
UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
Modeling deep soil properties on California grassland hillslopes using LiDAR digital elevation 
models

Permalink
https://escholarship.org/uc/item/6192s22r

Author
Lin, Yang

Publication Date
2016-01-28
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/6192s22r
https://escholarship.org
http://www.cdlib.org/


1 
 

Modeling deep soil properties on California grassland hillslopes using LiDAR digital 1 

elevation models 2 

Yang Lin1*‡, Samuel E. Prentice III2, Tom Tran1, Nina L. Bingham1, Jennifer Y. King1, 3 

and Oliver A. Chadwick1 4 

1 Department of Geography, University of California, Santa Barbara, CA 93106 5 

2 US Department of Agriculture - Forest Service, Payette National Forest, New Meadows, 6 

ID 83654 7 

* Corresponding author Yang Lin: ylin@geog.ucsb.edu 8 

‡ Present address: Department of Environmental Science, Policy, and Management, 9 

University of California, Berkeley, CA 94720    10 

Journal: Geoderma Regional 11 

  12 



2 
 

Abstract 13 

Topography strongly regulates soil formation at the hillslope scale through its effects on 14 

sediment redistribution and biological activities. Spatially explicit land surface 15 

parameters (LSPs) such as slope and curvature hold potential for modeling the resulting 16 

soil carbon (C) and nitrogen (N) distributions, but their representation of deep soil 17 

profiles remains largely unexplored. In this study we examine relationships between deep 18 

soil profile C and N stocks and LSPs derived from a fine-resolution digital elevation 19 

model (DEM) on prototypical rolling hillslope catenas. Consistent with other studies we 20 

found that soil thickness was the primary controller of soil organic C and N stocks and 21 

was best predicted by mean curvature. Specifically, subsoil thickness, instead of A 22 

horizon thickness, explained variability of soil C and N on hillslopes. In addition, our 23 

results suggest that, along ridge to toeslope catenas, the processes mediating soil C and N 24 

distribution varied from convex to concave positions. Convex ridge positions appeared to 25 

favor processes that enrich soil profiles with high C and N concentrations despite their 26 

drier position, while concave hollow and toeslope positions favored cumulic processes, 27 

despite their conceptually moister conditions in which enrichment processes would be 28 

favored. Our data also point to slope aspect as a weak but potentially geomorphically 29 

important covariate in modeling soil thickness and C and N stocks using LSPs. Overall, 30 

LSPs of curvature and aspect explained 51% of the variability in soil thickness, while 31 

curvature and aspect explained 50% of the variability in soil organic C stocks. Our results 32 

suggest that diffusive sediment transportation likely exerts a first-order control on soil 33 

thickness and soil organic C and N stocks in many arid landscapes. Our data also 34 

highlight the importance of subsoil in mapping soil C and N stocks and other soil 35 



3 
 

properties. Quantitative modeling of soil C and N as in our study supports examination of 36 

additional ecosystem properties at fine spatial scales.  37 
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1. Introduction  44 

Among the five soil forming factors (Jenny, 1941), continental-scale climate imposes 45 

the first-order control on soil organic and inorganic carbon accumulation (Eswaran et al., 46 

1993; Jenny and Leonard, 1934). Catchment-scale soil carbon (C) patterns, on the other 47 

hand, are controlled by topographically sensitive processes of detachment, transportation, 48 

and deposition of soil mass driven by variations in water movement (Chamran et al., 49 

2002; Silver et al., 2010; Yoo et al., 2006). Local relief also mediates biological C 50 

cycling (Berhe et al., 2012; Chamran et al., 2002) and consequently soil C accumulation 51 

(Hancock et al., 2010). Given that topography correlates with spatial variations in both 52 

soil mass and water redistribution, hillslopes have become a representative scale for 53 

estimating and mapping soil C stocks (Dlugoß et al., 2010; Garten and Ashwood, 2002; 54 

Hoffmann et al., 2014). Hillslopes are repeatable units in landscapes that can be upscaled 55 

or downscaled to model the spatial distribution of ecosystem and hydrological properties 56 

(e.g. soil C) (Band et al., 1993; Haas et al., 2013; Niu et al., 2014). 57 

Characterizing soil C stocks conventionally requires field campaigns guided by soil-58 

landscape concept models, with sparse observations qualitatively extrapolated to similar 59 

landforms and topographic positions (Hudson, 1990). Increasingly, the proliferation of 60 

digital elevation models (DEMs) enables spatially explicit prediction of static soil 61 

properties from continuous land surface parameters (LSPs) such as slope, aspect, 62 

curvature, and specific catchment area (Gessler et al., 2000; McBratney et al., 2011; 63 

Moore et al., 1993). The tight coupling of topography and soil development is sufficiently 64 

strong that LSPs are a core component of most spatially explicit predictive soil models 65 

(McBratney et al., 2003). 66 
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Among LSPs used for modeling soil C stocks, curvature is an effective 67 

representation of in situ hillslope processes. In contrast to slope gradient, which describes 68 

the angle of a surface to the horizontal and represents the rate of soil transport and the 69 

residence time of soil particles (Yoo et al., 2007), curvature is the rate of change in slope 70 

gradient and therefore captures patterns of convergence and divergence of soil mass flux 71 

across hillslopes. Thus, as an indicator of soil mass redistribution and soil organic C 72 

accumulation in downslope positions, curvature therefore is a preferable LSP to slope 73 

gradient (Braun et al., 2001; Van Oost et al., 2009; Yoo and Mudd, 2008). For instance 74 

using curvature, Yoo et al. (2006) found that concave positions had higher concentrations 75 

of soil C than convex positions in two soil mantled hillslopes in Northern California. 76 

Aspect is a second LSP that provides spatial characterization of how features such as 77 

varying solar insolation and water balance can influence soil depth and C storage on 78 

hillslopes. Water budget and biological activity differ between north- and south-facing 79 

slopes; thus aspect exerts a strong impact on the landscape patterns of soil C stocks 80 

(Garcia-Pausas et al., 2007; Rezaei and Gilkes, 2005; Thompson and Kolka, 2005). For 81 

example, Rezaei and Gilkes (2005) found that surface soil organic C concentration was 82 

approximately 40% higher on the north-facing than on the south-facing slopes in an 83 

Iranian semi-arid grassland.  84 

Although examples of spatially explicit C maps are plentiful (e.g., Dlugoß et al., 85 

2010; Garcia-Pausas et al., 2007; Hancock et al., 2013), most focus on surface soils (10-86 

30 cm) (Minasny et al., 2013), reflecting dataset and sampling limitations and a historical 87 

emphasis on plant-soil interactions in the upper rooting zone. This trend implicitly 88 

discounts an acknowledged large pool of deep subsoil carbon and the mechanisms that 89 
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dictate this pool. Global estimates have shown that, compared to the top meter of soil, C 90 

stocks in the second and third meters increase net soil C stocks by 33 and 23%, 91 

respectively (Jobbágy and Jackson, 2000). In particular, the fractional contributions of 92 

subsoil C in arid and semi-arid ecosystems were higher than in more mesic ecosystems 93 

(Jobbágy and Jackson, 2000). A regional study found that soil thickness could reasonably 94 

predict soil C stocks in California grasslands, highlighting the important contribution of 95 

subsoil C stocks (Silver et al., 2010). Chamran et al. (2002) and Fierer et al. (2003) have 96 

offered insights into the hydrologic and biological factors that drive full profile patterns 97 

in deep soils. These examples suggest that we can improve estimates of landscape-scale 98 

