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Abstract

The impact of the topographic/snow gradient on soil processes in alpine tundra on Niwot Ridge of the Colorado
Front Range (Rocky mts, USA) was assessed using geostatistical modeling and a fractal approach. The mean
snow depth, which measured between 1984 and 2000, exhibited a smooth spatial continuity across the study grid
area (550 x 400 meter). Soil color variables showed a nested structure that was attributed to a confounded effect
of various soil-forming factors on catenary processes. The spatial structure of texture classes exhibited no spatial
structure and was explained by data sparsity, cryoturbation, and biological processes that mask the expected
long-distance variations (i.e., 550-m) of the catenary processes. Organic C, pH, bulk density, and soil moisture
content showed various degrees of spatial continuity, but all indicated that the topographic/snow gradient is not
the only dominant soil-forming factor in this alpine ecosystem. The estimated fractal dimension D for the grid
landform and the mean snow depth varied between 1.2 and 1.4, indicating that they vary smoothly with long-
range variation. The estimated D of the soil variables ranged between 1.6 and 1.8, showing a noisy appearance
with short-range variations. These results strongly suggest that most small and micro-scale variations in the al-
pine soil environs resulted from the combined effect of cryoturbation, biological activity, parent-material and
eolian deposition, whereas the large-scale variations originated as a result of the topographic/snow gradient.

Introduction cumulation (Burns and Tonkin 1982), and CH, fluxes

(West et al. 1999). It also governs the microbial pro-

Numerous studies have suggested that topography is
the most dominant geomorphic attribute of the alpine
tundra ecosystem in the Colorado Front Range of the
US Rocky mts. Along with strong westerly winds, to-
pography controls the spatial gradient of snow accu-
mulation and ablation, thereby dominating many of
the biotic and abiotic processes along that gradient.
For example, the topographic soil-forming factor cre-
ates a catena in which the soil moisture is highly cor-
related with the length of snow accumulation, and
this, in turn, affects soil development (Burns and
Tonkin 1982). The spatial variation of snow accumu-
lation affects soil moisture (Taylor and Seastedt
1994), decay rates (O’Lear and Seastedt 1994), plant
productivity (Walker et al. 1994), organic matter ac-

cesses, which control gross N mineralization and N
immobilization among plant communities (Fisk et al.
1998).

Fisk et al. (1998) address the hypothesis that the
topographic soil moisture gradient is the fundamental
factor controlling the patterns of N turnover among
plant communities and that the differences among
plant species is considerably less important. Their
emphasis on landscape patterns differs from other
studies (e.g., Steltzer and Bowman (1998); Bowman
and Conant (1994)), which suggest that plant species
are quite important in controlling soil N transforma-
tion and may consequently influence plant commu-
nity and ecosystem structure and function.
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The above-cited literature suggests that the topo-
graphic/snow gradient, coupled with dominant plant
species distribution, create significant variations in
the biogeochemical processes controlling water, car-
bon, nitrogen, and trace gas flux. These processes
function at various spatial scales; thus successful pre-
diction of these processes requires quantitative analy-
sis of the various spatial scales operating collectively
in the alpine tundra soil milieu. Although most of the
above-cited investigations generalize from their
small-scale experimental plots to landscape scale, few
have attempted to test this generalization (e.g.,
Walker et al. (1993)).

The objective of this study is to quantify the spa-
tial structure of various observed ecosystem param-
eters (i.e., snow depth, slope, and topography) and
soil variables (i.e., soil moisture, soil color variables,
texture, bulk density, pH, and organic C), which con-
trol soil processes along the topographic/snow gradi-
ent. The quantification of the spatial structure will fa-
cilitate generalization from the experiment site to a
regional scale and vice versa, and enable better selec-
tion of the optimal scale for soil and biogeochemical
studies.

Research approach

The soil attributes that control nutrient availability in
soils are organic matter content, soil moisture, pH,
texture, sesquioxides content, and the type and
amount of clay minerals. These parameters also affect
the color variables (hue, value, and chroma) of the
soil. Soil color can be used to predict other soil prop-
erties. For example, the value determined by the
Munsell Color Chart is a good predictor of organic
matter in soils of similar texture across a regional
scale (Schulze et al. 1993). Soil color reflects the Fe
oxide composition and content, which, in turn, affect
the adsorption capacity of the soils with respect to
oxyanions (Scheinost and Schwertzmann 1999). The
mathematical expression that describes a soil attribute
as a function of a basic parameter, such as color, is
defined as the pedotransfer function (PDF) (Bouma
and van Lanen et al. 1987; Tietje and Tapkenhinrichs
1993). Because soil color variables are easily mea-
sured in the field, they can serve as excellent PDFs
for quantification of various soil processes across dif-
ferent spatial scales.

