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Soils require study across semiarid ecosystems to better understand soil
organic C storage and landscape evolution in water-limited environments.
The objective of this research was to quantify soil morphologic development in contrasting climate–vegetation zones and landscape positions along
a semiarid environmental gradient. Five ecosystems were examined across
the Santa Catalina Mountains, Arizona, that exhibit variation in precipitation (45–95 cm yr−1), temperature (18–9°C), and vegetation (desert scrub to
mixed conifer). Granitic soil, saprock, and parent rock were sampled from
divergent summit and convergent footslope positions within each ecosystem. Laser particle size analysis was combined with elemental analysis to
determine particle size distribution and total C for all soils. Harden’s profile
development index was applied to explore changes in soil development with
climate and landscape position. Soil organic C increased significantly from
0.37 to 1.1 kg m−3 in the transition from desert scrub to mixed conifer convergent soils. Silt concentrations also increased significantly between the two
convergent field sites, with values increasing from 4.6 to 23 kg m−3. Profile
development indices more than doubled from the desert scrub to mixed conifer sites. At the hillslope scale, indices were similar between desert scrub
divergent and convergent landscape positions. However, profile development
indices in mixed conifer convergent positions were twofold higher than those
of divergent sites, suggesting a stronger topographic control on soil development in these forests. The results demonstrate links between water availability
and soil organic C accumulation, both regionally across climate–vegetation
zones and locally at the hillslope scale of study.
Abbreviations: MAP, mean annual precipitation; PDI, profile development index; PET,
potential evapotranspiration; SCM, Santa Catalina Mountains; SOC, soil organic carbon.

I

n the hot, dry ecosystems of the southwestern United States, water availability and topography are central to understanding soil and landscape evolution.
Water availability is the dominant driver of soil formation in water-limited
climates where precipitation regulates soil production and erosion, vegetation distribution and primary production, soil organic C (SOC) storage, and the degree of
primary mineral alteration to secondary products. Topography and landscape position are particularly important in water-limited systems through their control on
the redistribution of limited water resources that can lead to significant variation
in hillslope-scale soil development and physiochemical properties (Muhs, 1982). It
is necessary to understand the coupling of soil, climate, and landscape position in
the Desert Southwest where predicted changes in temperature extremes and precipitation variability may drive significant shifts in water availability and biological production (Seager et al., 2007; Intergovernmental Panel on Climate Change,
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2013). In this study, we assessed soil development across an array
of semiarid ecosystems and examined climate–landscape position controls on soil properties.
Elevation gradients compress large precipitation and temperature fluctuations across short distances and can encompass a
wide range of ecosystems (Dahlgren et al., 1997), making these
systems ideal for examining the effects of climate on soils, C,
and vegetation (Koch et al., 1995). In general, elevation gradients in the western United States that extend across >1500 m
of elevation gain exhibit a substantial increase in water availability with elevation. The increase in water availability results
from greater precipitation, decreased temperature, and decreased
evapotranspirative demands at higher elevations. In many cases,
such gradients span the transition from water-limited to energy-limited ecosystems. Water and energy limitations have been
defined by the ratio of mean annual precipitation (MAP) to
potential evapotranspiration (PET), or a MAP/PET ratio <1
in water-limited sites and MAP/PET >1 in energy-limited sites
(Budyko, 1974). This transition can manifest as significant variations in primary production and soil development, with strong
climate-related gradients in SOC stocks (Landi et al., 2003; Dai
and Huang, 2006; Homann et al., 2007; Meier and Leuschner,
2010) and degree of soil development (Whittaker et al., 1968;
Dahlgren et al., 1997; Bockheim et al., 2000; Egli et al., 2003;
Rasmussen et al., 2007, 2010; Graham and O’Geen, 2010).
Previous work across arid and semiarid climate gradients
has identified several distinct trends among climate, landscape
position, vegetation, and soil development. The importance of
moisture availability and primary productivity for SOC storage was demonstrated along an arid to humid West African
precipitation gradient where SOC stocks increased from 20
to >120 Mg C ha−1 when precipitation increased from 400 to
>1200 mm yr−1 (Saiz et al., 2012). The researchers identified
sand content and available water content as the strongest combined predictors of SOC, explaining 85% of the SOC variability
across sites. Soil CO2 levels increased along an arid to subhumid
eastern Mojave Desert climate gradient in relation to increased
moisture availability and primary productivity with greater elevation (Amundson et al., 1989a). Elevated soil CO2 concentrations can increase carbonic acid weathering and transformation of primary minerals, with a strong seasonal variation in soil
CO2 related to limited moisture availability in summer months
(Amundson et al., 1989b).
Landscape position regulates the local redistribution of
water, clays, ions, and minerals ( Jenny, 1941; Tardy et al., 1973;
Schimel et al., 1985; Pennock and Jong, 1990; Weitkamp et al.,
1996; Applegarth and Dahms, 2001). Divergent, erosional landscape positions shed soil, C, and water constituents to adjacent
water-receiving or convergent portions of the landscape (Nicolau
et al., 1996; Birkeland, 1999; Ritchie et al., 2007). Soils that accumulate in depositional convergent positions contain distinct patterns of soil mineral assemblage (Berry, 1987; Hattar et al., 2010;
Khomo et al., 2011; Owliaie, 2014), vegetation composition and
biomass (Gessler et al., 1995), and C sequestration (Rosenbloom
www.soils.org/publications/sssaj

et al., 2006; Hancock et al., 2010). Knowledge of this local-scale
variation, in addition to climate-controlled water availability, is
critical for estimating ecosystem-level C storage (Webster et al.,
2011) and for assessing the coupling among soil, landscape position, and vegetation (Yoo et al., 2006; Ziadat et al., 2010). In this
study, we used soil morphologic, physical, and chemical data and
profile development indices to quantify soil variation with landscape position across a gradient of water availability.
The profile development index (PDI; Harden, 1982) is an
empirical tool developed to quantify soil development based
on soil morphologic properties. The Harden PDI was adapted
from Bilzi and Ciolkosz (1977) and assigns point scores to soil
horizons based on properties that differ from those of the parent material. The PDI has been demonstrated to effectively capture soil development variations with climate, relief, and time
(Swanson and Paul, 1985; Birkeland and Burke, 1988; Birkeland
and Gerson, 1991; Miller and Birkeland, 1992; Birkeland, 1994;
Vidic and Lobnik, 1997; Applegarth and Dahms, 2001; Munroe
and Bockheim, 2001; Badía et al., 2009; Sauer, 2010; Calero et
al., 2013). Significant correlations between PDI and time are
well established in the literature across a range of climatically distinct study sites. For example, PDI increased systematically with
age across semiarid Mediterranean sites in Spain where carbonate accumulation was the dominant mechanism driving increases
in the PDI (Badía et al., 2009). Similarly, PDI values increased
significantly with age along a 1.6 million yr old xeric–thermic
chronosequence in the Sacramento Valley, California, where clay
accumulation and reddening were the dominant changes driving PDI increases (Busacca, 1987). Climate was identified as the
primary factor driving PDI variation among terrace deposits in
the temperate–humid climate of the Ljubljana basin, Slovenia
(Vidic and Lobnik, 1997), and topography was a controlling factor in PDI variation in comparing soils from bar and swale sites
(Harrison et al., 1990).
A number of studies have specifically focused on comparing
PDI values among different topographic positions. Generally,
PDI values indicate that soil development is greater in convergent
footslope positions than adjacent divergent summit positions.
For example, PDIs were greatest in the footslope positions of
two granitic catenas formed on moraines in southern Idaho that
varied in age from ?20,000 to 140,000 yr (Swanson and Paul,
1985; Berry, 1987; Applegarth and Dahms, 2001). Interestingly,
PDIs for the corresponding summit positions were comparable
and did not increase with time, suggesting that in this system,
topographic controls on soil development are more important
than landscape age. Research across catenas spanning a precipitation gradient in Peru indicated that PDI values for soils in drier,
footslope positions were two times lower than for footslopes in
wetter climates compared with the respective summit positions,
where only minor differences in PDIs were documented (Miller
and Birkeland, 1992).
The objective of this study was to examine how both water availability and landscape position control soil development
across a semiarid environmental gradient. Profile development
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indices were combined with soil taxonomic classification, soil
texture, and SOC to characterize profile development.