C stocks, if we can use LSPs such as curvature and aspect to improve prediction of soil 99 

thickness and therefore deep C storage. However, few studies have characterized the 100 

relationships among LSPs, soil thickness and full profile C stocks on hillslopes in 101 

California grasslands. 102 

Here we explore the relationships among soil depth, carbon stocks, and topography 103 

in a semi-arid rolling hillslope mantled with thick, bioturbated soils. Broadly, grasslands 104 

cover about 50% of California and are particularly common in the central and southern 105 

part of the state where they are sustained by a human induced fire regime and a strongly 106 

seasonal Mediterranean climate that supports cool-season C fixation and leaching prior to 107 

soil drying during the period from April to June. Water balance varies systematically 108 

across the landscape (Chamran et al., 2002; Gessler et al., 2000), so concave soil 109 

positions may show deep C accumulation whereas pedogenic carbonates may accumulate 110 

in B horizons in convex positions. Locally, soil creep and rodent burrowing drive 111 

diffusive sediment transport leading to markedly smooth hillslopes (Gabet, 2000; Gabet 112 



8 
 

et al., 2005). Biological activities also vary significantly across these landscapes (e.g. 113 

north- vs. south-facing slopes), as oak trees are found predominantly on the north-facing 114 

slope.  115 

Our research goals are: 1) to identify an appropriate spatial resolution for modeling 116 

soil properties at the hillslope scales represented by the California landscapes under 117 

consideration; 2) to explore the relationship between soil thickness and soil C and N 118 

pools; 3) to model soil C and N pools using land surface parameters (LSPs; e.g. curvature 119 

and aspect); and 4) to examine the contribution of soil depth and pedogenic carbonates to 120 

full-profile soil C and N stocks. We hypothesized that concave locations would favor 121 

accumulation of soil mass, C, and N over convex locations; that north-facing hillslope 122 

positions would have higher soil C and N storage than south-facing slopes; and that 123 

curvature and aspect would be more effective in predicting soil C and N pools than other 124 

LSPs, such as slope (Van Oost et al., 2009; Yoo and Mudd, 2008).  125 

 126 

2. Materials and Methods 127 

2.1 Study Site 128 

This study was conducted at Sedgwick Reserve, one of the University of California’s 129 

Natural Reserve System sites, located in the San Rafael Mountains within the California 130 

Coast Range, 45 km north of the city of Santa Barbara (43°42’N, 120°2’W; Fig. 1). 131 

Elevations at the Reserve range from 290 to 790 m, mean annual temperature is 16.8 °C, 132 

and mean annual precipitation is 380 mm. The Reserve is characterized by a 133 

Mediterranean climate with hot, dry summers and cool, wet winters with strong inter-134 
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annual variations (max = 923 mm, min = 167 mm, coefficient of variation = 0.48). 135 

Overland flow on hillslopes is rare owing to extensive subsurface flow paths from large 136 

populations of fossorial mammals (Chamran et al., 2002; Davis et al., 2011). The study 137 

site features an oak savannah community dominated by Mediterranean grasses Bromus 138 

diandrus, B. hordaceous, and Avena fatua, with scattered coast live oaks (Quercus 139 

agrifolia), valley oaks (Quercus lobata), and blue oaks (Quercus douglasii). Oak tree 140 

density of the site is approximately 1.2 stems/ha with height varying from 12 to 25 m 141 

(Sork et al., 2002). 142 

Sampled hillslopes constitute a dissected fanglomerate with smooth slopes 143 

converging to hollows with no incised channels. Overlying soils have formed from 144 

weathering of the Paso Robles formation, a Plio-Pleistocene, weakly consolidated 145 

subaerial alluvial deposit composed of variable amounts of marine shale and mélange 146 

siltstones, chert, and serpentine (Dibblee, 1966). Effective depth of wetting is evidenced 147 

by small amounts of finely disseminated pedogenic carbonate and carbonate masses 148 

precipitated in subsoil horizons. Hillslope soils are mapped as Xerorthents by the USDA 149 

Soil Conservation Service (1972). Most soils on the hillslopes we sampled are classified 150 

as Haploxerolls based on thickness, color, and minimum 0.6% carbon content in the 151 

epipedon (Table 1).  152 

2.2 Soil sampling and laboratory analyses 153 

We sampled soils on north- and south-facing hillslopes flanking a broad 154 

aggradational valley. The hillslopes are approximately 150 m wide by 200 m long and 155 

include both convex and concave slope elements but no incised stream channels (Fig. 1). 156 

Two catenas were transected across ridge, shoulder, backslope, and toeslope positions, 157 
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capturing a representative range of convexity, concavity, and aspect. Sixteen locations 158 

were sampled in total. Soils were excavated to bedrock, described using standard field 159 

procedures (Schoeneberger et al., 2002), and channel sampled by horizon to achieve 160 

equal representation from upper to lower boundaries. The Saran clod method (Soil 161 

Survey Division Stuff, 1993) was used to measure bulk densities, and values were 162 

corrected for linear extensibility at 33% smectitic clay content based on mean particle 163 

size distribution values from previous work in the area (Gessler et al., 2000). At locations 164 

requiring hand augering to reach bedrock, bulk density was estimated by correlating with 165 

hand samples from similar horizons in this study. Soil cracks were observed and recorded 166 

when present. 167 

Field samples were oven-dried at 105 °C, weighed, and sieved to <2 mm for 168 

elemental analysis. Rock fragment concentrations were determined by the ratio between 169 

the remaining mass of soil on the 2-mm sieve (rock) and the total soil mass. Total C and 170 

N concentrations were measured on the <2-mm fraction using an elemental analyzer 171 

(Fisons NA1500). Soil inorganic C concentration was obtained by acidifying a subsample 172 

in a sealed glass jar with 5 ml of 2N H2SO4 with 5% FeSO4 (Loeppert and Suarez, 1996) 173 

and measuring the change in headspace CO2 concentrations with an infrared gas analyzer 174 

(IRGA, LI-COR 6520). Calcium carbonate (grade: certified ACS) was used to build a 175 

standard curve for calibrating inorganic C measurements. This method has an accuracy of 176 

±3% and can detect soil inorganic C concentrations ranging from 0.005% to 5%. Soil 177 

organic C concentration (% OC) was calculated by subtracting inorganic C concentration 178 

(%IC) from total C concentration. All analyses were run in duplicate, and their averages 179 

were used in the following analyses.  180 
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To determine net soil C and N stocks in soil profiles, elemental concentrations were 181 

multiplied by the bulk density of their respective parent horizons, then by respective 182 

horizon thicknesses to arrive at horizon-based mass storage at each sample location. Soil 183 

C and N stocks were also adjusted for rock fragment concentrations. Free carbonate depth 184 

was determined in the field from intact profile faces using 1M HCl based on strong 185 

effervescence (Soil Survey Division Stuff, 1993). 186 

2.3 Terrain analyses 187 

Land surface parameters of slope aspect (A), slope gradient (β), mean curvature (Cs), 188 

specific catchment area (As), and compound topographic index (CTI) were derived from 189 

a gridded 1-m DEM of the study area acquired using a terrestrial LiDAR scanner 190 

(RIEGL, LMS-Z420i) (Fisher et al., 2008). Mean curvature was calculated following 191 