Spatial models that describe soil processes on a
soilscape or regional scale are based on the spatial ar-
rangement and interconnectedness of soil parameters

(Webster and Oliver 1990). Geostatistical theory was
developed for spatial interpolation between sampling
points; it allows quantificaiton of the optimal sam-
pling strategy for the required accuracy and precision
(McBratney and Webster 1983), determination of the
spatial structure of soil attributes across the soilscape
(Goovaerts and Chiang 1993), and construction of
thematic maps that exhibit higher accuracy than gen-
eral maps (Bregt et al. 1987). The use of PDFs in
conjunction with geostatistical modeling has recently
been suggested and their potential for addressing en-
vironmental problems has been strongly argued (Bur-
rough et al. 1994; Scheinost et al. 1997a, 1997b).
Hence, the selection of soil color variables was made
because they are easy and inexpensive to measure in
large numbers, which provides a robust conditional
cumulative distribution function (ccdf) for geostatis-
tical modeling. Soil color variables may serve as
PDFs for other soil characteristics (e.g., P sorption
capacity) across the alpine soilscape.

Theory

Numerous researchers have demonstrated the efficacy
of regionalized variable theory and the experimental
variogram in describing spatial variation in soils
(Cressie (1988); Isaaks and Srivastava (1989); Web-
ster and Oliver (1990); Deutsch and Journel (1992),
among many others). The experimental variogram de-
scribes the rate of change in a regionalized variable
and measures the degree of spatial dependence be-
tween samples within geographical boundaries. The
spatial structure of the regionalized variable can be
described by the experimental variogram in the case
of stationarity conditions. The experimental vario-
gram splits the total variance of a data set into two
parts. The first part represents the spatial variance be-
tween sample values relative to distance between
samples. The second part represents local or random
variance. Because the experimental variogram is a
function of distance, the weights change according to
the spatial arrangement of the samples (Isaaks and
Srivastava 1989). By definition, the value of the the-
oretical variogram <y (h) for a given distance h is the
square of the expected difference (E) between the val-
ues of the samples separated by distance A:

y(h) = E{Z(x) = Z(x + h)}> (1)

where Z(x) and Z(x + h) are values of the regional-
ized variable at location x, and x + & separated by the



vector h, known as the lag. The experimental vario-
gram can be estimated from the data at hand by:

n(h)
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In addition to the traditional experimental variogram,
other experimental measures of spatial continuity
such as general relative semivariograms, pairwise
relative semivariograms, and covariance function can
be computed in isotropic and anisotropic modes. The
general relative variogram is the traditional variogram
as described in Equation (2), standardized by the
square mean of the data used for each lag:
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where m_, is the mean of Z(x) values and m,, is the
mean of Z(x + h) values. The pairwise relative vari-
ogram is computed by normalizing each pair of Z(x)
and Z(x + h) by the squared average of the Z(x) and
Z(x + h) values:
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The variograms described in Equation (3) and Equa-
tion (6) are particularly useful because they are resis-
tant to data sparsity, and outliers, and can reveal spa-
tial structure and anisotropy that could not be detected
otherwise (Deutsch and Journel 1992). The covari-
ance function is the traditional covariance commonly
used in statistics:

N(h)

C(h) = ngZ(x)Z(x +hy=m_,m._, (5

In addition to the semivariograms, a crossvario-
gram 7y, (h) that measures the spatial dependence be-
tween any pair of ecosystem or soil attributes can be
computed:

n(h)

'Yij(h) = MiZI[Z(Xi) —Z(x,+ W[Y(x) — Y(X_,'

+h)] (6)

An important property of the crossvariogram vy (h) is
the ability to filter out the uncorrelated part of the
nugget component, which may help to interpret the
nugget effect on the simple semivariograms vy,(h) and
v,;(). Following Cressie (1988), the variable Z(x;)
consists of a deterministic mean structure u;(x),
called large-scale variation, and three zero-mean mu-
tually independent, intrinsically stationary processes,
called small-scale variation v; (), micro-scale varia-
tion m,(x), and measurement error or noise €,(x):

Z(x,) = n,(x) + v.(x) + n:(0) + €(x) (7

In practice, it is impossible to distinguish between the
micro-scale component and the measurement error
component. The sum of the variances of m,(x) and
€,(x) forms a discontinuity at the origin of the simple
semivariogram, called the nugget effect. Equation (2)
and Equation (6) can be rewritten to express the
crossvariogram:

Yi(h) = yvv,(x) + ynm,(x) + Covle(x), €,(0](8)

where yv;vi(x) is the crossvariogram between v;(x)
and v;(x). Assuming the measurement errors are in-
dependent (i.e., Cov[e;(x), €(x)] = 0), the nugget ef-
fect on the crossvariogram v, (h) is due only to the
covariance between micro-scale variations m,(x) and
1;(X). If the contribution of measurement errors to the
nugget effect observed on the simple semivariograms
is great, a small nugget component on the crossvari-
ogram is expected. On the other hand, a large nugget
effect on the crossvariogram would suggest that the
nugget effect on the simple semivariograms is due
mainly to micro-scale variations common to the two
variables. Because the micro-scale is smaller than the
shortest sampling interval, a critical analysis of the
semivariogram/crossvariogram nugget-effect struc-
ture can quantify the limiting scale effect of a given
edaphic factor across the study site.