METHODS

Experimental Design
The experimental design for this study included sampling
soils from two landscape positions, a convergent footslope and
a divergent summit, in each of five separate ecosystems that span
the range of climate and vegetation variation encompassed by
the Santa Catalina Mountains (SCM) environmental gradient
in southeastern Arizona (Fig. 1). Mean annual temperature decreases from 18 to 9°C and MAP increases from 450 mm yr−1
at low elevations of 1092 m asl to 950 mm yr−1 at high elevations of 2408 m asl (Table 1; PRISM Climate Group, 2008).
Moisture availability was defined as the MAP/PET ratio, and
the sites were grouped as water limited (MAP/PET < 1) or energy limited (MAP/PET > 1). The MAP/PET ratios increased
from 0.53 at the desert scrub sites to 1.47 in the mixed conifer
sites, with PET based on the Thornthwaite–Mather approximation (Thornthwaite and Mather, 1957).
Vegetative communities change concurrent with climate
variation across the gradient, ranging from desert scrub to mixed

conifer, and are well characterized in terms of aspect, climate,
and net primary productivity (Whittaker and Niering, 1965;
Whittaker et al., 1968). Aboveground biomass and net aboveground primary productivity range from 0.26 to 79 kg m−2
and 0.092 to 1.05 kg m−2 yr−1, respectively (Whittaker and
Niering, 1975). The sampled climate–vegetation zones include
desert scrub (1092 m asl, Fig. 2a), desert grassland–oak woodland (1436 m asl, Fig. 2b), low ponderosa pine (2111 m asl,
Fig. 2c), mid ponderosa pine (2230 m asl, Fig. 2d), and mixed
conifer (2408 m asl, Fig. 2e). The desert scrub site contained
saguaro [Carnegiea gigantea (Engelm.) Britton & Rose], ocotillo (Fouquieria splendens Engelm.), Acacia spp., Arizona barrel
cactus [Ferocactus wislizeni (Engelm.) Britton & Rose], agave
(Agave schottii Engelm., A. palmeri Engelm.), and buckhorn
cholla (Opuntia acanthocarpa Engelm. & J.M. Bigelow). The
desert grassland–oak woodland site was a mixed community of
oak (Quercus spp., including Q. arizonica Sarg.), with an open
understory characterized by manzanita (Arctostaphylos spp.)
and beargrass (Nolina microcarpa S. Watson). The low ponderosa pine ecosystem was located at the ecotone between the
mixed oak–pine woodland ecosystem and the higher elevation
mixed conifer ecosystem, which captured the transition from

Fig. 1. (a) Locations of the field sites encompassed by the Santa Catalina Mountain environmental gradient in southern Arizona and (b) a geological
map denoting differences in granitic terrain across the SCM.
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Table 1. General properties for the Santa Catalina Mountain field sites including landscape position, elevation, mean annual precipitation (MAP), mean annual temperature (MAT), mean annual precipitation/potential evapotranspiration ratio (MAP/PET), and
soil taxonomic classification.
Site

Landscape
position

Elevation
MAP
MAT MAP/PET
m
cm yr−1 °C

divergent
1092
45
convergent
divergent
Grasslands
1436
56
convergent
divergent
Low pine
2111
87
convergent
divergent
Mid pine
2230
91
convergent
divergent
Mixed conifer
2408
95
convergent
† Classified according to Soil Survey Staff (2010).

Desert scrub

18

0.53

17

0.69

12

1.14

10

1.26

9

1.47

Taxonomic classification†
sandy-skeletal, mixed, superactive, thermic, shallow Typic Torriorthent
sandy-skeletal, mixed, superactive, thermic, shallow Typic Torriorthent
loamy-skeletal, mixed, superactive, thermic, shallow Aridic Haplustoll
loamy-skeletal, mixed, superactive, thermic, shallow Aridic Haplustoll
loamy, mixed, superactive, mesic, shallow Typic Ustorthent
loamy, mixed, superactive, mesic, shallow Typic Ustorthent
loamy-skeletal, mixed, superactive, mesic Lithic Ustorthent/Lithic Haplustoll
loamy-skeletal, mixed, superactive, mesic Typic Ustorthent/Typic Haplustoll
loamy-skeletal, mixed, superactive, mesic Typic Ustorthent
loamy-skeletal, mixed, superactive, mesic Typic Haplustoll

water-limited to energy-limited ecosystems. The mid ponderosa
pine site was dominated by ponderosa pine (Pinus ponderosa P.
Lawson & C. Lawson), with sparse Douglas-fir [Pseudotsuga
menziesii (Mirb.) Franco], and the mixed conifer site was characterized by Douglas-fir, ponderosa pine, and white fir [Abies
concolor (Gordon & Glend.) Lindl. ex Hildebr.].
Soil moisture regimes varied from aridic in the desert scrub
sites, to aridic bordering on ustic in the grasslands–oak woodlands sites, to ustic in the pine and mixed conifer sites. The soil
temperature regimes were classified as thermic in the desert scrub
and grasslands–oak woodland sites and transitioned to mesic
starting in the low ponderosa pine sites.
Landscape positions were selected to represent catena end
members of the local topography that included soils from two
water-shedding summits, referred to as divergent positions, and
two adjacent water-gathering footslope sites, referred to as convergent positions (Birkeland, 1999). The soils were collected
from north-facing transects that ran perpendicular to the slope
to minimize colluvial layer differences among sites (Fig. 3). Four
pedons, two convergent and two divergent, were sampled in

each of the field areas with the exception of the grasslands–oak
woodlands site, where only one suitable convergent soil pedon
was studied.
The SCM geology spans Precambrian to Tertiary aged intrusive parent rock as characterized based on a 1:125,000 spatial
database (Dickinson, 1991, 2002). All sampled soils formed on
granitic materials that have a relatively narrow range in mineral
composition and grain size. Desert scrub soils were sampled
on the Catalina granitic pluton (Oligocene–Miocene), the
grasslands–oak woodlands on the Oracle Ruin granite suite
(Middle Proterozoic), the low and mid ponderosa pine sites on
Leatherwood quartz diorite (Upper Cretaceous–Paleocene),
and the mixed conifer on the Wilderness granite suite (two-mica
granite; Eocene) (Fig. 1b).

Soil and Saprock Collection and Characterization
Soil and saprock materials were sampled by genetic horizon and morphology described following standard methods
(Schoeneberger et al., 2002), with data collected for structure,
consistence, horizonation, rock fragment percentage, roots, and

Fig. 2. Landscape and convergent pedon photographs for the (a) desert scrub, (b) desert grasslands–oak woodlands, (c) low ponderosa pine, (d)
mid ponderosa pine, and (e) mixed conifer sites in the Santa Catalina Mountains, Arizona.
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Munsell color. Saprock, defined as material that is
similar to parent rock structure, breakable with bare
hands, and composed of primary minerals not extensively transformed by chemical alteration (Graham
et al., 2010), was collected at the depth of refusal for
parent material characterization. Base saturation percentage was estimated based on its correlation with
pH (Whittaker et al., 1968) to distinguish between
umbric and mollic epipedons in the conifer ecosystems for soil taxonomic purposes. All pedons were
classified using Soil Survey Staff (2010).
Collected soils and saprock were air dried,
sieved to isolate the fine-earth fraction (<2 mm), and
prepared for physical, mineralogical, and organic C
laboratory analyses (Soil Survey Staff, 2004). Samples
were pretreated to remove organic matter using
NaOCl adjusted to pH 9.5 with H2SO4 (Soil Survey Fig. 3. Examples of divergent and convergent landscape positions at the low ponderosa
Staff, 2009) before laser particle size analysis and sec- pine site in the Santa Catalina Mountains, Arizona.
ondary mineral characterization (Soil Survey Staff,
2009). Particle size distribution was determined on pretreated,
sieved from field samples and converted from a weight percentage to a volume percentage following Torri et al. (1994).
sieved samples using a LS 13 320 laser diffraction particle size anThe volumetric concentration of soil C (kg m−3) was calalyzer (Beckman Coulter) following dispersion with 5% sodium
hexametaphosphate and mixing for 48 h on a rotary shaker.
culated as
Total C and N measurements were made on all samples at
−2
C i kg m
the University of Arizona’s Environmental Isotope Laboratory.
−3
[3]
C i kg m =
Each sample was prepared by ball-milling ?3.5 g of material in a
zi
stainless steel canister with three tungsten carbide ball bearings
for 10 min. The ground samples were analyzed on a Finnigan
where Ci (kg m−2) is the total horizon C determined in Eq. [2]
Delta Plus XL (Thermo Fisher Scientific) coupled to an elemenand zi is the total horizon thickness. The Ci (kg m−3) values are
tal analyzer (Costech Analytical Technologies). Samples did
reported on a horizon and pedon basis.
not exhibit any evidence of carbonates, so total C and N were
The soil texture components (sand, silt, and clay) and SOC
assumed to equal organic C and N. Organic C and N weight
are reported on an oven-dry weight basis, on a mass per area basis
(Eq. [2]), and on a concentration basis (Eq. [3]) to explore patpercentages are reported on an oven-dry basis.
terns across field sites, with pedon depth, and for statistical testSoil bulk density, rs, was estimated following Rawls (1983):
ing. The data sets are presented in three forms to effectively com100
pare the findings of the current work with other studies where
[1]
rs =
results are often given in contrasting units of measurement.
OM 0.224 + ( 100 − OM ) r Rawls