Passalacqua et al. (2010) in which positive Cs indicates concave-convergent surfaces and 192 

negative Cs indicates convex-divergent surfaces: 193 

Cs = 	∇ ∙ (∇ℎ/|∇ℎ|) 194 

in which h is the elevation. Slope gradient and specific catchment area were calculated 195 

using TopoToolbox terrain functions in MATLAB (Schwanghart and Kuhn, 2010). 196 

Compound topographic index (CTI; i.e., steady-state wetness index), commonly used to 197 

quantify the effects of catchment position on hydrologic drainage intensity (Gessler et al., 198 

2000; Moore et al., 1993), was calculated in MATLAB as  199 

CTI = ln(As/tan β) . 200 

To identify the most statistically robust spatial resolution for predicting soil 201 

properties in our study area, the DEM was filtered (i.e., smoothed) in one-meter 202 
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increments from 2 m to 45 m, and LSPs were generated directly from DEMs at each scale 203 

increment. Many filtering kernels exist, the most common being mean, median, and 204 

Gaussian. A median kernel was chosen for filtering because of its relative effectiveness in 205 

removing “salt-and-pepper” noise (Arce, 2005). Correlation coefficients between LSPs 206 

and selected soil profile properties were then calculated for each spatial resolution 207 

between 2 and 45 m in order to evaluate how spatial resolutions affect the predictive 208 

power of LSPs. Soil thickness, depth of A horizon, and free carbonate depth were chosen 209 

as proxies for scale- and depth-dependent pedogeomorphic processes operating across 210 

our hillslope catenas.  211 

Preliminary results indicated differences in soil properties between north- and south-212 

facing slopes, but slope aspect in degrees (0-359) did not capture these differences. We 213 

therefore simplified aspect into a binary variable based on whether the soil profile was 214 

located on the north- or the south-facing slope (Fig. 1). 215 

2.4 Statistical analyses 216 

Pearson correlation was applied to examine relationships among soil properties and 217 

LSPs. Differences in soil properties between the north- and south-facing slopes were 218 

compared using Student’s t-tests. During the t-test, the Welch-Satterthwaite method was 219 

used to adjust degrees of freedom if equality of variances could not be assumed according 220 

to the Levene’s test. Significance levels of correlations and t-tests were set at the α = 0.05 221 

level. Multiple linear regressions were used to build empirical models that predicted soil 222 

C and N stocks with LSPs. The LSPs were only included in the model if they increased 223 

the F-value at the α = 0.05 level (forward linear regression). All statistical analyses were 224 

conducted in SPSS v20 (IBM Inc.).  225 
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3. Results 226 

Site data and soil characteristics for full soil profiles and for A horizons as a 227 

proportion of full soil profiles are compiled in Table 1. Detailed descriptions of each 228 

sampled horizon are given in Supplementary Table 1. Mean full profile thickness was 229 

161 cm, and mean A horizon thickness was 22 cm. Averaged across all pedons, the 230 

organic carbon mass fraction was dominant (59% of mean profile C) over the inorganic 231 

carbon mass fraction (41% of mean profile C), which is characteristic of the regional 232 

semi-arid climate and infrequent profile throughflow (Chamran 2002). In profiles, A 233 

horizons (14% of mean full profile thickness) accounted for 43% of profile organic 234 

carbon storage and 15% of profile inorganic carbon storage, reflecting biologic carbon 235 

enrichment typical of surface soil.  236 

3.1 Correlations among soil characteristics  237 

We first explored the correlations between soil thickness and other studied soil 238 

characteristics without linking them to LSPs. On a mass basis, full profile organic C and 239 

N stocks were strongly correlated with soil thickness (Fig. 2a, b) such that larger organic 240 

C and N stocks were associated with thicker soils. Soil thickness explained 86% and 89% 241 

of the variability of soil organic C and N stocks, respectively (both P < 0.01). Inorganic C 242 

stocks were weakly correlated with soil thickness (Fig. 2c) due to a thick soil profile 243 

(#15) with extremely low inorganic C. This soil pit is located in a convergent 244 

hydrogeomorphic position on the valley floor margin that is wetter and presumably more 245 

heavily leached (Fig. 1). When this location is removed from the regression, prediction of 246 

inorganic C stocks from soil thickness increases substantially (R2 = 0.85, P < 0.01). On a 247 

constituent concentration (i.e., %) basis, thicker profiles had lower organic C (%OC) and 248 
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N concentrations (%N) compared to thinner profiles (Fig. 2d, e). Soil thickness was 249 

markedly less effective in explaining %OC and %N than explaining C and N stocks, 250 

accounting for 42% and 55% of variability of %OC and %N, respectively. Soil thickness 251 

did not correlate with inorganic C concentration (%IC, Fig. 2f). 252 

3.2 Soil-landscape modeling 253 

In service of linking soil properties with terrain attributes, we next examined 254 

relationships between LSPs and soil characteristics. Consistent with other works (Braun 255 

et al., 2001; Yoo et al., 2006), curvature (Cs) was the most robust indicator of soil spatial 256 

variability in the study area, showing significant correlations with both soil thickness and 257 

free carbonate depth, with local maxima coinciding at a resolution of approximately 14 m 258 

(Fig. 3). Specific catchment area (As) and compound topographic index (CTI), on the 259 

other hand, only had significant correlations with soil thickness. In addition, curvature 260 

was the only LSP that significantly explained both soil C stocks and concentrations (Fig. 261 

4, Table 2). Thus 14 m was chosen as the spatial resolution for subsequent modeling of 262 

soil-terrain relationships. 263 

 Mean curvature (Cs) explained 42% of soil thickness variability such that concave 264 

locations (Cs > 0) had thicker soils than convex locations (Cs < 0, Fig. 4a). Full profile 265 

organic C and N stocks had comparably strong relationships with curvature, consistent 266 

with our first hypothesis that organic C and N storage is low at convex locations and 267 

increases in concave locations. Interestingly, significant relationships between curvature 268 

and soil organic C and N were observed in subsoil but not in A horizons (Supplementary 269 

Fig. 1). In contrast to organic C and N stocks, profiles in convex locations had 270 

higher %OC and %N (Fig. 4g, h). Mean curvature could not adequately explain IC stocks 271 



15 
 

nor %IC variability on a whole profile basis (Fig. 4f, i). However, when considering A 272 

horizon only, IC stocks and %IC were lower in concave positions than in convex 273 

positions (Supplementary Fig. 1), a finding reflected in deeper free carbonate depth at 274 

concave locations (Fig. 4c). The ratio of soil OC to N stocks (OC/N) did not depend on 275 

curvature (data not shown). 276 

Slope aspect (A) also affected the distribution of soil properties, though these effects 277 

were weaker than what we hypothesized. Soil profiles on the north-facing slope were 278 

approximately two times thicker than on the south-facing slope (Fig. 5a, 233 vs. 117 cm, 279 

P = 0.16) which led to the general trend, though not statistically significant, that organic 280 

C and N stocks were higher on the north-facing slope (Fig. 5d, e). Profile A horizons on 281 

the north-facing slope were also marginally thicker than A horizons on the south-facing 282 

slope (Fig. 5b, P = 0.11). 283 

As hypothesized, LSPs other than curvature and slope aspect proved less consistent 284 

in predicting soil properties (Table 2). For instance, slope gradient (β) predicted profile 285 