There are two additional typical features charac-
teristics of experimental variograms and crossvario-
grams, namely range and sill. The range is the dis-
tance beyond which the variance value remains es-
sentially constant, whereas the sill is the value where
the variogram reaches a plateau. Another useful char-
acteristic is the ratio of the nugget effect to the sill,
which is commonly called relative nugget effect and
is given in percentage.
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Figure 1. General location and 3-D drape of the Saddle grid study area in Niwot Ridge, Front Range, Colorado, USA (40°03'N, 105°35" W).

The black rectangle area represents the snow-fence grid location.

Material and methods
Field site

The study was conducted on Niwot Ridge, Front
Range, Colorado, USA (Figure 1). Niwot Ridge has
been a research site of the US Long-Term Ecological
Research (LTER) program since 1980 and a site of
the International Biological Program (IBP) in the
1970s. The study site is located in an area known as
the Saddle, at an elevation of about 3525 m. A re-
search grid of 17.5 ha (550 m x 400 m) wide that en-
compasses 70 50 x 50 quadrats marked by 88 stakes
was established on the Saddle along a topographic/
snow gradient (Walker et al. 1993). Soil development
in Niwot Ridge was studied by Burns and Tonkin
(1982) who formalized a synthetic alpine slope model
to categorize micro-environmental sites across the al-
pine soilscape according to the edaphic-topographic-
snow cover relationship. The most important site
characteristic of this relationship was approximate
snow-free days per year. For example, extremely
windblown sites characterized by more than 300

snow-free days, wind blown sites by 225 — 300 days,
minimal snow cover sites by 225 to 300 days, early-
melting sites by 100-150 days, late-melting sites by
50-100 days, and wet meadow sites by ~ 100 days.
Soil classification along the topography/snow gradi-
ent varied from Dystric Cryochrept in the wind blown
site, Pergelic Cryumbrept in the minimal snow cover
site, Typic Cryumbrept in the early snow melting site,
Dystric Cryochrept in the late melting snow site, and
various Cryaquepts and Cryaquolls in the wet
meadow sites (Burns and Tonkin 1982). The plant as-
sociation and species composition along this gradient
has been fully described in Walker et al. (1993).
Multiple data sets have been collected at each grid
point by various researchers since the 1970s, includ-
ing snow depth, soil edaphic parameters, and plant
species composition. Most of these data sets are avail-
able on the Web link to gopher archives (Ingersoll et
al. 1997). The soil samples of the Saddle grid were
collected in 1990 and analyzed for organic matter
content, pH, bulk density, and moisture-content
(gravimetric) and, using standard methods, by time-
domain reflectometry (TDR). Soil texture was taken



from nodal plots (May and Webber 1982) across the
Saddle in 1991 and was analyzed using the sieve-pi-
pette method. The geographical patterns of the
edaphic parameters across the Saddle grid or along
vegetation nodal transect (May and Webber 1982) al-
lowed meaningful spatial analysis. Other soil varia-
bles such as N and P content, were sampled only in
clusters at a few locations that did not allow the con-
struction of a meaningful cumulative conditional dis-
tribution function; hence they were not included in
the spatial analysis.

The location and elevation of the 88 grid stakes,
along with an additional 191 sampling locations, were
geo-referenced using a Trimble Pathfinder ProXRS
GPS unit with real time differential correction ser-
vice. The horizontal accuracy of the real-time cor-
rected GPS data is generally + 1 m with a 95% con-
fidence interval. The vertical accuracy of the GPS unit
is + 2 m with a 95% confidence interval. These geo-
referenced points were input into Arc/Info GIS, which
generated the digital elevation model (DEM) for the
Saddle. The slope and aspect were calculated from the
partial derivatives in the east-west and north-south
directions, using the methodology and equations de-
scribed by Frank (1988). We computed a slope-aspect
index (SAI) relative to the prevailing westerly wind
direction following the empirical relationships de-
scribed by Frank (1988). We slightly modified
Frank’s SAI equation by not including the bit conver-
sion constant in our computation. High values of SAI
indicated areas that are generally leeward, snow-ac-
cumulation sites, whereas low SAI values indicated
windblown, snow-free sites.