(

where OM is the organic matter content (% w/w), 0.224 is the
average organic matter bulk density reported by Rawls (1983),
and rRawls is the mineral density estimated using sand and clay
concentrations (%).
Soil C stocks (kg m−2) in the ith horizon (Ci) were calculated as

 r z ( 1−Vr ) C 
Ci = s i
 10
100



[2]

where rs is the soil bulk density, zi is the thickness of the ith horizon, Vr is volumetric rock fragments, and C is C concentration
(%, w/w) as determined by the laboratory analyses described
above. The Ci values were determined for each horizon and then
summed to report C per pedon. Bulk density was estimated following Eq. [1]. The value of Vr was based on the >2-mm fraction
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)

(

)

Profile Development Index Calculation
Profile development index values were calculated for
all soil profiles. The index was based on assigning points for
increases in soil property development compared with the
parent material at a given site (Harden, 1982; Harden and
Taylor, 1983). For example, structure is quantified by allocating points for changes in structural grade and aggregate type
when compared with the parent material (Harden, 1982).
Site-specific saprock was used as the parent material for each
field area to account for differences in parent rock composition. Once points were assigned for each of the seven field
properties, the resulting values were input into the corresponding PDI equations, quantified for each genetic horizon,
and normalized according to steps outlined by Harden and
Taylor (1983). Dry and moist Munsell color data were used to
calculate rubification, color paling, melanization, and color
Soil Science Society of America Journal

lightening. Soil structure, dry consistence, and texture were
also integrated into the index.
Profile development indices were also calculated from
soil field descriptions for an additional 24 summit and backslope pedons in the Santa Catalina and Rincon mountain
ranges to expand the sample set for comparison with other
soil development studies across the southwestern United
States. Twelve of the soil field descriptions originated from
an environmental gradient study in the Rincon Mountains,
which are adjacent to the SCM, with sites spanning desert
scrub, oak woodland, and pine (Rasmussen, 2008) and another four from a granitic soils study in the SCM pine forest (Heckman and Rasmussen, 2011). Nine additional SCM
sites ranging from desert scrub to mixed conifer described as
part of graduate and undergraduate class field trips were also
included (Rasmussen, unpublished data, 2008–2013). The
PDIs calculated for each representative field area were averaged and are presented as a site average.

Statistical Analyses
One-way ANOVAs and post-hoc Student’s t-tests were
used to evaluate differences among soil properties, with ecosystem, landscape position, and moisture availability as the
main effects. We could not directly test for ecosystem ´
landscape position interactions due to the limited number of
pedons sampled at each field site. The tests were performed
using JMP software (Version 11.0, SAS Institute) on natural-log-transformed soil properties including percentages
[g (100 g)−1], mass per area (kg m−2), and concentrations
(kg m−3), and on natural-log-transformed PDI values. The
results of the statistical tests are available as a supplement
(Supplementary Table A1).

RESULTS AND DISCUSSION
General Soil Properties
Soil Taxonomic Classification

The soil taxonomic classification varied with ecosystem type
and landscape position. The observed soil profiles were generally

<50 cm to the saprock contact, contained >35% (v/v) rock fragments, and exhibited no subsurface diagnostic horizon development (Table 1). Soils were predominantly classified as Entisols
or Mollisols, with classifications of Typic Torriorthents in the
desert scrub convergent and divergent sites, Aridic Haplustolls
in the grasslands–oak woodlands convergent and divergent sites,
and Typic Ustorthents in the low ponderosa pine convergent
and divergent sites (Table 1). Little taxonomic variation was
observed across the drier, low-elevation sites. The exception was
the desert grasslands–oak woodlands soils, which were classified
as Mollisols, a result of increased belowground C accumulation
in the grass-dominated ecosystem. The taxonomic classification
for the mid ponderosa pine and mixed conifer soils differed by
landscape position, where the divergent sites were classified as
Entisols and the convergent sites as Mollisols. For example, the
mixed conifer divergent soils were both Typic Ustorthents while
the convergent soils were Typic Haplustolls. The conifer locations classified as Entisols typically exhibited ochric epipedons
and were too shallow and/or too high in soil color value to be
classified as mollic epipedons. In contrast, the darker, deeper,
C-rich soils in the convergent landscapes classified as Mollisols,
indicating an accumulation of both C and exchangeable cations
in the convergent positions. Distinct taxonomic differences by
landscape position occurred in the systems where the MAP/PET
ratio was >1, suggesting greater topographic effects on taxonomy
in wetter climates.

Soil Carbon Profiles
Soil organic C percentages by weight increased across the
gradient, with a marked transition from the water-limited to energy-limited systems (Table 2). The mixed conifer soils contained
significantly more SOC on a weight percentage basis than the
desert scrub (p < 0.0005), low ponderosa pine (p < 0.005), and
mid ponderosa pine soils (p < 0.02) (Table 2 and Supplementary
Table A1). These data demonstrate an increased accumulation
of SOC in the mineral matrix across ecosystems with greater
moisture availability and higher rates of primary production, a
trend widely recognized in other mountainous environments

Table 2. Depth-weighted pedon averages for C, sand, silt, and clay contents for all field sites in the Santa Catalina Mountains,
Arizona, including within-profile and between-profile clay contrast indices (CCIs).
CCI
Site

Landscape
position

Pedon
Pedon C
sand Pedon silt Pedon clay
——————— % (w/w) ———————

divergent 0.47 ± 0.16† 82 ± 4.3
convergent 0.79 ± 0.44 79 ± 5.4
divergent 1.1 ± 0.19 58 ± 2.5
Grasslands
convergent 2.2 ± 0.0
57 ± 0.0
divergent 0.62 ± 0.15 69 ± 3.9
Low pine
convergent 1.0 ± 0.52 79 ± 1.2
divergent 1.1 ± 0.27 62 ± 8.1
Mid pine
convergent 0.97 ± 0.27 68 ± 6.0
divergent 2.4 ± 0.25 62 ± 3.2
Mixed
conifer
convergent 1.8 ± 0.50 48 ± 7.4
† Average ± 1 SD.
Desert
scrub
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12 ± 3.0
12 ± 3.2
26 ± 2.6
26 ± 0.0
23 ± 0.11
17 ± 1.0
28 ± 4.6
25 ± 5.9
29 ± 2.8
39 ± 6.7

6.7 ± 1.3
9.1 ± 2.1
16 ± 0.12
17 ± 0.0
7.3 ± 4.0
3.9 ± 0.14
9.4 ± 3.5
6.4 ± 0.15
8.5 ± 0.53
13 ± 0.63

Pedon
Pedon
Pedon
Pedon C
sand
silt
clay
——————— kg m−2 —————————
1.2 ± 0.10
3.7 ± 2.3
3.4 ± 1.9
6.2 ± 0.0
2.8 ± 0.09
6.6 ± 4.4
4.8 ± 2.1
6.8 ± 1.4
8.7 ± 0.02
17 ± 0.07