OC, IC, and N concentrations, but failed to adequately explain soil thickness or stocks 286 

(Table 2). Compound topographic index (CTI) had moderately strong positive 287 

relationships with OC and N stocks but, unlike curvature, did not correlate with soil 288 

thickness. Specific catchment area (As) correlations were generally weak and 289 

nonsignificant among all studied soil properties. 290 

Combining LSPs in multivariate linear models provided reasonable predictions of all 291 

soil properties except inorganic C. Notably, three of the four strongest models employed 292 

curvature as an explanatory variable, and two of the four strongest models employed 293 

aspect. As noted previously (Fig. 4a), Cs alone explained 42% of thickness variability, 294 
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and integrating Cs and A in a linear model increased this to 51% (Table 3). A model that 295 

includes Cs and A was also effective in predicting soil organic C stocks (R2 = 0.50). 296 

Variability of N stocks was best predicted by CTI alone (R2 = 0.42), while N 297 

concentrations were best predicted by a combination of Cs and β (R2 = 0.62). As 298 

discussed earlier, β correlated well with %OC and was therefore the dominant predictor 299 

in the %OC linear model along with Cs (R2 = 0.56). A model with β explained 26% of 300 

the variability of inorganic C stock, while the LSPs we explored could not predict 301 

soil %IC. Overall, these linear models could be used to produce predictive maps of soil 302 

properties (e.g. soil thickness, soil organic C stock, and %OC) in this landscape 303 

(Supplementary Fig. 2).  304 

4. Discussion  305 

Our results demonstrate that soil organic C and N stocks are strongly controlled by 306 

soil thickness (Fig. 2a, b), which is both logical and consistent with earlier findings from 307 

a regional study in California (Silver et al., 2010). Furthermore, our results demonstrate 308 

that reasonable predictions of soil organic C and N stocks can be achieved by modeling 309 

soil thickness at hillslope scales using curvature and aspect (Table 3). In our study, soil 310 

thickness depends on landscape curvature such that deeper soils were found on 311 

convergent hillslope components defined by concave surfaces that increase in size and 312 

frequency downslope (Figs. 1, 4a). Given the absence of surface erosion and infrequent 313 

saturated conditions of the study area (Chamran et al., 2002), this result suggests that 314 

diffusive sediment transport and aspect-mediated processes drive the spatial procession of 315 

soil organic C and N patterns from ridge to toeslope positions. The curvature gradient is 316 

further reflected in taxonomy with inorganic C-rich Calcic subgroups in convex positions 317 
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grading to cumulic Calcic Pachic subgroups in concave positions (Table 1). Our result is 318 

consistent with geomorphic process models that suggest soil-creep induced thickening 319 

from convex to concave positions on similar hillslopes (Black and Montgomery, 1991; 320 

Gabet et al., 2005). 321 

Compared to organic C and N stocks, full-profile organic C and N concentrations 322 

had more complex relationships with local relief. Although concave locations favored 323 

accumulation of soil mass, organic C, and N, they hosted soils with lower organic C and 324 

N concentrations than convex locations (Fig. 4). This discrepancy between inventory and 325 

concentration is possible when soil organic matter is partially decomposed as soil mass is 326 

undergoing diffusive transport downslope (Berhe et al., 2008; Wang et al., 2014). The 327 

pattern may also be explained by the net balance between primary production and 328 

decomposition and its variation across the landscape. Among previous studies at our site, 329 

Tan (2014) found that aboveground biomass was similar regardless of curvature, while 330 

results from Chamran et al. (2002) and Fierer et al. (2005) suggested that recent dissolved 331 

organic C would be transported to depositional locations and preferentially decomposed 332 

in the subsurface when the soil is moist. In fact, on a similar California hillslope, Berhe et 333 

al. (2012) found that C mineralization rate (~ 25 cm soil depth) was significantly higher 334 

at the depositional positions than the eroding positions. Therefore, concave locations may 335 

stay wet longer than convex locations, especially in the subsurface (Chamran et al., 336 

2002), and therefore exhibit a net loss of C and N in this landscape.  337 

We also found that full-profile organic C and N concentrations varied with slope 338 

gradient such that steeper slopes were depleted and shallower slopes were enriched in soil 339 

C (Table 2). Slope gradient reflects the residence time of soil particles (Yoo et al., 2007) 340 
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such that soil particles reside longer within the solum on low angle slopes. High organic 341 

C concentration at these locations thus indicates that either physical transport of organic 342 

C is low, or that biological additions of organic C are greater than physical additions. 343 

Overall, our accounting of organic C stocks and concentrations reflect different processes 344 

on these hillslopes: patterns of organic C stock were determined by the curvature-driven 345 

sediment accumulation, while organic C concentration was influenced by C gain/loss 346 

processes during sediment transport (e.g., organic matter decomposition and plant 347 

productivity).  348 

Notably, curvature-driven variations in organic C and N stocks were determined by 349 

subsoil thickness, rather than A horizon thickness (Supplementary Fig. 1). There was also 350 

a relatively homogeneous distribution of surface horizon C concentrations among 351 

hillslope positions (Supplementary Fig. 1), consistent with other Mediterranean 352 

ecosystems (Hancock et al., 2013; Yoo et al., 2006). Furthermore, subsoil contributed 353 

more to the soil organic C and N stocks than the A horizons (Table 1). These results 354 

highlight the importance of incorporating deeper soil horizons into the quantification of 355 

soil C and N stocks. They also imply that utilization of terrain attributes to predict soil C 356 

and N stocks in surface soils may lead to error in diffusive hillslope landscapes. These 357 

results support previous studies (e.g., Jobbágy and Jackson, 2000; Rumpel and Kögel-358 

Knabner, 2010) that argue that incorporation of subsoil carbon analyses is critically 359 

important to fully characterize and model the landscape distribution of carbon.  360 

Our results are consistent with previous studies that have found similar curvature-361 

dependency of soil thickness in semi-arid environments in California, Australia, and Italy 362 

(Braun et al., 2001; Catani et al., 2010; Heimsath et al., 1997; Minasny and McBratney, 363 
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2006). Our site shares many key characteristics with the landscapes in the above studies: 364 

they are all low-relief, soil-mantled hillslopes that are dominated by diffusive processes. 365 

Together with other studies, our results support the idea that curvature is the dominant 366 

control of soil mass and thickness in diffusive landscapes in semi-arid environments. Soil 367 

thickness further explains a great proportion of the variations in soil organic C and N 368 

stocks (Fig. 2) likely because plant productivity and decomposition are water limited in 369 

these semi-arid environments. Landscape analysis thus has great potential to accurately 370 

model soil thickness and soil organic C and N stocks in these ecosystems. 371 

As demonstrated, curvature is the most effective LSP for predicting a wide range of 372 

hillslope soil characteristics from soil thickness and C and N stocks to C and N 373 

concentrations (Fig. 4, Table 2). Among all LSPs, only curvature has a significant 374 

relationship with soil thickness, and no other LSPs had significant correlations with both 375 

organic C stock and its concentration. In terms of predicting soil N stock, curvature is as 376 

effective as CTI (correlation coefficient: 0.669 vs. 0.677). This result is not surprising, 377 

given that CTI describes the differences in flow and sediment accumulation across the 378 

landscape (Gessler et al., 2000). However, the slightly higher correlation coefficient 379 

between CTI and N stock explains why CTI, not curvature, is selected in the final linear 380 

regression model of the soil N stock (Table 3).  381 

Grouping sites according to north- and south-facing aspects revealed marginal 382 

differences in thickness and mass-based indicators, but not concentration-based indicators 383 