For the present study, color determination of soil
samples was taken in the summer of 1999 at each grid
point from depths of 0 to 5 cm and from 5 cm to 10
cm. The two-depth sampling scheme stemmed from
our working hypothesis that the first sampling layer
represents a soil horizon that is heavily influenced by
eolian input (Litaor 1987a), whereas the second soil
sampling layer better reflects the topographic/snow
relationships in terms of soil moisture, parent-mate-
rial, and catenary soil weathering. To test the influ-
ence of scale of sampling on the spatial continuity of
the color PDF, we selected the snow-fence experi-
ment site located in the middle of the topographic/
snow gradient in the Saddle (Figure 1), where grid
points were placed every 10 m on a 60 x 70-m grid.
The grid of the snow fence was installed across dry,
moist, and wet-meadow communities, where the
dominant plant species are the graminoid Kobresia

myosuroides, the forb Acomastylis rossii, and the
graminoid Deschampsia caespitosa, respectively. The
snow fence was installed in 1993 to simulate the ef-
fect of global climate change on the alpine ecosystem
(Williams et al. 1998). The two-depth sampling
scheme employed for the Saddle grid was also used
for the snow-fence grid. For the purpose of the spa-
tial analysis, the snow fence grid is part of the Saddle
grid but with denser local measurements.

Each soil sample was air-dried and sieved through
a 2-mm sieve. The soil color was identified using the
Munsell Soil Color chart. Because successive pages
of the soil color chart differ by 2.5 units of hue, vi-
sual color matching is somewhat less precise than
measurement by reflectance spectra. Although the
Munsell color system can be converted into a Carte-
sian system, it is less suited for multivariate statisti-
cal analyses, because hue and chroma do not repre-
sent Euclidean distances (Scheinost and Schwertz-
mann 1999). Hence, the soil color of the soil samples
was measured with a chroma meter (CR-310, Minolta
Ossaka, Japan) using ground samples. The analysis
was performed by lightly pressing the glass protec-
tion tube (CR-A33a) against a 5-mm thick layer of
sample. The color was specified using the CIE-L*a*b*
color system according to the recommendation of
Melville and Atkinson (1985). The CIE-L*a*b™ color
system is defined as color coordinates where L mea-
sures the lightness of the sample; a* measures redness
when positive, gray when zero, and greenness when
negative; and b* values measure yellowness and gray
when zero; and negative values indicate blueness. We
also manipulated the CIE color coordinates to get a
simple multiplicative redness index R,, (R, =
a*[a* +b*’]%5 x 1010/[b*L*6]) described by Barron
and Torrent (1986).

The precision and sample homogeneity (i.e., a
measure of the amount of error in the data attribut-
able to sampling technique) of the soil color determi-
nation were quantified by calculating the relative per-
cent difference (RPD). The RPD is the quotient of the
difference between field duplicates and the average of
those results expressed as a percentage. Duplicate soil
samples for color determination were collected from
every 20 samples. The RPD for L, a*, and b* varied
between 0.25% — 1.6%, 2.5% — 3.9%, and 4.7% —
7.6%, respectively. Laboratory triplicates of the color
measurements varied between 0.01% and 0.09%. No
RPD were calculated for the other soil attributes used
in the present study, because no field duplicates or
laboratory replicates were reported. However, experi-
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ence shows that the RPD for most general soil vari-
ables, such as pH, OC, BD, soil moisture, and tex-
ture, varied between 30% and 15%.

The depth of the snow has been measured at 88
grid points on the Saddle from 1982 to 2000, which
total more than 15,000 measurements. Depths were
measured from fixed extendable poles on the western
portion of the grid and by probing in the eastern part
of the grid. Measurements during the winter months
varied from once every two weeks to once a month,
depending on the weather conditions. Measurements
during the summer were performed biweekly until all
snow disappeared or until snow accumulation began
for the next winter. During the snow season of 1993,
five replicates of snow-depth measurements in the vi-
cinity of each grid point were taken to assess the
within-grid-point variability. Measurements of snow
depth were carried out to the nearest centimeter.

Geostatistical analyses

The geostatistical analysis was conducted using the
algorithms and methodologies described by Deutsch
and Journel (1992). The geostatistcal modeling was
performed in the following manner. First, a general
exploratory data analysis was performed in which
univariate statistics of the PDFs and the edaphic var-
iables were obtained, and the benefits of data trans-
formation was assessed. Next, if the general explor-
atory data analysis suggested that parametric spatial
analysis was appropriate, then the experimental semi-
variogram was computed. We used several variogram
subroutines for each attribute under study, to ensure
that the spatial variability/continuity measure was re-
producible even when using various techniques. Each
variogram was run in omnidirectional and directional
modes and the variogram that exhibited the clearest
structure (i.e., smallest nugget effect and best conti-
nuity) was selected. A minimum of 300 pairs of data
points was used in the calculation of each lag class.
The most common variograms used were the tradi-
tional variogram, general relative variogram, and the
pairwise relative variogram. For the purpose of uni-
formity, we reported the variogram modeling results
using the general relative variogram and traditional
cross-variogram. The variogram modeling was per-
formed using a trial-and-error approach as described
by Deutsch and Journel (1992).