218 ± 96
352 ± 7.9
143 ± 45
160 ± 0.0
326 ± 111
500 ± 76
256 ± 82
443 ± 94
218 ± 12
487 ± 169

30 ± 4.7
54 ± 19
66 ± 15
72 ± 0.0
109 ± 32
126 ± 0.25
113 ± 3.8
152 ± 5.2
105 ± 20
381 ± 15

17 ± 3.2
40 ± 13
37 ± 10
43.5 ± 0.0
32 ± 8.7
27 ± 1.1
36 ± 6.2
39 ± 7.0
30 ± 4.5
129 ± 19

Within
profile
0.12 ± 0.27
0.59 ± 0.13
0.42 ± 0.07
0.33 ± 0.0
0.23 ± 0.18
0.47 ± 0.04
0.21 ± 0.12
0.33 ± 0.12
0.06 ± 0.09
0.15 ± 0.23

Between
profiles
0.26 ± 0.02
0.08 ± 0.02
0.0 ± 0.00
0.0 ± 0.00
0.35 ± 0.01
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Fig. 4. Soil depth plots for soil organic C distribution for divergent and convergent landscape positions within the (a) desert scrub, (b) ponderosa
pine, and (c) mixed conifer field sites in the Santa Catalina Mountains, Arizona.

(Whittaker et al., 1968; Galioto, 1985; Jobbágy and Jackson,
2000; Homann et al., 2007; Meier and Leuschner, 2010).
Similarly, SOC concentrations increased with elevation
(Fig. 4). The desert scrub, grass–oak woodland, and ponderosa
pine locations all exhibited greater concentrations of C in convergent surface horizons, suggesting a lateral transport and accumulation of organic materials from adjacent landscape positions. In contrast, the mixed conifer locations did not vary
substantially in surface C concentrations, with a divergent site
average of 0.41 ± 0.03 kg m−3 relative to a convergent site average of 0.45 ± 0.10 kg m−3 (Fig. 4c). Organic C concentrations
generally decreased with depth across all ecosystems and landscape positions; however, convergent locations tended to show
higher C concentrations with depth relative to divergent locations. The desert scrub divergent soils exhibited the most uniform C concentrations with depth, where surface values averaged
0.09 ± 0.01 kg m−3 compared with an average concentration of
0.03 ± 0.01 kg m−3 in saprock horizons. The lack of variation
with depth is a function of the overall low primary productivity
in desert scrub locations (Whittaker and Niering, 1975) (Fig. 4a).
The SOC stocks (kg m−2) increased significantly with elevation (Table 3). Soil organic C stocks increased nearly eightfold in the divergent positions, from 1.2 ± 0.10 kg C m−2 in the
desert scrub soils to 8.7 ± 0.02 kg C m−2 in the mixed conifer
divergent soils. In comparison, the SOC stocks in the convergent
landscapes increased more than fourfold, from 3.7 ± 2.3 kg m−2
in the desert scrub soils to 16.7 ± 0.07 kg m−2 in the mixed conifer soils. Convergent locations generally exhibited SOC stocks
twice that of adjacent divergent landscape positions, supporting
the concept of SOC accumulation in the foot- and toeslope positions (Schimel et al., 1985; Miller and Birkeland, 1992; Hancock
et al., 2010), although the relative increase from desert scrub to
110

Table 3. One-way ANOVA results for log-transformed field
properties across the Santa Catalina Mountains, Arizona,
where climate was used as the main effect. Desert scrub, low
pine, mid pine, and mixed conifer field sites were tested as
climate groupings; n = 4 pedons analyzed within each climate
grouping. The desert grassland sites were not included in the
statistical evaluation due to variation in parent material composition when compared with other sites.
Climate grouping
Mean
Log(profile development index)
Desert scrub
1.5 ± 0.65 B†
Low pine
1.9 ± 0.13 AB
Mid pine
2.1 ± 0.45 AB
Mixed conifer
2.4 ± 0.47 A
Log(C content), kg m−3
Desert scrub
−1.4 ± 0.52 C
Low pine
−1.0 ± 0.43 BC
Mid pine
−0.68 ± 0.32 AB
Mixed conifer
−0.09 ± 0.30 A
Log(sand content), kg m−3
Desert scrub
3.3 ± 0.13 AB
Low pine
3.5 ± 0.23 A
Mid pine
3.3 ± 0.25 AB
Mixed conifer
3.0 ± 0.49 B
Log(silt content), kg m−3
Desert scrub
1.5 ± 0.21 B
Low pine
2.3 ± 0.12 A
Mid pine
2.4 ± 0.17 A
Mixed conifer
2.5 ± 0.74 A
Log(clay content), kg m−3
Desert scrub
0.93 ± 0.29 A
Low pine
0.87 ± 0.34 A
Mid pine
1.1 ± 0.20 A
Mixed conifer
1.4 ± 0.78 A
† Mean ± 1 SD. Means followed by the same letter within a field
property are not significantly different (p < 0.05).
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mixed conifer systems was half that of the divergent positions.
The mixed conifer C stocks were similar to mixed conifer C
stocks of 10 to 15 kg C m−2 observed in the Sierra Nevada of
California (Dahlgren et al., 1997) and stocks of 5 to 7 kg C m−2
in mixed pine and spruce–fir forests in the Rocky Mountains
(Kueppers and Harte, 2005). The data indicate that SOC varies significantly by ecosystem type and landscape position, suggesting that both must be accounted for when quantifying SOC
stocks in the topographically complex regions of the Desert
Southwest (Hanawalt and Whittaker, 1976).

Particle Size Profiles
Sand-sized particles dominated the fine-earth fractions
across all sites, with a general decrease in sand content with increasing elevation (Table 2). The desert scrub soils contained
significantly greater sand contents than the mid ponderosa pine
(p < 0.001) and mixed conifer soils (p < 0.03), and sand contents
in the mixed conifer soils were significantly lower than in the low
ponderosa pine sites (p < 0.003, Supplementary Table A1). The
desert scrub silt contents were significantly lower than the low
ponderosa pine (p < 0.002), mid ponderosa pine (p < 0.001), and
mixed conifer soils (p < 0.0001, Table 3). Clay contents tended
to increase from the desert scrub to mixed conifer field sites
(Table 2), but the differences were not significant (Table 3). The
high sand contents observed across all field sites reflects a strong
parent material control on soil texture, particularly in the waterlimited, low-elevation systems. However, a general fining of the
particle size distribution with increasing elevation was observed
that may be related to greater water availability and primary production facilitating greater physical and chemical weathering.
Sand, silt, and clay concentrations were uniform with depth and
exhibited minimal variation across all observed pedons (Fig. 5),
with the greatest differences observed between landscape positions in the mid ponderosa pine and mixed conifer field sites
(Fig. 5b, 5f, and 5i).
Changes in particle size distribution across landscape positions were generally minimal and varied by <15% in most cases
(Tables 2 and 4). These data contrast with a toposequence study
of granitic soils in southern California with xeric and thermic soil
moisture and temperature regimes. In that study, the researchers
found that summit and shoulder landscape positions contained
maximum sand and clay contents of 83 and 12%, relative to 68
and 39% in footslope positions (Nettleton et al., 1968; Graham
and O’Geen, 2010). The contrast in particle size distribution
with landscape position between the SCM sites and the southern
California soils may reflect differences in climate patterns, where
mineral weathering is enhanced in the xeric soil systems. The largest accumulation of clay was observed in the mixed conifer convergent soils (Fig. 5i; Table 2) with a clay content of 129 kg m−2
compared with 30 kg m−2 in the divergent soils. These results
contrast with those of Dahlgren et al. (1997), who found a maximum clay accumulation of 536 kg m−2 in a similar mixed conifer
ecosystem where precipitation, temperature, vegetation, and parent material were comparable to the SCM mixed conifer site.
www.soils.org/publications/sssaj