(Fig. 5d, e). It is well known that slope aspect casts a strong influence on solar insolation, 384 

microclimate, and plant community (Burnett et al., 2008; Istanbulluoglu et al., 2008; 385 

Panizza and Panizza, 1996). Thus oak trees are only found on the north-facing slope, and 386 
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aboveground productivity was higher on the north-facing than on the south-facing slope 387 

(Tan, 2014). These aspect-induced differences in plant community and productivity likely 388 

explain the thicker A horizons on the north-facing slope (Fig. 5b). The difference in the 389 

thickness of A horizon, not surprisingly, led to higher C and N stocks of the A horizon on 390 

the north-facing than on the south-facing slope (data not shown). The north-facing slope 391 

tended to have deeper soil and higher whole-profile organic C and N stocks; however, 392 

these differences were not significant (Fig. 5a, d, e). Our results thus suggest that while 393 

curvature exerts a strong first-order control on soil development, aspect-related 394 

differences in biological processes play an important secondary role. It is also likely that 395 

aspect-induced differences in biological processes have only occurred in a shorter time 396 

scale compared to the diffusion processes. Furthermore, these results imply that the 397 

aspect-driven biological differences mostly affect soil characteristics in surface horizons.  398 

Distribution of soil inorganic C in the landscape was distinctly different from soil 399 

organic C. Unlike soil organic C, inorganic C stock was not predicted by curvature (Fig. 400 

4f). Free carbonate depth did have a positive relationship with curvature, and carbonate 401 

started accumulating in surface horizons (free carbonate depth ≤ 6 cm) at the most 402 

convex locations (Fig. 4c). These results suggest that free carbonate depth was not 403 

limited by the shallow soil thickness at convex locations, but rather was indicative of 404 

landscape-controlled effective moisture and depth of wetting. Since water can easily 405 

escape the convex surfaces through short-distance overland and through-soil flow 406 

(Chamran et al., 2002), these locations were more water-limited than concave locations, 407 

thus favoring shallow infiltration depth (Fig. 4c). Mean profile inorganic C stocks were 408 

comparable to profile organic C stocks (Table 1), reflecting the semi-arid water balance 409 
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of the prevailing regional climate. If, however, drought becomes more persistent and 410 

severe (Cook et al., 2015), the balance of these C pools would likely shift towards greater 411 

accumulation of inorganic C relative to organic C. Our results demonstrate that terrain 412 

analysis offers valuable insights into understanding variation in local infiltration and 413 

hence the distribution of soil inorganic C stock.  414 

Our results suggest that for gently to moderately rolling hills in California and 415 

elsewhere, medium resolution DEMs (10 to 15 m) are suitable for modeling soil 416 

thickness and full profile organic C and N stocks (Fig. 2). At finer scales (e.g. 1 m), LSPs 417 

characterize surface roughness features (e.g., gopher mounds) that, while playing a 418 

crucial mechanistic role in shaping hillslope and affecting soil C patterns, do not 419 

meaningfully contribute to static soil property prediction (Supplementary Fig. 3). At 420 

scales coarser than 15 m, LSPs become increasingly ineffective at modeling soil 421 

properties (e.g. carbonate accumulation, Fig. 2a) as landscape variability is homogenized. 422 

Along with other studies (Kienzle, 2004; Liu, 2008), results here indicate that applying 423 

fine-resolution DEMs to digital soil mapping requires careful and thoughtful 424 

consideration of spatially coupled soil processes and properties (Supplementary Fig. 3).   425 

5. Conclusions 426 

Overall, our data suggest that subsoil characteristics, rather than surface soil 427 

characteristics, best describe the spatial patterns of soil C and N stocks in landscapes that 428 

are mainly shaped by diffusive sediment transport. These relationships can be adequately 429 

modeled in hillslope landscapes using LSPs, specifically curvature and aspect, which 430 

reflect processes actively mediating full profile soil thickening. Given that similar 431 

curvature-dependency of soil thickness has been commonly observed in other diffusive 432 
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landscapes (Braun et al., 2001; Catani et al., 2010; Heimsath et al., 1997; Minasny and 433 

McBratney, 2006), our results support the idea that high resolution DEMs have great 434 

potential to accurately model soil thickness and soil organic C and N stocks in semi-arid 435 

ecosystems. Landscape analysis also proves valuable in understanding the spatial 436 

distribution of inorganic C in dry environments. Using a combination of detailed 437 

empirical measurements and remotely sensed terrain information, we produced 438 

quantitative models of soil C and N stocks at the hillslope scale. These models provide 439 

key insight into the processes that shape landscape patterns of soil C and N stocks. Thus 440 

our models allow the development of hypotheses about how soil C and N storage may 441 

change under changing conditions and enable examination of soil C and N stocks in 442 

similar diffusive-transport-dominated landscapes. 443 
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Table 1. Site data and soil characteristics for studied profiles. Sites are sorted top to bottom by increasing concavity-convergence 593 

§ OC, organic carbon 594 

‡ N, nitrogen 595 

 † IC, inorganic carbon 596 

Site 

ID 
Curvature 

Thickness (cm) Free 

carbonate 

depth (cm) 

Taxonomy 

 
Full profile mass 

(g cm-2) 
 
OC/

N  

OC

/IC 

A horizon / 

full profile (%) 

Full 

profile 
A horizon  OC§ N‡ IC†  OC N IC 

95 -0.213 38 6 6 Calcic Haploxerolls  0.58 0.08 0.4  7.4 1.4 38 31 7 

18 -0.156 59 32 0 Calcic Haploxerolls  0.96 0.12 0.4  8.2 2.7 87 80 69 

94 -0.091 27 27 4 Calcic Haploxerolls  0.52 0.06 0.1  8.1 6 100 100 100 

91 -0.088 39 13 29 Calcic Haploxerolls  0.69 0.08 0.1  8.4 5.3 58 54 22 

93 -0.051 107 10 1 Calcic Haploxerolls  0.62 0.14 1.6  4.5 0.4 40 20 4 

20 -0.046 87 25 87 Calcic Haploxerolls  0.77 0.09 0.7  8.7 1.1 60 55 13 

90 -0.031 83 10 24 Calcic Pachic Haploxerolls  1.16 0.14 1  8.5 1.2 30 26 6 

97 -0.025 228 5 5 Calcic Pachic Haploxerolls  1.81 0.26 1.8  7.1 1 7 5 01 

92 -0.007 101 18 18 Calcic Haploxerolls  0.99 0.09 0.4  11.1 2.4 50 14 2 

19 -0.004 308 46 46 Calcic Pachic Haploxerolls  2.68 0.31 2.6  8.7 1 40 34 3 

17 -0.004 110 23 49 Calcic Haploxerolls  1.36 0.15 0.8  8.8 1.8 41 38 0 

14 0.005 387 29 29 Calcic Pachic Haploxerolls  2.36 0.29 2.8  8.2 0.8 23 18 2 

96 0.014 198 15 47 Typic Haploxerepts  1.12 0.18 1.7  6.1 0.7 24 18 2 

89 0.063 225 19 48 Calcic Haploxerolls  2.46 0.31 1.1  7.8 2.2 18 17 2 

98 0.064 126 52 52 Calcic Pachic Haploxerolls  1.12 0.16 0.6  7 1.9 59 50 0 

15 0.076 451 17 not detected Pachic Haploxerolls  4.28 0.41 0.2  10.3 25 16 14 0 
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Table 2. Correlation coefficients between slope gradient (β), specific catchment area (As), and compound topographic index (CTI) and 597 

soil properties (n = 16).  598 

LSP‡ Soil 

thickness 

Depth 

of A 

horizon 

Free 

carbonate 

depth 

OC 

stock§ 

N stock IC stock† %OC %N %IC 

β 0.293 0.116 0.241 0.086 0.124 0.556* -0.634** -0.697** 0.266 

As 0.251 0.061 0.318 0.386 0.458 -0.009 -0.140 -0.141 -0.282 

CTI 0.497 0.219 0.385 0.624** 0.677** 0.005 -0.243 -0.262 -0.445 

 599 

Note: * and ** indicate significant correlations at the α= 0.01 and 0.05 levels, respectively. 600 