Results and discussion
Topographic/Snow gradient

The snow-depth data represented a repeated-measures
design that had to be aggregated for the spatial analy-
sis of the 88 georeferenced grid points. We selected
two aggregation schemes that together best represent
the spatio-temporal nature of the data. First, the data
were averaged at each grid point using the entire
monitoring period. Second, the data were aggregated
at each grid point using the month of May of each
year. The rationale for the aggregate scheme was the
concept of the synthetic alpine slope (SAS) model
(Burns and Tonkin 1982), which suggests that soil
development across an alpine slope is controlled by
the number of snow-free days per year, which, in turn,
affects soil temperature and moisture (Table 1). The
entire snow-depth aggregate scheme represents soil
temperature better than it does moisture, because
some of the snow that accumulated during the winter
months was blown away or sublimated. The May
snow depth is a good parameter for water equivalent,
because it represents the maximum snowpack in
spring, which determines the growing-season water
budget for the plants. The moderate standard devia-
tions (SD) around the means of both aggregates re-
present the cumulative effect of the spatio-temporal
variations in these data sets. A smaller SD was ob-
served in representative individual sites for the May
snow-depth aggregate compared with the entire snow
depth aggregate (Table 1), which suggests that the
May snow-depth aggregate carries smaller temporal
variations. The magnitude of the spatial variation
within each grid point was tested using five repeated
measures of snow depth taken within a 10 m radius
around each stake. The results show that for most
sites of the SAS model, the within point variance did
not exceed 6% except for the extremely windblown
and windblown sites (30% and 20% variation, respec-
tively).

The spatial structure of the mean snow depth of
both aggregate schemes exhibited a similar linear
form, which can be easily extrapolated to its origin
(Figures 2a, 2b). The apparent lack of a nugget effect
suggests that within the 50 m grid spacing, there is
little small-scale variability (< 50 m) of snow accu-
mulation and melting. Similar results were obtained
using other spatial continuity measures, such as co-
variance function, which showed very gradual change



Table 1. Summary statistics of snow-depth distribution on the Saddle grid.

Sitef Approx. snow- Entire Data Set

free days per

May Snow-Depth

Entire Data Set (Repre- May Snow-Depth (Repre-

sentative Individual sites) sentative Individual sites)

year X SD N X SD N X SD N X SD N
EWB > 300 15 14 “(535) 23 18 “(86) 15 1 “(58) 25 16 “(10)
WB 200 - 300 23 24 (1375) 36 27 (240) 24 21 (98) 46 29 (18)
MSC 150 — 200 124 9 4754) 158 101 (855) 151 89 (124) 214 87 (19)
EMS 100 — 150 200 119 (2371) 294 106  (354) 203 111 (131) 323 80 (19)
LMS 50— 100 250 132 452) 363 110 62) 288 137 (144) 411 95 (19)

T Site classification of Burns and Tonkin (1982). EWB = extremely wind blown, WB = wind blown, MSC = minimal snow cover, EMS =
early melting snow bank, LMS = late melting snow bank & wet meadow.

in C(h) near the origin, indicating strong spatial con-
tinuity.

The experimental variograms of both snow-depth
aggregates exhibit strong spatial continuity across al-
most the entire grid distance of 500 m. The spatial
dependence between the snow-depth and topoclimatic
attributes, such as the slope aspect index (SAI), was
tested using a crossvariogram modeling approach
(Figure 2c). The spatial continuity of the crossvario-
gram clearly demonstrates the strong dependency of
snow accumulation on the slope angle and its aspect
in relation to the prevailing westerly winds. The small
nugget effect of the crossvariogram confirms our ear-
lier notion that minor and microscale variations in
snow-depth accumulation across the Saddle grid were
relatively small.

Soil color variables

The spatial structure of the soil color variables (L~,
a", b", and R, ) in the two sampling depths are de-
picted in Figures 3 and 4. The experimental vario-
gram of the color variables in the top sampling depth
exhibits a large relative nugget effect (nugget/sill =
46%) and a 300 m range of spatial dependency. The
experimental variogram of the color variables in the
deeper sampling depth (5 to 10 cm) exhibits a smaller
relative nugget effect (30%) than the topsoil vario-
gram and the spatial continuity extends across the en-
tire grid area (Figure 4). The dissimilarity between
these experimental variograms originates from the
different soil processes operating at the two sampling
depths. The topsoil horizon is significantly richer in
dark organic matter, which obscured the redness in-
dex and resulted in considerable minor and micro-
scale variations. The topsoil horizon is strongly af-
fected by eolian deposition of organic matter and clay
minerals (Litaor 1987a), which exhibit small varia-

tions upon falling on the snow but are redistributed
along preferential flow paths during snowmelt. The
redistribution of the eolian material created small and
microscale variations, which somewhat reduced the
spatial continuity of the color variables. Another po-
tential source of the microscale variations in organic
matter accumulation that may have obscured the red-
ness index is plant species composition, which varied
significantly across distances smaller than the grid
spacing.

