins on ped surfaces indicates that clay suspen-
sions have percolated downward and oriented on
ped faces (Buol and Hole 1961). Clearly the pale-
osol Bt horizon formed when the soil was freely
drained. Many lines of evidence, including pollen
cores, dendrochronology, and mountain meadow
soil stratigraphy, suggest a dry period in the early
Holocene—the altithermal (Antevs 1938: Wood
1973; LaMarche 1973; Anderson 1990). The exact
dates of the altithermal are under debate, but it
occurred between 9000 and 2800 yrs B.P. Wood
(1975) determined that, during the altithermal,
meadows in the central Sierra Nevada generally
had good soil drainage and were forested; clay
particles could pervect to form oriented coatings

A major change in the hydrology of Grizzly
Creek occurred sometime after 2840 yrs B.P. We
believe this change was in response to pulses of
cooler and wetter conditions in the Sierra Nevada
— the neoglacial period (Curry 1969, LaMarche
1973; Burke and Birkeland 1983, Anderson 1990)
The onset of neoglaciation raised the groundwa
ter table in valleys, fostering the conversion of
forests to meadows (Wood 1975)

[n response to neoglacial cooling, the rising
water table of Grizely Creek formed a lake. [t is
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unknown if the rising water table alone was suffi-
cient to create a lake or if factors such as log jams
in the stream channel assisted. The lake served
as a collector for voleanic tephra, thereby form-
ing the 2C horizon above the old soil profile. The
provenance and exact age of the tephra deposit
cludes us at this time, but it must be younger than
2840 yrs B.P. Various eruptions from Mono and
Inyo craters south of the study area fit this time
frame, but it is doubtful ash [alls from these erup-
tions extended north into our study area (Dawvis
1978, Sarna-Wojcicki et al. 1991).

There was another period of upward soil build-
ing following lake recession. Based on the pre-
sent high water table, it is likely that soil thicken-
ing 1s still occurring. Pedogenesis on the most
recent matenal has formed a B horizon with pro-
nounced prismatic structure. Given the high
waler table of the meadow and that capillary
movement of water maintains the B horizon in at
least a moist state during the summer and fall, it
seems unlikely that this would favor the forma-
tion of a horizon with pronounced prismatic
structure. We suggest that the B horizons are in
part the result of cyclic swings in climate that re-
sult in long-term lowering of the water table for
clay pervection to occur and the wetting and dry-
ing to form prismatic structure. Stine (1994) re-
ports that extensive periods of droughts lasting
more than 200 years have occurred during me-
dieval time in the Sierra Nevada. Moreover,
records of periodic invasion of mountain mead-
ows in the Sierra Nevada by lodgepole pine sug-
gest extended dry periods occurred (Helms
1987). A forested meadow can revert back to
meadow vegetation by way of fire (DeBenedetti
and Parsons 1979; Kilgore and Taylor 1979). Post-
fire-reduced evapotranspiration elevates the
water table, and meadow vegetation returns, self-
sustaining until the next extended dry period
(Wood 1975). This cyclic process most likely oc-
curred several times in the latest Holocene.

Implications

Gnzzly Creek meadow is a recent geologic oc-
currence. Soil stratigraphy reveals that a complex
interaction of wildfire, hydrology, climate, and
vegetation has shaped the evolution of the
meadow. Changes in the above factors can trig
ger a set of circumstances that lead to either val
ley cutting, valley filling, forest encroachment,
and [orest retreat. Management decisions con-
ceming the meadow may feed back into the nat
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ural web ol interacting factors and impact
meadow evolution For example, forest harvest-
ing the surrounding uplands may raise the water
table enough to alter the present plant commu-
nity. Moreover, stream bank destabilization from
cumulative effects ol upper watershed distur-
bances (e.g., roads and logging) and livestock im-
pacts may increase stream downculting and
thereby lower the meadow water table, which
would [avor invasion by lodgepole pine. One
must be cognizant, however, that in the late
Holocene, natural forces dramatically altered the
character of the meadow, and these systems are
dynamic. Natural disturbances may overwhelm
either good or bad management of these meadow
systems
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