‡ LSP, land surface parameter 601 

§ OC, organic carbon 602 

  † IC, inorganic carbon 603 

 604 

 605 
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Table 3. Multiple linear regression models that predict soil thickness, stocks of soil 606 

organic carbon (OC), nitrogen (N), and inorganic C (IC), and their concentrations using 607 

forward selection. Initial input of independent variables included slope aspect (A), mean 608 

curvature (Cs), specific catchment area (As), slope gradient (β), and compound 609 

topographic index (CTI).  610 

 Equation R2 

Soil thickness (T, cm)  T = 255 + 1009 * Cs - 101 * A 0.51 

Soil OC stock (g cm-2) OC = 2.2 + 7.8 * Cs - 0.84 * A 0.50 

Soil N stock (g cm-2) N = -0.029 + 0.041 * CTI 0.42 

Soil IC stock (g cm-2) IC = 0.12 + 3.1 * β 0.26 

Soil %OC %OC = 1.6 - 1.6 * β – 0.087* CTI  0.56 

Soil %N %N = 0.12 - 0.11 * β – 0.22 * Cs 0.62 

Soil %IC NA‡ NA 

 611 

‡ No model was selected. 612 

  613 



29 
 

Figure Captions 614 

Fig. 1. The study site at the University of California’s Sedgwick Reserve. White dots and 615 

numbers indicate the soil pits. Inset map indicates study location. Pits #89-#98 were 616 

located on a south-facing slope. Pits #14-#20 were on a northwest-facing slope.  617 

Fig. 2. Effects of soil thickness on a) soil organic carbon (OC) stock, b) nitrogen (N) 618 

stock, c) inorganic C (IC) stock, d) organic C concentration (%OC), e) nitrogen 619 

concentration (%N), and f) inorganic C concentration (%IC) in full soil profiles. P values 620 

indicate the significance level of linear regressions.  621 

Fig. 3. Correlation coefficients (r) between a) mean curvature (Cs), b) specific catchment 622 

area (As), and c) compound topographic index (CTI) and soil thickness, depth of A 623 

horizon, and free carbonate depth (n = 16). Dashed lines indicate the threshold beyond 624 

which r becomes significant at α = 0.05 level. Grey box indicates a range of resolutions 625 

that are suitable for modeling soil C and N stocks. Arrow indicates the spatial resolution 626 

(14 m) selected for soil modeling.  627 

Fig. 4. Relationships between curvature (Cs) and a) soil thickness, b) depth of A horizon, 628 

c) free carbonate depth, d) soil organic carbon (OC) stock, e) nitrogen (N) stock, f) 629 

inorganic C (IC) stock, g) organic C concentration (%OC), h) nitrogen concentration 630 

(%N), and i) inorganic C concentration (%IC) in full soil profiles. P values indicate the 631 

significance level of linear regressions. 632 

Fig. 5. Effects of north-facing (N, n = 6) versus southing-facing (S, n = 10) slopes on a) 633 

soil thickness, b) depth of A horizon, c) free carbonate depth, d) soil organic carbon (OC) 634 

stock, e) nitrogen (N) stock, f) inorganic C (IC) stock, g) organic C concentration (%OC), 635 
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h) nitrogen concentration (%N), and i) inorganic C concentration (%IC) in full soil 636 

profiles. P values indicate the significance level of Student’s t-tests.   637 
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Fig. 1 640 
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Fig. 2 643 
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Fig. 3  646 
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Supplementary Table 1. Soil characteristics of the studied horizons by horizons.  1 

Pit Hor 
Lower 

depth 
Color Structure Gravel pH 

Bulk 

density§ 

<2mm size fraction 

CInorg COrg N CInorg COrg N 

  cm  size / type % (H2O) g cm-3 ----------- % ---------- -------- g cm-2 ------- 

14 A1 6 10YR 4/1 tk pl 3.2 7.4 1.61 0.06 1.93 0.17 0.01 0.19 0.02 

14 A2 29 10YR 5/1 co pr 8.1 7.9 1.50 0.17 1.01 0.10 0.06 0.35 0.04 

14 Bk1 65 10YR 5/1 co pr 6.7 8.1 1.47 0.49 0.61 0.07 0.26 0.32 0.04 

14 Bk1 143 10YR 5/2 co pr 7.3 8.2 1.51 0.67 0.39 0.05 0.79 0.46 0.06 

14 Bk2 179 10YR 5/2   4.0 8.5 1.59 0.54 0.37 0.04 0.31 0.21 0.02 

14 Bk2 215 10YR 5/2   4.7 8.6 1.58 0.50 0.38 0.04 0.28 0.22 0.02 

14 Bk2 241 10YR 5/2   4.0 8.6 1.59 0.45 0.28 0.04 0.18 0.12 0.02 

14 Bk2 270 10YR 5/1   3.8 8.6 1.59 0.38 0.26 0.04 0.18 0.12 0.02 

14 BkC 324 2.5Y 6/2   6.4 8.7 1.55 0.40 0.23 0.03 0.34 0.19 0.03 

14 BkC 360 2.5Y 6/2   8.2 8.8 1.52 0.37 0.24 0.04 0.20 0.13 0.02 

14 BkC 387 2.5Y 6/2   8.6 8.8 1.51 0.47 0.14 0.03 0.19 0.06 0.01 

              

15 A1 8 2.5Y 5/2 co gr 6.8 6.6 1.36 0.00 3.41 0.29 0.00 0.37 0.03 

15 A2 17 2.5Y 5/2 co sbk 7.2 7.0 1.48 0.00 2.22 0.21 0.00 0.29 0.03 

15 Bw1 38 10YR 4/1 co pr 5.0 7.0 1.55 0.00 2.03 0.19 0.00 0.66 0.06 

15 Bw1 97 10YR 4/1 co pr 4.1 7.5 1.58 0.00 0.92 0.08 0.00 0.85 0.08 

15 Bw2 140 10YR 4/2 co pr 2.4 8.2 1.62 0.01 0.56 0.05 0.00 0.39 0.04 

15 Bw2 167 10YR 4/2   6.1 8.3 1.57 0.03 0.47 0.04 0.01 0.20 0.02 

15 Bw2 212 10YR 4/2   8.1 8.4 1.54 0.03 0.36 0.04 0.02 0.25 0.03 

15 Bw3 251 10YR 4/2   7.8 8.3 1.54 0.05 0.34 0.03 0.03 0.21 0.02 

15 Bw3 267 10YR 4/2   6.9 8.3 1.56 0.03 0.34 0.03 0.01 0.09 0.01 

15 Bw3 307 10YR 4/2   7.6 8.2 1.55 0.04 0.35 0.03 0.02 0.22 0.02 

15 Bw4 331 10YR 5/2   8.7 8.2 1.53 0.04 0.30 0.03 0.01 0.11 0.01 

15 Bw4 351 10YR 5/2   7.3 8.0 1.55 0.02 0.51 0.05 0.00 0.16 0.02 

15 Bw4 383 10YR 5/2   4.5 8.1 1.60 0.03 0.33 0.04 0.02 0.17 0.02 

15 Bw5 410    5.0 8.2 1.59 0.05 0.33 0.04 0.02 0.14 0.02 

15 Bw5 451    14.6 8.1 1.43 0.02 0.28 0.04 0.01 0.16 0.02 

              