The soil color variables in the deeper sampling
depth show strong correlation with both snow depth
aggregates (r = 0.75, P < 0.001), in addition to spatial
similarity in experimental variograms (see Figures 2a,
2b and 4). Parent-material in the Saddle varies greatly
across the soilscape and it consists mainly of pre-Ple-
inglacial debris, mass wasting, and regolith (Mahaney
and Fahey 1988) of various igneous and metamorphic
rocks. Because of the large degree of heterogeneity
observed in the parent-material across the Saddle and
the continuous nature of the redness index, we sug-
gest that the topographic/snow gradient is the domi-
nant factor in catenary processes below the topsoil
horizons. The catenary processes include the flux of
infiltrating water from the snowmelt which, in turn,
affects the weathering rates of common Fe-bearing
minerals, such as augite and biotite, which are abun-
dant in the deeper layer of these alpine soils (Litaor
1987b) and would create the observed continuum of
the redness index.

The 50-meter interval of the Saddle grid was es-
tablished somewhat arbitrarily, but it has been consid-
ered a reasonable research design for landscape scale
(100 to 10° m?) studies (Walker et al. 1993). The
spatial analyses of the snow depth and soil-color at-
tributes of the deeper horizon, using this grid size and
spacing, demonstrate little discontinuity near the ori-
gin and smooth variography, which suggests that this
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Figure 2. General relative omnidirectional variograms of the
mean snow depth of a) the entire monitoring period b) and the
spring snow depth aggregate and c) the traditional cross-variogram
of snow depth and SAI across the topographic gradient in the Sad-
dle. In the construction of these variograms and cross-variograms,
we used 88 grid points, a unit separation of 35 m, with a lag tol-
erance of 18 m, and a bandwidth of 500 m.

grid spacing adequately covers large-scale variations.
To further test this assessment, we used the snow-
fence grid of 5 to 10 m sampling intervals to create a
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Figure 3. General relative omnidirectional variograms of the color
variables (a) L, (b) a* and (c) b* in the topsoil sampling (0 — 5
cm) across the topographic gradient in the Saddle. The variogram

modeling was done with 17 lags of 35-m separation distance, 18 m
lag tolerance, and a bandwidth search of 500 m.

denser grid for the ccdf and construct variograms of
the soil color variables under these sampling condi-
tions (Figures 5 and 6). The results of the variograms
for both sampling depths show that smaller spatial
structures exist within the 50 m grid spacing. These
findings suggest that nested sets of scale structure,
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Figure 4. General relative omnidirectional variograms of the color variables (a) L™, (b) a” and (c) b* and redness index (d) in the deeper soil
sampling (5 — 10 cm) across the topographic gradient in the Saddle. The variogram modeling was done with 17 lags of 35-m separation

distance, 18 m lag tolerance and a bandwidth search of 500 m.

known as the ‘gigogne effect’” (Burrough 1983), are
operating in the alpine tundra of the Colorado Front
Range. The snow-fence grid is located in the middle
of the larger grid, where the slope change is negligible
(0 to 2°) compared with the spatial change of plant
species and community composition. Hence, the
nested structures resulted from various soil-forming
factors operating at different spatial scales of interac-
tion.

General soil attributes

Six vegetation types defined by principal habitat and
physiognomy (noda) have been identified in the Sad-
dle (May and Webber 1982). Particle-size analyses
were carried out in 30 of the nodal plots across the

alpine soilscape, whereas bulk density (BD) and soil
moisture content were determined at each of the 88
grid points (Table 2). We constructed a directional
variogram following the major direction of the nodal
plots and ominidirectional variograms for bulk den-
sity (Figure 7). The spatial structure of the texture
classes and bulk density shows almost a pure nugget
effect, which entails a complete lack of spatial corre-
lation. The weak correlation between the spatial struc-
ture of the texture classes and the topographic/snow
gradient can be attributed to data sparsity, as well as
other soil processes that mask the catenary processes.

The Saddle study site contains periglacial land-
forms that consist of turf-banked lobes and terraces,
sorted polygons, strips, nets, debris islands, and earth
hummocks and frost boils (Benedict 1992). The phys-
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Figure 5. General relative omnidirectional variograms of the color
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cm) across the snow fence experiment gradient. The variogram
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ical process that dominates the formation of these
periglacial landforms is upward intrusion of fine-tex-
tured mineral soil into the overlaying humus-rich A
and Oe horizons. Soil samples taken from a depth of
10 cm may contain particle-size classes originating
from different sources, thus producing a more obscure
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Figure 6. General relative omnidirectional variograms of the color
variables (a) L™, (b) a* and (c) b* in the deeper soil sampling (5 —
10 cm) across the snow fence experiment gradient. The variogram
modeling was done with 91 grid points, 9 lags of 15 m separation
distance, 7 m lag tolerance, and a bandwidth search of 100 m.

spatial structure than the a priori spatial model ex-
pected of catenary processes. Other soil processes
may also contribute at various scales and obscure the
catenary continuum. For example, pocket gophers’



Table 2. Summary statistics of selected soil attributes collected
across the Saddle grid area.