The mechanisms driving the large variation in clay accumulation between the Sierra Nevada and the SCM soils could
not be identified in this study. However, we hypothesize that the
differences between the Sierra Nevada and SCM field areas may
result from contrasting precipitation patterns, timing of evaporative demands, and/or differences in soil age. The Sierra Nevada
locations occur in a winter rainfall regime, where precipitation
arrives in large, low-intensity events. Evapotranspiration demands decrease in the winter months when temperatures are
cooler and plant transpiration is low, supporting maximum water flux, deep percolation, and the potential for a greater degree
of mineral weathering.
In comparison, the SCM sites are characterized by a bimodal precipitation regime, with ?50% of the annual rainfall
delivered as short, intense summer rainfall events when evapotranspirative demand is high (Sala et al., 1992). Warmer summer temperatures drive increased evaporative rates, leading to
substantial precipitation losses to evapotranspiration and limited fluxes of water through the soil profile (Cavanaugh et al.,
2011; Sponseller et al., 2012). We speculate that the bimodal
precipitation pattern in the SCM, specifically the high evaporative demands during summer rain events, leads to drier soil
conditions and subsequently less mineral weathering compared
with the Sierra Nevada soils. Furthermore, the mean residence times estimated for the SCM soils (?5000–12,000 yr;
Rasmussen, 2008) may be shorter than those for the Sierra
Nevada soils, which would also contribute to differences in clay
production and other mineral weathering processes.
The interception of precipitation by vegetation canopies
may also contribute to differences in soil moisture inputs across
contrasting vegetation types and climates. However, studies of
hydrologic loss in semiarid and arid ecosystems have documented
canopy interception ranging from 8.6 to 20% (Pressland, 1973;
Whitford et al., 1997; Coble and Hart, 2013), which is comparable to interception of 9.7 to 20% in temperate deciduous
forests (Carlyle-Moses, 2004). Differences in canopy interception among plant types have been attributed to both contrasting
leaf morphology and canopy architecture (Martinez-Meza and
Whitford, 1996; Coble and Hart, 2013).

Clay Contrast Indices
The clay contrast index (CCI) was used to characterize clay redistribution within profiles and between landscape
positions following Young (1976) and Khomo et al. (2011).
The within-profile CCI was calculated as a ratio between the
clay content (% w/w) in the uppermost mineral horizon and
the maximum clay content observed in the subsurface. The
between-profile CCI was determined by dividing the depthweighted average clay content from the divergent locations by
the maximum depth-weighted clay content in the convergent
locations (Khomo et al., 2011). The between-profile CCIs
ranged from 0.26 ± 0.02 in the desert scrub site to 0.35 ± 0.01
in the mixed conifer site (Table 2). These values fall within the
CCI < 0.5 grouping described by Khomo et al. (2011) for dry
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Fig. 5. Soil depth plots documenting particle size distribution in the Santa Catalina Mountain soils including sand content of (a) desert scrub, (b)
ponderosa pine, and (c) mixed conifer sites, silt contents of (d) desert scrub, (e) ponderosa pine, and (f) mixed conifer sites, and clay contents of
(g) desert scrub, (h) ponderosa pine, and (i) mixed conifer sites.
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Table 4. One-way ANOVA results where landscape position
was tested as the main effect for log-transformed field properties across the Santa Catalina Mountains, Arizona; n = 8
pedons examined within each landscape position.
Landscape position
Log(profile development index)
convergent
divergent
Log(C content), kg m−3
convergent
divergent
Log(sand content), kg m−3

Mean
2.3 ± 0.42 A†
1.6 ± 0.49 B
−0.56 ± 0.59 A
−1.0 ± 0.57 A

convergent
divergent
Log(silt content), kg m−3

3.5 ± 0.17 A
3.1 ± 0.36 B

convergent
divergent
Log(clay content), kg m−3

2.3 ± 0.65 A
2.0 ± 0.41 A

convergent
1.2 ± 0.55 A
divergent
0.92 ± 0.31 A
†M
 ean ± 1 SD. Means followed by the same letter within a field
property are not significantly different (p < 0.05).

sites exhibiting low clay contents and a relatively uniform clay
distribution across landscape positions.
The within-profile CCI values were relatively low for the
conifer soils, with average values of 0.21 ± 0.012 for the divergent sites and 0.33 ± 0.12 for the soils in convergent landscape
positions, indicating a relatively uniform clay distribution with
depth. The mixed conifer soils exhibited the lowest degree of
within-profile clay redistribution, where soils in divergent and
convergent landscapes averaged 0.06 ± 0.09 and 0.15 ± 0.23, respectively. In contrast, the desert scrub pedons exhibited greater
CCI values, with an average within-profile CCI of 0.59 ± 0.01 in
the convergent sites and 0.12 ± 0.20 in adjacent divergent sites,
indicating greater subsurface redistribution of clays in convergent desert scrub profiles relative to any other location sampled
across the gradient. Greater within-profile CCIs in the desert
scrub convergent position may be a function of greater water
availability and mineral weathering or the preferential transport,
accumulation, and translocation of fines in the convergent positions. Greater within-profile CCI values in these profiles may

also reflect the preferential accumulation of dust. Dust inputs
can contribute significantly to the fine-earth fraction in the
southwestern United States (Reynolds et al., 2006; Reheis, 2006;
Hirmas and Graham, 2011), with dust inputs occurring as wet
and dry deposition (Osada et al., 2014) and during intense rainfall events (Burt, 1991; Sala et al., 1996; Hopkins, 2010) that can
rapidly transport dust into the subsurface.

Profile Development Index
Normalized Field Properties
Normalized melanization and structure generally increased
with elevation, whereas the other properties, including rubification, texture, color lightening, color paling, and consistence exhibited little to no change (Table 5). Structure and melanization
were most strongly expressed in the high-elevation conifer sites.
Melanization generally decreased with depth, reflecting greater
organic matter content in surface horizons. Melanization and
structure were one- to twofold higher than rubification in all
SCM soil pedons (Table 5). Rubification, texture, consistence,
and clay film expression generally correspond most significantly
with soil age in studies of soils formed from coarse, granitic parent rock (Harden and Taylor, 1983). The mean residence time
of soils in the SCM ranges from 5000 to 12,000 yr (Rasmussen,
2008), indicating soils of Holocene age. The lack of any strong
pattern in rubification and other properties associated with soil
age is thus probably a function of the relatively young and uniform ages of soils in the SCM. In comparison, structure, melanization, and other properties are generally associated more
strongly with other factors such as climate and water availability
(Harden and Taylor, 1983), similar to the patterns observed here.