17 A1 5 2.5Y 5/2 m sbk 5.0 6.8 1.56 0.00 2.46 0.24 0.00 0.19 0.02 

17 Bw 23 2.5Y 4/1 m pr 5.0 7.1 1.54 0.00 1.32 0.14 0.00 0.36 0.04 

17 Bw 49 2.5Y 4/1 co pr 5.0 7.9 1.55 0.14 0.78 0.09 0.06 0.31 0.04 

17 Bk 95 2.5Y 5/1 co pr 5.0 8.1 1.61 0.68 0.54 0.06 0.50 0.40 0.05 

17 BCk 110 2.5Y 5/2 ma 5.0 8.3 1.63 0.83 0.36 0.05 0.20 0.09 0.01 

17 Ck1 154 2.5Y 7/2   4.4 8.5 1.62 0.76 0.09 0.02 0.54 0.07 0.02 

17 Ck2 176 2.5Y 7/2   13.7 8.4 1.46 0.22 0.19 0.02 0.07 0.06 0.01 

17 C 221 2.5Y 7/2   30.2 8.3 1.18 0.27 0.12 0.02 0.14 0.06 0.01 

              

18 A1 8 2.5Y 5/2 m sbk 14.0 7.4 1.35 0.49 2.31 0.25 0.05 0.25 0.03 

18 A2 32 10YR 5/1 co sbk 5.8 7.6 1.42 0.53 1.57 0.18 0.18 0.53 0.06 

18 ACk 59 2.5Y 6/2 ma 0.0 7.8 1.54 0.26 0.29 0.05 0.11 0.12 0.02 

18 Ck 90 2.5Y 8/1 ma 0.0 8.1 1.56 4.48 0.00 0.04 2.17 0.00 0.02 

              

19 A1 5 10YR 5/1 co gr 5.0 7.4 1.41 0.04 2.36 0.22 0.00 0.17 0.02 

19 A2 46 2.5Y 4/2 m sbk 5.0 7.8 1.50 0.11 1.58 0.15 0.07 0.97 0.09 

19 Bk1 88 2.5Y 5/2 m pr 5.0 8.0 1.49 0.39 0.67 0.07 0.24 0.42 0.05 

19 Bk1 155 2.5Y 5/2 co pr 5.0 8.2 1.53 0.70 0.42 0.05 0.71 0.43 0.05 

19 Bk2 181 10YR 4/2 m pr 5.0 8.4 1.57 0.96 0.40 0.04 0.39 0.16 0.02 

19 Bk2 192 10YR 4/2   6.4 7.9 1.53 0.42 0.86 0.09 0.07 0.14 0.02 

19 Bk3 225 2.5Y 6/2   16.9 8.3 1.36 0.61 0.39 0.05 0.28 0.17 0.02 

19 Bk3 291 2.5Y 6/2   6.7 8.5 1.53 0.69 0.22 0.04 0.69 0.22 0.04 

19 BC 308 2.5Y 6/3   10.6 7.7 1.46 0.35 0.11 0.03 0.09 0.03 0.01 

19 Ck 358 2.5Y 7/3   4.9 8.6 1.56 0.30 0.09 0.03 0.23 0.07 0.02 

19 C 416 2.5Y 7/3   27.7 8.7 1.18 0.49 0.15 0.02 0.34 0.10 0.02 

              

20 A1 7 2.5Y 5/3 m gr 10.7 7.1 1.27 0.07 2.90 0.28 0.01 0.26 0.02 

20 A2 25 2.5Y 5/3 m pr 8.1 7.8 1.49 0.31 0.76 0.09 0.08 0.20 0.02 

20 AC 61 2.5Y 6/3 co pr 8.2 8.0 1.54 0.50 0.30 0.05 0.28 0.17 0.03 

20 AC 87 2.5Y 6/3 co pr 10.6 8.1 1.47 0.83 0.38 0.03 0.32 0.14 0.01 

20 Ck 104 2.5Y 6/2 ma 15.0 8.3 1.54 0.58 0.08 0.02 0.15 0.02 0.01 

              

89 A1 5 2.5Y 5/2 m sbk 4.0 4.5 1.19 0.18 1.69 0.19 0.01 0.10 0.01 

89 A2 19 2.5Y 5/2 m sbk 3.7 7.2 1.48 0.05 1.67 0.20 0.01 0.35 0.04 
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89 Bw 48 2.5Y 5/2 m pr 1.1 7.1 1.58 0.01 1.27 0.15 0.00 0.58 0.07 

89 Bk1 90 2.5Y 5/1 m pr 7.7 7.3 1.52 0.19 0.69 0.09 0.12 0.44 0.06 

89 Bk2 115 2.5Y 5/2 vc pr 2.5 7.7 1.63 0.34 0.54 0.07 0.14 0.22 0.03 

89 Bk2 135 10YR 5/1   2.8 7.7 1.66 0.36 0.68 0.06 0.12 0.23 0.02 

89 Bk2 175 10YR 5/1   2.6 8.0 1.66 0.44 0.37 0.06 0.29 0.25 0.04 

89 Bk3 210 10YR 6/1   2.8 8.0 1.65 0.46 0.38 0.06 0.27 0.22 0.03 

89 Bk3 225 10YR 6/1   3.9 7.9 1.64 0.53 0.32 0.06 0.13 0.08 0.01 

              

90 A 10 2.5Y 5/2 m sbk 4.0 6.9 1.40 0.42 2.50 0.25 0.06 0.35 0.04 

90 Bw 24 2.5Y 5/2 co pr 2.6 7.3 1.48 0.63 1.09 0.14 0.13 0.23 0.03 

90 Bk 55 2.5Y 5/2 co pr 3.1 7.3 1.31 0.84 0.92 0.11 0.34 0.37 0.05 

90 Bk 83 2.5Y 5/2 m pr 2.6 7.5 1.33 1.27 0.57 0.07 0.48 0.21 0.03 

90 C1 106 2.5Y 5/2 m sbk 13.1 7.5 1.17 1.36 0.31 0.05 0.37 0.08 0.01 

90 C2 130 2.5Y 6/4 ma 3.9 7.8 1.87 1.08 0.10 0.03 0.48 0.05 0.02 

              