Soil attribute X S.D. Range
Bulk density gem™ 0.88 0.2 04-1.6
Soil moisture % 43.1 24.5 7.2 -127%
Sand % 59 12 30 - 83
Silt % 23 6 10 - 34
Clay % 17 6 5-37
pH 4.6 0.4 33-6.0
Organic C g kg™ 680 390 4 -205

f Larger than 100% soil moisture content is commonly found in
enriched organic horizons due to the hydrophobicity of organic
matter.

activity homogenizes the soils in a highly spotty fash-
ion (Litaor et al. 1996), creating a nested spatial struc-
ture that cannot be resolved using the current existing
nodal plot sampling design. Other potential sources of
minor and microscale variations that obscure the cat-
enary interconnectedeness are differential weathering
of the Saddle regolith and preferential flow of snow-
melt and soil interstitial waters.

The intrusion of fine-textured mineral soils to the
rhizosphere due to crytorbation resulted in soil mate-
rial with higher clay and sesquioxide content, which
control the specific-surface area, and, in turn, affect
the availability of nutrients, especially phosphorus.
Bowman et al. (1993) suggest that because of atmo-
spheric N influx, phosphorus could become the lim-
iting nutrient of the alpine ecosystem. Hence, future
studies of the P cycle in this area should consider the
nested spatial structures, which are a result of the
various soil-forming factors and processes. One pos-
sible research approach for this problem is to use the
soil-color variables as PDF for P sorption character-
istics across the soilscape.

The experimental variogram of gravimetric soil
moisture exhibits a large relative nugget effect (~
50%) but with clear spatial dependency extending to
a range of 400 m (Figure 8). The experimental vari-
ogram of soil moisture measured by the TDR exhib-
its almost a pure nugget effect for the first 400 m,
followed by a very weak spatial dependency (Fig-
ure 8). The structural dissimilarity between the two
variograms stems from their inherent differences in
mode of measurements. The gravimetric soil moisture
method incorporated composite samples collected
around each grid point; thus it expunged small-scale
variations, but retained the large-scale spatial depen-
dency of soil moisture across the alpine soilscape.
The TDR measures moisture along a narrow envelope

11

0.2 —
Sand
£
< L]
E 01 7 ’ . ¢ e o . °
< ]
&)
0.0 L) I T I 1 I 1 I
0 100 200 300 400
Distance (m)
04 —
Silt
s
[
£ 0.2 * .
E [ ]
] . ] L]
&) .
. o
0-0 T I T I T I T I
0 100 200 300 400
Distance (m)
0.8 —
Clay
5 .o
< °
£ 04 —
£ .
< ° °
o
o o o
0-0 T l T I 1 I 1 I

0 100 200 300 400
Distance (m)
Figure 7. General relative directional variograms of sand, silt, and
clay using 30 sampling nodal plots. The variogram construction
was done with an azimuth of 155 degrees, 7 lags of 50 m separa-

tion distance, 25 m lag tolerance, and a bandwidth search of 500
m.

of soil around the vertical buried probes. In this mode
of operation, the soil moisture is greatly affected by
microenvironments, where the operational scale of
measurement is only a few centimeters. Hence, using
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the fixed locations of TDR measurements within the
50-meter grid resulted in an almost meaningless spa-
tial model. To further test this notion, we measured
soil moisture by taking 5 to 7 field replicates at sep-
arate locations within 1 m? at each of the 88 grid
points of the Saddle, using a portable TDR (Trease,
Soilmoisture Inc.). The coefficient of variations of the
soil moisture at each of the 88 1 m? always exceeded
150% which is a strong indication for the influence
of the micro-scale variations on the experimental var-
iogram that cannot be resolved using the 50 m grid
design.

The soil organic C and pH are important edaphic
variables that control nutrient availability (e.g., N, P)
and soil moisture. Their spatial analysis shows a clear
structure with a moderate to large relative nugget ef-
fect (50-60%) and a continuity distance that varies
between 200 and 400 m (Figure 9). The large relative
nugget effect suggests that the spatial dependencies of
organic C and pH are strongly affected by small and
micro-scale variations. These variations may reflect
the confounded effect of other soil-forming factors
and processes such as biota, parent-material, and cry-
otorbation on the topographic/snow gradient. These
variations operate at different spatial scales and,
moreover, within each soil-forming factor and pro-
cess, there are various spatial scales of interaction.