Profile Development Index

Profile development index values increased more than twofold across the SCM, with the highest PDIs observed at the mixed
conifer convergent sites (Fig. 6; Table 5). The desert scrub PDIs
were significantly less than those calculated for the mixed conifer
soils (p < 0.02, Table 3 and Supplementary Table A1). The PDIs
calculated for divergent positions were also significantly lower
than than those determined for congruent positions (p < 0.02,
Table 4). Divergent PDI values increased from 2.6 to 7.4 across
the SCM gradient, whereas convergent PDI values inTable 5. Pedon averages for profile development index (PDI), melanization,
structure, and rubification in the soils from the Santa Catalina Mountains. creased from 7.6 to 17. The PDI values for the additional
SCM and Rincon Mountains summit and backslope peLandscape
dons increased from 1.1 to 10 with increasing elevation
Site
position
PDI
Melanization Structure Rubification
and water availability following a logarithmic function
divergent 2.6 ± 0.50† 0.26 ± 0.10 0.15 ± 0.18 0.08 ± 0.0
Desert scrub
(r2 = 0.58, p < 0.008; Fig. 6). The sampled SCM diverconvergent 7.6 ± 0.97 0.33 ± 0.0
0.39 ± 0.0
0.10 ± 0.01
gent profiles fall well within the 95% confidence limits of
divergent 5.8 ± 2.8
0.43 ± 0.10 0.75 ± 0.35
0.0 ± 0.0
Grasslands
convergent 6.1 ± 0.0
0.71 ± 0.0
0.50 ± 0.0
0.0 ± 0.0
this function, suggesting a consistent trend of increasing
divergent 6.2 ± 1.0
0.21 ± 0.03 0.46 ± 0.06 0.15 ± 0.04
PDI with increasing water availability. Interestingly, four
Low pine
convergent 6.7 ± 0.92 0.35 ± 0.02 0.55 ± 0.23 0.02 ± 0.02
of the five convergent sites plot outside of and above the
divergent 6.6 ± 2.8
0.55 ± 0.30 0.44 ± 0.0
0.04 ± 0.05
95% confidence interval calculated for the PDI–climate
Mid pine
convergent 11 ± 4.5
0.43 ± 0.20 0.49 ± 0.16 0.02 ± 0.03
function, indicating significantly greater PDI values than
divergent 7.4 ± 0.02 0.29 ± 0.06 0.44 ± 0.08
0.0 ± 0.0
expected for a given MAP/PET ratio. These data strongMixed conifer
convergent 17 ± 1.1
0.20 ± 0.02 0.58 ± 0.02 0.04 ± 0.0
ly suggest that focused water accumulation in conver† Average ± 1 SD.
www.soils.org/publications/sssaj
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gent areas significantly increases soil development
relative to that expected for a given climate regime,
highlighting topography as an important control
on PDI variability in these environments. For example, the desert scrub convergent PDI value of 7.6
is identical to that of the divergent mixed conifer
PDI of 7.4, suggesting a localized MAP/PET ratio
equivalent to ?1.5, rather than the MAP/PET ratio of ?0.6 calculated for the desert scrub location.
Profile development indices from this study
were similar to other arid and semiarid Holocene
aged sites in the southwestern United States
(Harden, 1982; Harden and Taylor, 1983; Harden
et al., 1991). For example, maximum PDIs ranged
from 7.9 to 51 in Las Cruces, NM, from 2.3 to
19.7 at Silver Lake Playa, CA, and from 6 to 34
in soils at Kyle Canyon and Fortymile Wash in
Nevada. The conifer PDIs in the current study
also overlapped with the lower PDI end members
of the xeric Ventura and Merced soils in California Fig. 6. Profile development indices (PDIs) for the Santa Catalina Mountain soils
(Harden et al., 1991). Overall, the SCM soils ex- (distinguished by landscape position and mean annual precipitation/potential
evapotranspiration ratios [MAP/PET]) and PDIs calculated for additional southern
hibit PDIs similar to other water-limited ecosys- Arizona pedons.
tems in the southwestern United States.
greatest in the mixed conifer soils, where moisture
The increase in PDI values with elevation were
availability facilitates increased primary productivity and
a function of the increase in normalized melanization and strucorganic C accumulation.
ture values across the SCM gradient. These changes were largely
related to an increase in SOC content with elevation that cor· Water-gathering convergent locations concentrate SOC
responded to greater primary productivity and water availability.
and fine-grained soil materials relative to upslope diverIndeed, PDI values were highly correlated to soil C stocks for
gent sites.
both convergent (r2 = 0.66, p < 0.01) and divergent (r2 = 0.74,
p < 0.01) profiles. These data indicate that SOC accumulation
· The PDIs for convergent landscape positions were
is the dominant control on PDI variation across the SCM locatwofold greater than those for adjacent divergent
tions and can be related directly to variation in water availability.
landscape positions, reflecting the topographic
Therefore, water availability appears to produce the greatest variconcentration of limited water resources into downslope
ation across semiarid ecosystems in the SCM sites, in agreement
portions of the landscape.
with previous work in water-limited ecosystems that linked PDI
variation to both water and C availability (Harden et al., 1991;
· The PDI was effective for quantifying variation in
Vidic and Lobnik, 1997; Badía et al., 2009). Furthermore, the
Holocene-aged soils across contrasting climates and
SCM sites exhibited PDI variation by landscape position, where
landscape positions, both of which must be considered
convergent PDI values were more than twofold higher relative
when examining soil morphology and soil C storage in
to divergent sites across the SCM gradient. These results are
semiarid ecosystems.
similar to others who found PDI values to be greatest in footslope landscape positions (Swanson and Paul, 1985; Berry, 1987;
Applegarth and Dahms, 2001). The SCM sites also correspondACKNOWLEDGMENTS
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SUMMARY
The results of this research demonstrate that climate and
landscape position exert significant control on soil development
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114

Amistadi, and Andrew Martinez for laboratory and field assistance.

REFERENCES

Amundson, R.G., O.A. Chadwick, and J.M. Sowers. 1989a. A comparison of soil
climate and biological activity along an elevation gradient in the eastern
Mojave Desert. Oecologia 80:395–400. doi:10.1007/BF00379042
Amundson, R.G., O.A. Chadwick, J.M. Sowers, and H.E. Doner. 1989b. Soil

Soil Science Society of America Journal

evolution along an altitudinal transect in the eastern Mojave Desert of Nevada,
USA. Geoderma 43:349–371. doi:10.1016/0016-7061(89)90063-3
Applegarth, M.T., and D.E. Dahms. 2001. Soil catenas of calcareous tills,
Whiskey Basin, Wyoming, USA. Catena 42:17–38. doi:10.1016/S03418162(00)00116-8
Badía, D., C. Martí, E. Palacio, C. Sancho, and R.M. Poch. 2009. Soil evolution over
the Quaternary period in a semiarid climate (Segre river terraces, northeast
Spain). Catena 77(3):165–174. doi:10.1016/j.catena.2008.12.012
Berry, M.E. 1987. Morphological and chemical characteristics of soil catenas on
Pinedale and Bull Lake moraine slopes in the Salmon River Mountains,
Idaho. Quat. Res. 28:210–225. doi:10.1016/0033-5894(87)90060-3
Bilzi, A.F., and E.J. Ciolkosz. 1977. A field morphology rating scale
for evaluating pedological development. Soil Sci. 124:45–48.
doi:10.1097/00010694-197707000-00008
Birkeland, P.W. 1994. Variation in soil-catena characteristics of moraines with
time and climate, South Island, New Zealand. Quat. Res. 42:49–59.
doi:10.1006/qres.1994.1053
Birkeland, P.W. 1999. Soils and geomorphology. Oxford Univ. Press, New York.
Birkeland, P.W., and R.M. Burke. 1988. Soil catena chronosequences
on eastern Sierra Nevada moraines. Arct. Alp. Res. 20:473–484.
doi:10.2307/1551345
Birkeland, P.W., and R. Gerson. 1991. Soil-catena development with time in a
hot desert, southern Israel: Field data and salt distribution. J. Arid Environ.
21:267–281.
Bockheim, J.G., J.S. Munroe, D. Douglass, and D. Koerner. 2000. Soil development
along an elevational gradient in the southeastern Uinta Mountains, Utah,
USA. Catena 39:169–185. doi:10.1016/S0341-8162(99)00091-0
Budyko, M.I. 1974. Climate and life. Academic Press, San Diego.
Burt, S. 1991. Falls of dust rain within the British Isles. Weather 46:347–353.
doi:10.1002/j.1477-8696.1991.tb07075.x
Busacca, A.J. 1987. Pedogenesis of a chronosequence in the Sacramento Valley,
California, U.S.A.: I. Application of a soil development index. Geoderma
41:123–148. doi:10.1016/0016-7061(87)90032-2
Calero, J., J.M. Martín-García, G. Delgado, V. Aranda, and R. Delgado. 2013. A
nano-scale study in a soil chronosequence from southern Spain. Eur. J. Soil
Sci. 64:192–209. doi:10.1111/ejss.12031
Carlyle-Moses, D.E. 2004. Throughfall, stemflow, and canopy interception loss
fluxes in a semi-arid Sierra Madre Oriental matorral community. J. Arid
Environ. 58:181–202. doi:10.1016/S0140-1963(03)00125-3
Cavanaugh, M.L., S.A. Kurc, and R.L. Scott. 2011. Evapotranspiration
partitioning in semiarid shrubland ecosystems: A two-site evaluation
of soil moisture control on transpiration. Ecohydrology 4:671–681.
doi:10.1002/eco.157
Coble, A.A., and S.C. Hart. 2013. The significance of atmospheric nutrient inputs
and canopy interception of precipitation during ecosystem development
in piñon–juniper woodlands of the southwestern USA. J. Arid Environ.
98:79–87. doi:10.1016/j.jaridenv.2013.08.002
Dahlgren, R.A., J.L. Boettinger, G.L. Huntington, and R.G. Amundson. 1997.
Soil development along an elevational transect in the western Sierra Nevada,
California. Geoderma 78:207–236. doi:10.1016/S0016-7061(97)00034-7
Dai, W., and Y. Huang. 2006. Relation of soil organic matter concentration
to climate and altitude in zonal soils of China. Catena 65:87–94.
doi:10.1016/j.catena.2005.10.006
Dickinson, W.R. 1991. Tectonic setting of faulted Tertiary strata associated with
the Catalina core complex in southern Arizona. Spec. Pap. 264. Geol. Soc.
Am., Boulder, CO.
Dickinson, W.R. 2002. The Basin and Range province as a composite extensional
domain. Int. Geol. Rev. 44:1–38. doi:10.2747/0020-6814.44.1.1
Egli, M., A. Mirabella, G. Sartori, and P. Fitze. 2003. Weathering rates as a function
of climate: Results from a climosequence of the Val Genova (Trentino, Italian
Alps). Geoderma 111:99–121. doi:10.1016/S0016-7061(02)00256-2
Galioto, T.R. 1985. The influence of elevation on the humic–fulvic acid ratio in
soils of the Santa Catalina Mountains, Pima County, Arizona. M.S. thesis.
Univ. of Arizona, Tucson.
Gessler, P.E., I.D. Moore, N.J. McKenzie, and P.J. Ryan. 1995. Soil-landscape
modeling and spatial prediction of soil attributes.. Int. J. Geogr. Inf. Syst.
9:421–432. doi:10.1080/02693799508902047
Graham, R.C., and A.T. O’Geen. 2010. Soil mineralogy trends in California
landscapes. Geoderma 154:418–437. doi:10.1016/j.geoderma.2009.05.018
Graham, R., A. Rossi, and R. Hubbert. 2010. Rock to regolith conversion:

www.soils.org/publications/sssaj

Producing hospitable substrates for terrestrial ecosystems. GSA Today
20:4–9. doi:10.1130/GSAT57A.1
Hanawalt, R.B., and R.H. Whittaker. 1976. Altitudinally coordinated patterns
of soils and vegetation in the San Jacinto Mountains, California. Soil Sci.
121:114–124. doi:10.1097/00010694-197602000-00007
Hancock, G.R., D. Murphy, and K.G. Evans. 2010. Hillslope and catchment
scale soil organic carbon concentration: An assessment of the role
of geomorphology and soil erosion in an undisturbed environment.
Geoderma 155:36–45. doi:10.1016/j.geoderma.2009.11.021
Harden, J.W. 1982. A quantitative index of soil development from field
descriptions: Examples from a chronosequence in central California.
Geoderma 28:1–28. doi:10.1016/0016-7061(82)90037-4
Harden, J.W., and E.M. Taylor. 1983. A quantitative comparison of soil
development in four climatic regimes. Quat. Res. 20:342–359.
doi:10.1016/0033-5894(83)90017-0
Harden, J.W., E.M. Taylor, C. Hill, R.K. Mark, L.D. McFadden, M.C.
Reheis, et al. 1991. Rates of soil development from four soil
chronosequences in the southern Great Basin. Quat. Res. 35:383–399.
doi:10.1016/0033-5894(91)90052-7
Harrison, J.B.J., L.D. McFadden, and R.J. Weldon. 1990. Spatial soil
variability in the Cajon Pass chronosequence: Implications for the
use of soils as a geochronological tool. Geomorphology 3:399–416.
doi:10.1016/0169-555X(90)90014-H
Hattar, B.I., A.Y. Taimeh, and F.M. Ziadat. 2010. Variation in soil chemical
properties along toposequences in an arid region of the Levant. Catena
83:34–45. doi:10.1016/j.catena.2010.07.002
Heckman, K., and C. Rasmussen. 2011. Lithologic controls on regolith
weathering and mass flux in forested ecosystems of the southwestern USA.
Geoderma 164:99–111. doi:10.1016/j.geoderma.2011.05.003
Hirmas, D.R., and R.C. Graham. 2011. Pedogenesis and soil–geomorphic
relationships in an arid mountain range, Mojave Desert, California. Soil
Sci. Soc. Am. J. 75(1):192–206. doi:10.2136/sssaj2010.0152
Homann, P.S., J.S. Kapchinske, and A. Boyce. 2007. Relations of mineral-soil C
and N to climate and texture: Regional differences within the conterminous
USA. Biogeochemistry 85(3):303–316. doi:10.1007/s10533-007-9139-6
Hopkins, D. 2010. An occurrence of dust rain in the foothills of the Kumaun
Himalaya. Weather 65:310. doi:10.1002/wea.640
Intergovernmental Panel on Climate Change. 2013. The physical science basis.
Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge Univ. Press,
Cambridge, UK.
Jenny, H. 1941. Factors of soil formation: A system of quantitative pedology.
McGraw Hill, New York.
Jobbágy, E.G., and R.B. Jackson. 2000. The vertical distribution of soil organic
carbon and its relation to climate and vegetation. Ecol. Appl. 10:423–436.
doi:10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2
Khomo, L., A.S. Hartshorn, K.H. Rogers, and O.A. Chadwick. 2011. Impact
of rainfall and topography on the distribution of clays and major
cations in granitic catenas of southern Africa. Catena 87:119–128.
doi:10.1016/j.catena.2011.05.017
Koch, G.W., P.M. Vitousek, W.L. Steffen, and B.H. Walker. 1995.
Terrestrial transects for global change research. Vegetatio 121:53–65.
doi:10.1007/BF00044672
Kueppers, L.M., and J. Harte. 2005. Subalpine forest carbon cycling: Short- and
long-term influence of climate and species. Ecol. Appl. 15:1984–1999.
doi:10.1890/04-1769
Landi, A., D.W. Anderson, and A.R. Mermut. 2003. Organic carbon storage
and stable isotope composition of soils along a grassland to forest
environmental gradient in Saskatchewan. Can. J. Soil Sci. 83:405–414.
doi:10.4141/S02-021
Martinez-Meza, E., and W.G. Whitford. 1996. Stemflow, throughfall and
channelization of stemflow by roots in three Chihuahuan desert shrubs. J.
Arid Environ. 32:271–287. doi:10.1006/jare.1996.0023
Meier, I.C., and C. Leuschner. 2010. Variation of soil and biomass carbon
pools in beech forests across a precipitation gradient. Glob. Change Biol.
16:1035–1045. doi:10.1111/j.1365-2486.2009.02074.x
Miller, D.C., and P.W. Birkeland. 1992. Soil catena variation along an alpine
climatic transect, northern Peruvian Andes. Geoderma 55:211–223.
doi:10.1016/0016-7061(92)90084-K
Muhs, D.R. 1982. The influence of topography on the spatial variability of