91 A1 5 2.5Y 5/2 co pl 9.3 6.7 1.33 0.17 2.64 0.27 0.01 0.18 0.02 

91 A2 13 2.5Y 5/2 m pr 9.0 7.0 1.38 0.15 2.04 0.24 0.02 0.23 0.03 

91 Bw 29 2.5Y 5/2 co pr 11.2 7.4 1.35 0.21 1.06 0.14 0.05 0.23 0.03 

91 Bk 39 2.5Y 6/3 m sbk 18.0 7.5 1.27 0.44 0.45 0.06 0.06 0.06 0.01 

91 Ck 78 2.5Y 7/3 ma 11.5 7.6 1.57 0.41 0.17 0.03 0.25 0.10 0.02 

              

92 A1 5 2.5Y 5/2 m sbk 16.0 6.7 1.25 0.10 2.03 0.20 0.01 0.13 0.01 

92 A2 18 2.5Y 5/2 co sbk 10.7 7.1 1.44 0.00 1.96 0.00 0.00 0.37 0.00 

92 Bk1 31 2.5Y 5/2 m pr 11.0 7.4 1.39 0.16 0.67 0.10 0.03 0.12 0.02 

92 Bk1 53 2.5Y 5/2 m pr 13.0 7.4 1.29 0.24 0.57 0.08 0.07 0.16 0.02 

92 Bk2 101 2.5Y 6/3 m pr 15.0 7.9 1.30 0.48 0.35 0.06 0.30 0.22 0.04 

92 C 119  ma 19.0 8.3 1.46 0.52 0.07 0.06 0.14 0.02 0.01 

              

93 A1 1 2.5Y 5/2 m pl 3.4 7.5 1.55 0.42 1.69 0.20 0.01 0.03 0.00 

93 A2 10 2.5Y 6/3 m sbk 2.6 7.7 1.45 0.45 1.68 0.18 0.06 0.22 0.02 

93 Bk 42 2.5Y 5/2 vc pr 2.6 8.0 1.46 0.84 0.66 0.11 0.39 0.31 0.05 

93 Bk 65 2.5Y 5/2 m pr 4.9 8.1 1.39 1.18 0.31 0.08 0.38 0.10 0.03 

93 BkC 107 2.5Y 6/2 m pr 11.6 8.2 1.18 1.45 -0.07 0.06 0.71 -0.03 0.03 

93 Ck 124 2.5Y 6/3 ma 19.0 8.3 1.39 0.78 0.13 0.08 0.18 0.03 0.02 

              

94 A 4 2.5Y 4/2 m sbk 6.6 7.5 1.32 0.15 2.73 0.28 0.01 0.14 0.01 

94 Bk 27 2.5Y 4/2 co pr 4.1 7.9 1.55 0.22 1.04 0.14 0.08 0.37 0.05 

94 Ck 65 2.5Y 6/2 ma 8.0 8.3 2.00 0.77 0.29 0.05 0.59 0.22 0.04 

              

95 A 6 2.5Y 5/2 m sbk 1.0 7.5 1.38 0.33 2.68 0.30 0.03 0.22 0.02 

95 Bk 20 2.5Y 5/2 m pr 2.1 8.1 1.57 0.62 0.90 0.13 0.14 0.20 0.03 

95 Bk 38 2.5Y 5/2 m pr 8.5 8.1 1.43 0.94 0.63 0.10 0.24 0.16 0.03 

95 C 69 2.5Y 6/2 ma 8.0 8.3 1.51 0.33 0.16 0.05 0.15 0.08 0.02 

              

96 A 5 2.5Y 5/2 m gr 7.9 7.5 1.33 0.15 1.54 0.18 0.01 0.10 0.01 

96 Bw1 15 2.5Y 5/2 m pr 2.6 7.8 1.47 0.14 1.11 0.15 0.02 0.16 0.02 

96 Bw2 47 2.5Y 3/2 co pr 4.0 7.9 1.50 0.47 0.57 0.09 0.22 0.27 0.04 

96 Bk1 117 2.5Y 5/2 co pr 6.1 8.1 1.39 0.70 0.34 0.06 0.68 0.34 0.06 

96 Bk2 134 2.5Y 6/2 m sbk 4.5 8.1 1.47 0.73 0.22 0.05 0.18 0.05 0.01 

96 Bk3 150 2.5Y 5/2   8.3 8.4 1.40 0.59 0.23 0.05 0.13 0.05 0.01 

96 Bk3 166 2.5Y 5/2   8.0 8.4 1.40 0.66 0.26 0.05 0.15 0.06 0.01 

96 BCk 198 2.5Y 6/2   19.9 8.6 1.22 0.74 0.22 0.04 0.29 0.09 0.02 

              

97 A 5 2.5Y 5/2 m abk 4.4 7.7 1.38 0.18 1.69 0.19 0.01 0.12 0.01 

97 Bk1 35 2.5Y 5/2 co pr 2.3 7.6 1.56 0.41 0.91 0.12 0.19 0.43 0.06 

97 Bk2 79 2.5Y 5/1 vc pr 2.8 7.8 1.59 0.60 0.60 0.09 0.42 0.42 0.06 

97 Bk2 116 2.5Y 6/1 vc pr 2.0 8.0 1.67 0.68 0.32 0.06 0.42 0.20 0.04 

97 Bk3 181 2.5Y 5/1   7.5 8.0 1.55 0.48 0.39 0.06 0.49 0.39 0.06 

97 Bk3 201 2.5Y 5/2   9.6 8.1 1.51 0.38 0.21 0.04 0.12 0.06 0.01 

97 Bk4 210 2.5Y 5/2   4.0 8.4 1.56 0.00 0.84 0.00 0.00 0.12 0.00 

97 Bk4 219 2.5Y 5/2   4.8 8.6 1.53 0.59 0.37 0.05 0.08 0.05 0.01 

97 BC 228 2.5Y 6/2   9.1 8.6 1.31 0.75 0.22 0.05 0.09 0.03 0.01 

              

98 A1 7 2.5Y 5/1 m abk 6.9 6.6 1.49 0.00 0.84 0.05 0.00 0.09 0.01 

98 A2 21 2.5Y 5/1 co pr 3.2 7.3 1.55 0.00 1.10 0.14 0.00 0.24 0.03 

98 A2 52 2.5Y 5/2 co pr 3.1 7.6 1.54 0.00 0.70 0.09 0.00 0.33 0.04 

98 Bk 126 2.5Y 6/1 co pr 2.8 8.1 1.50 0.54 0.41 0.07 0.60 0.46 0.08 

§ <2mm fraction, COLE-adjusted based on estimated 33% clay content 
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Supplementary Figures 3 

Supplementary Fig. 1 Relationships between curvature and soil organic C stock (OC, g cm-2), 4 

nitrogen stock (N, g cm-2), inorganic C stock (IC, g cm-2), organic C concentration (%OC), 5 

nitrogen concentration (%N), and inorganic C concentration (%IC). Figure is horizontally 6 

divided into two panels. Upper panel shows the data from A horizon, and lower panel shows the 7 

data from subsoil. 8 

Supplementary Fig. 2 Predicted spatial distributions of a) soil thickness, b) soil organic C (OC) 9 

stock, and c) organic C concentration (%OC) using models in Table 3. Black dots and numbers 10 

indicate sampling locations as in Fig. 1.  11 

Supplementary Fig. 3 Relationships between soil thickness and curvature (Cs) at a) 1-m, b) 14-12 

m, and c) 31-m resolutions; 14-m resolution was used in soil modeling.  13 
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