Fractal analysis

In order to further test the notion that the observed
spatial variations originate from multiscale sources,
we adapted the fractal approach described by Man-
delbrot (1982) which was first adapted to nested spa-
tial structures in soils by Burrough (1983). The level
of variation present at all scales can be described by
a single parameter, the fractal dimension D, defined
by Mandelbrot (1982):

logN
D= g

B logr ©)

where N is the number of steps used to measure a
pattern unit length and r is the scale ratio (for further
discussion see Mandelbrot (1982)). The D values for
a linear fractal curve can vary between 1 to 2. When
D equals 1, it implies that a smooth curve can be fully
approximated by a polynomial. When D is greater
than 1, it implies that the line has a certain degree of
fuzziness, which means uncertainty. If D equals 2, the
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Figure 8. General relative omnidirectional variograms of bulk
density and soil moisture content using 80 BD measurements and
41 TDR probes across the Saddle grid. The variogram construction
was done with 10 lags of 35 m separation distance, 18 m lag tol-
erance, and a bandwidth search of 500 m.

fuzziness is so great that the linear fractal curve be-
comes crumpled. In practice, we estimated the D val-
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variogram construction was done with 10 lags of 35-meter separation distance, 18 meters lag tolerance, and a bandwidth search of 500

meters.

ues from the following relationships:
2y(h) = h¢—2) (10)

where h is the sampling interval and y(h) is the spa-
tial structure. By plotting logy(h) versus log(h), the
slope of the line is equal to 4-2D (Burrough 1994).

In general, variation of landforms and water tend
to have small D values, meaning that they vary
smoothly with long-range variations. On the other
hand, variations of soil variables are noisy, dominated
by short-range variations (Table 3). These results con-
firm the expected range of D values. Topography and
the mean snow depth show the smallest D values,
whereas the soil properties exhibit larger values (Ta-
ble 3). The low D values imply that the lag incre-
ments along the alpine grid tend to be positively cor-
related, whereas the high D values indicate that the
lag increments along the sampling grid are negatively
correlated with each other. This negative correlation
means that the large positive increments that are usu-
ally followed by large negative increments give rise
to wide short-term variation.

The small D value of the mean snow depth indi-
cates the strong influence of topoclimatic factors,
such as slope and aspect, on snow accumulation and
melting, which resulted in large-scale variation,
whereas local small-range variations have smaller ef-
fect on the spatial structure of these ecosystem at-
tributes. The large D values of the alpine soil at-
tributes strongly support our previous interpretation
that the short-range variations observed in the vari-
ograms of most soil attributes are caused by the con-
founded effect of cryoturbation, biological action,

Table 3. Estimated D values for alpine attributes across the Saddle
grid area.

Attribute Lag (m) D

Elevation 50 1.2
Mean Snow Depth 50 1.4
Organic C 35 1.7
pH 35 1.7
Bulk density 50 1.8
Soil Moisture Content 50 1.7
L* 35 1.6
a” 35 1.7
b* 35 1.7
L* 10 1.8
a* 10 1.8
b* 10 1.8

parent-material, and eolian deposition on the topo-
graphic/snow gradient that dominates the large-scale
variations.

Conclusions

We studied the role of the topographic/snow gradient
on soil processes in alpine tundra on Niwot Ridge of
the Colorado Front Range by applying the regional-
ized variable theory and practice coupled with a frac-
tal approach. The arbitrarily selected 50 m grid spac-
ing installed in the 1970s was found adequate to de-
scribe the spatial dependency of snow accumulation
on topoclimatic features, such as slope and aspect.
Soil color variables measured at a sampling depth of
5-10 cm showed strong correlation with snow depth
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and exhibited strong spatial continuity across the en-
tire study area. These spatial relationships suggest
that the large-scale variations observed in the soil
color variables are strongly influenced by catenary
processes. Soil color attributes measured in the top-
soil horizon (0-5 cm) showed spatial distribution that
consisted of large-scale as well as minor and micro-
scale variations. Using a different grid size and spac-
ing (10 m) to evaluate the discontinuity near the ori-
gin, clearly demonstrated that the soil color PDFs are
best described by a nested structure, which was at-
tributed to a confounded effect of various soil-form-
ing factors on catenary processes. The spatial struc-
ture of texture classes exhibited no spatial structure
and was explained by data sparsity, cryoturbation, and
biological processes that mask the expected long-dis-
tance variations (i.e., 550-m) of the catenary pro-
cesses. Organic C, pH, bulk density, and soil mois-
ture content showed various degrees of spatial conti-
nuity but all indicated that the topographic/snow gra-
dient is not the only dominating soil-forming factor
in this alpine ecosystem. The estimated fractal dimen-
sion D for the grid landform and the mean snow depth
varied between 1.2 and 1.4, indicating that they vary
smoothly with large-scale variation. The estimated D
of the soil variables ranged between 1.6 to 1.8, show-
ing a noisy appearance with short-range variations.
The fractal dimension results suggest that most short-
range variations resulted from the combined effect of
cryoturbation, biological activity, and parent-material
and eolian deposition; whereas the large-scale varia-
tions originated from the topographic/snow gradient.
Finally the spatial analysis results demonstrated the
fuzzy and somewhat erratic nature of the soil at-
tributes, which make the delineation of soil units
boundaries difficult. Thematic soil maps in areas as
complex as the Saddle site will undoubtedly carry
large inherent uncertainty.
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