115

soils in Mediterranean climates. In: C.E. Thorn, editor, Space and time in
geomorphology. George Allen and Unwin, London. p. 269–284.
Munroe, J.S., and J.G. Bockheim. 2001. Soil development in low-arctic tundra of
the northern Brooks Range, Alaska, USA. Arct. Antarct. Alp. Res. 33:78–
87. doi:10.2307/1552280
Nettleton, W.D., K.W. Flach, and G. Borst. 1968. A toposequence of soils in
a tonalite grus in the Southern California Peninsular Range. Soil Surv.
Invest. Rep. 21. Soil Conserv. Serv., Washington, DC.
Nicolau, J.M., A. Sole-Benet, J. Puigdefabregas, and L. Gutierrez. 1996. Effects
of soil and vegetation on runoff along a catena in semi-arid Spain.
Geomorphology 14:297–309. doi:10.1016/0169-555X(95)00043-5
Osada, K., S. Ura, M. Kagawa, M. Mikami, T.Y. Tanaka, S. Matoba, et al. 2014.
Wet and dry deposition of mineral dust particles in Japan: Factors related
to temporal variation and spatial distribution. Atmos. Chem. Phys.
14:1107–1121. doi:10.5194/acp-14-1107-2014
Owliaie, H. 2014. Soil genesis along a catena in southwestern Iran: A
micromorphological approach. Arch. Agron. Soil Sci. 60:471–486.
doi:10.1080/03650340.2013.796587
Pennock, D.J., and E. Jong. 1990. Regional and catenary variations in properties
of Borolls of southern Saskatchewan, Canada. Soil Sci. Soc. Am. J.
54:1697–1701. doi:10.2136/sssaj1990.03615995005400060032x
Pressland, A.J. 1973. Rainfall partitioning by an arid woodland (Acacia aneura
F. Muell.) in south-western Queensland. Aust. J. Bot. 21:235–245.
doi:10.1071/BT9730235
PRISM Climate Group. 2008. PRISM climate data. Oregon State Univ.,
Corvallis. http://www.prism.oregonstate.edu/ (accessed 23 Nov. 2013).
Rasmussen, C. 2008. Mass balance of carbon cycling and mineral weathering
across a semiarid environmental gradient. Geochim. Cosmochim. Acta
72:A778. doi:10.1016/j.gca.2008.05.020
Rasmussen, C., R.A. Dahlgren, and R.J. Southard. 2010. Basalt weathering
and pedogenesis across an environmental gradient in the southern
Cascade Range, California, USA. Geoderma 154:473–485.
doi:10.1016/j.geoderma.2009.05.019
Rasmussen, C., N. Matsuyama, R.A. Dahlgren, R.J. Southard, and N. Brauer.
2007. Soil genesis and mineral transformation across an environmental
gradient in andesitic lahar. Soil Sci. Soc. Am. J. 54:1697–1701.
Rawls, W.J. 1983. Estimating soil bulk density from particle size
analysis and organic matter content. Soil Sci. 135:123–125.
doi:10.1097/00010694-198302000-00007
Reheis, M.C. 2006. A 16-year record of eolian dust in southern Nevada and
California, USA: Controls on dust generation and accumulation. J. Arid
Environ. 67(3):487–520. doi:10.1016/j.jaridenv.2006.03.006
Reynolds, R.L., M. Reheis, J. Yount, and P. Lamothe. 2006. Composition of
aeolian dust in natural traps on isolated surfaces of the central Mojave
Desert: Insights to mixing, sources, and nutrient inputs. J. Arid Environ.
66:42–61. doi:10.1016/j.jaridenv.2005.06.031
Ritchie, J.C., G.W. McCarty, E.R. Venteris, and T.C. Kaspar. 2007. Soil and soil
organic carbon redistribution on the landscape. Geomorphology 89:163–
171. doi:10.1016/j.geomorph.2006.07.021
Rosenbloom, N.A., J.W. Harden, J.C. Neff, and D.S. Schimel. 2006. Geomorphic
control of landscape carbon accumulation. J. Geophys. Res. 111:G01004.
doi:10.1029/2005JG000077
Saiz, G., M.I. Bird, T. Domingues, F. Schrodt, M. Schwarz, T.R. Feldpausch, et
al. 2012. Variation in soil carbon stocks and their determinants across a
precipitation gradient in West Africa. Global Change Biol. 18:1670–1683.
doi:10.1111/j.1365-2486.2012.02657.x
Sala, J.Q., J.C. Cantos, and E.M. Chiva. 1996. Red dust rain within
the Spanish Mediterranean area. Clim. Change 32:215–228.
doi:10.1007/BF00143711
Sala, O.E., W.K. Lauenroth, and W.J. Parton. 1992. Long-term soil water dynamics
in the shortgrass steppe. Ecology 73:1175–1181. doi:10.2307/1940667
Sauer, D. 2010. Approaches to quantify progressive soil development with time

116

in Mediterranean climate: I. Use of field criteria. J. Plant Nutr. Soil Sci.
173:822–842. doi:10.1002/jpln.201000136
Schimel, D., M.A. Stillwell, and R.G. Woodmansee. 1985. Biogeochemistry of
C, N, and P in a soil catena of the shortgrass steppe. Ecology 66:276–282.
doi:10.2307/1941328
Schoeneberger, P.J., D.A. Wysocki, E.C. Benham, and W.D. Broderson. 2002.
Field book for describing and sampling soils. Version 2.0. Natl. Soil Surv.
Ctr., Lincoln, NE.
Seager, R., M. Ting, I. Held, Y. Kushnir, J. Lu, G. Vecchi, et al. 2007. Model
projections of an imminent transition to a more arid climate in southwestern
North America. Science 316:1181–1184. doi:10.1126/science.1139601
Soil Survey Staff. 2004. Soil survey laboratory methods manual, Soil Surv. Invest.
Rep. 42. Version 4.0. Natl. Soil Surv. Ctr., Lincoln, NE.
Soil Survey Staff. 2009. Soil survey field and laboratory methods manual. Soil
Surv. Invest. Rep. 51. Version 1.0. Natl. Soil Surv. Ctr., Lincoln, NE.
Soil Survey Staff. 2010. Keys to soil taxonomy. 11th ed. U.S. Gov. Print Office,
Washington, DC.
Sponseller, R.A., S.J. Hall, D.P. Huber, N.B. Grimm, J.P. Kaye, C.M. Clark, and
S.L. Collins. 2012. Variation in monsoon precipitation drives spatial and
temporal patterns of Larrea tridentata growth in the Sonoran Desert.
Funct. Ecol. 26:750–758. doi:10.1111/j.1365-2435.2012.01979.x
Swanson, D.K., and S. Paul. 1985. Soil catenas on Pinedale and Bull Lake
moraines. Catena 12:329–342. doi:10.1016/S0341-8162(85)80029-1
Tardy, Y., G. Bocquier, H. Paquet, and G. Millot. 1973. Formation of clay
from granite and its distribution in relation to climate and topography.
Geoderma 10:271–284. doi:10.1016/0016-7061(73)90002-5
Thornthwaite, C.W., and J.R. Mather. 1957. Instructions and tables for computing
potential evapotranspiration and the water balance. Publ. Climatol. 10(3).
Torri, D., J. Poesen, F. Monaci, and E. Busoni. 1994. Rock fragment content and fine
soil bulk density. Catena 23:65–71. doi:10.1016/0341-8162(94)90053-1
Vidic, N.J., and F. Lobnik. 1997. Rates of soil development of the
chronosequence in the Ljubljana Basin, Slovenia. Geoderma 76:35–64.
doi:10.1016/S0016-7061(96)00098-5
Webster, K.L., I.F. Creed, F.D. Beall, and R.A. Bourbonnière. 2011. A topographic
template for estimating soil carbon pools in forested catchments. Geoderma
160:457–467. doi:10.1016/j.geoderma.2010.10.016
Weitkamp, W.A., R.C. Graham, M.A. Anderson, and C. Amrhein.
1996. Pedogenesis of a vernal pool Entisol–Alfisol–Vertisol
catena in southern California. Soil Sci. Soc. Am. J. 60:316–323.
doi:10.2136/sssaj1996.03615995006000010048x
Whitford, W.G., J. Anderson, and P.M. Rice. 1997. Stemflow contribution to the
‘fertile island’ effect in creosote bush, Larrea tridentata. J. Arid Environ.
35:451–457. doi:10.1006/jare.1996.0164
Whittaker, R.H., S.W. Buol, W.A. Niering, and Y.H. Havens. 1968. A soil and
vegetation pattern in the Santa Catalina Mountains, Arizona. Soil Sci.
105:440–450. doi:10.1097/00010694-196806000-00010
Whittaker, R., and W. Niering. 1965. Vegetation of the Santa Catalina
Mountains, Arizona: A gradient analysis of the south slope. Ecology
46:429–452. doi:10.2307/1934875
Whittaker, R., and W. Niering. 1975. Vegetation of the Santa Catalina
Mountains, Arizona: V. Biomass, production, and diversity along the
elevation gradient. Ecology 56:771–790. doi:10.2307/1936291
Yoo, K., R. Amundson, A.M. Heimsath, and W.E. Dietrich. 2006. Spatial
patterns of soil organic carbon on hillslopes: Integrating geomorphic
processes and the biological C cycle. Geoderma 130:47–65.
doi:10.1016/j.geoderma.2005.01.008
Young, A. 1976. Tropical soils and soil survey. Cambridge Geogr. Stud. 9.
Cambridge Univ. Press, Cambridge, UK.
Ziadat, F.M., A.Y. Taimeh, and B.I. Hattar. 2010. Variation of soil
physical properties and moisture content along toposequences
in the arid to semiarid area. Arid Land Res. Manage. 24:81–97.
doi:10.1080/15324981003635396

Soil Science Society of America Journal

