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Abstract. Hillslope asymmetry, which refers to differences in the mor-4

phology of hillslopes as a function of slope aspect, can be used to infer eco-5

hydrogeomorphic feedback relationships on hillslopes. In this study, we doc-6

ument variations in the morphology of late Quaternary cinder cones within7

four volcanic fields in Arizona, Oregon, and California as a function of age8

and slope aspect (i.e. microclimate). We focus on cinder cones because they9

begin their evolution at a known time in the past (i.e. many have been ra-10

diometrically dated) and because they often have simple, well-constrained11

initial conditions. North-facing slopes were found to have more biomass and12

steeper slopes than corresponding south-facing slopes within each volcanic13

field. Drainage density is found to be less sensitive to slope-aspect. Differ-14

ences in slope gradients are not present initially, but develop progressively15

over time, indicating that morphologic asymmetry is a result of post-eruption16

processes. In order to test alternative hypotheses for these patterns, we de-17

veloped a numerical model of cinder cone evolution and methodology for es-18

timating paleovegetation. Observed variations in slope gradient with slope19

aspect require greater colluvial sediment transport coefficients on south-facing20

slopes. The consistency of the results across four regions of the western United21

States suggests that the mechanisms responsible for the observed asymme-22

try are regional in extent.23
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1. Introduction

Understanding how feedbacks among climate, sediment transport, and soil development24

shape hillslopes is central to geomorphology. Nearly a century of studies have recognized25

that slope aspect influences the amount of solar radiation received by a hillslope, and26

that such variations can drive differences in moisture and energy balances that ultimately27

influence hydrologic, ecologic, and geomorphic processes that shape hillslopes [e.g. Russel,28

1931; Melton, 1960; Churchill, 1981; Guittierrez-Jurado and Vivoni, 2012]. The study of29

hillslope asymmetry is potentially powerful because the interactions between climate and30

hillslope morphology can be examined in detail in settings where non-climatic variables31

(e.g. lithology, tectonic forcing) are relatively uniform. However, existing studies demon-32

strate the difficulty of identifying truly well-controlled study sites where differences in rock33

structure, lithology, or lateral stream migration, all of which can also result in hillslope34

asymmetry, are not present [Bass, 1921; Russel, 1931; Emery, 1945; Hack and Goodlett,35

1960 Melton, 1960; Dohrenwend, 1978].36

Many previous studies have documented hillslope asymmetry in the mid-latitude regions37

of North America with north-facing slopes being steeper than corresponding south-facing38

slopes [e.g. Pierce and Colman, 1986; Branson and Shown, 1990; Reeves, 1996; Istan-39

bulluoglu et al., 2008; Poulos et al., 2012]. However, this is not exclusively the case as40

hillslopes in this region may also be asymmetric with steeper south-facing slopes [e.g.41

Churchill, 1981; Naylor and Gabet, 2007; Burnett, 2008; Poulos et al., 2012]. Poulos et al.42

[2012] recently developed a method for quantifying hillslope asymmetry at regional-to-43

continental scales. These authors showed that in mid-latitude regions of North America,44
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north- and west-facing slopes are steeper, on average, compared with south- and east-45

facing slopes respectively. However, they also document a shift in hillslope asymmetry46

in the Idaho Batholith from steeper north-facing slopes at locations below 2000 m in47

elevation to steeper south-facing slopes in areas above 2000 m. In addition, Poulos et48

al. [2012] observe a shift in the sign of hillslope asymmetry at latitudes above 49◦ N,49

with south-facing slopes becoming steeper than north-facing slopes above this threshold50

latitude. This reversal in hillslope asymmetry may be the result of present-day variations51

in erosion mechanisms with climate or the product of past glacial activity [Poulos et al.,52

2012]. Such a regional analysis could minimize the effects of structural controls on hills-53

lope asymmetry, which can be expected to dominate in some mountain ranges but may54

become less important or be averaged out at larger scales.55

Naylor and Gabet [2007], in a more localized study of east-west trending valleys in56

the Bitterroot Range, found previously glaciated north-facing slopes to be steeper than57

unglaciated south-facing slopes. They attributed this difference in mean slope to the58

lateral migration of ridgelines driven by differences in the efficiency of glacial versus59

nonglacial processes. Dohrenwend [1978] investigated hillslope asymmetry in the Gabilan60

Mesa area of California and found that north-facing hillslopes along east-west-trending val-61

leys are steeper and more vegetated than corresponding south-facing hillslopes. Dohren-62

wend [1978] argued that the geologic history of the Gabilan Mesa minimizes the like-63

lihood of structural controls on the development of hillslope asymmetry and suggested64

that asymmetries developed as a result of slope-aspect induced variations in sediment65

transport mechanisms that lead to lateral stream migration and preferential erosion at66

the foot of north-facing slopes. Steepening of slopes by lateral stream migration may also67

D R A F T January 2, 2014, 12:54pm D R A F T



MCGUIRE, PELLETIER, ROERING: HILLSLOPE ASYMMETRY X - 5

occur as the result of regional tilting [Garrotte, 2006]. Other studies finding that north-68

facing slopes degrade slower than corresponding south-facing slopes attribute this pattern69

to fewer freeze-thaw cycles [Pierce and Colman, 1986; Branson and Shown, 1990; Rech70

et al., 2001], lower soil erodibility [Pierce and Colman, 1986; Branson and Shown, 1990;71

Istanbulluoglu et al., 2008], and/or lower rates of chemical weathering [Rech et al., 2001]72

on north-facing slopes compared with south-facing slopes. In contrast, Churchill [1981]73

examined slopes in the badlands of South Dakota and proposed that gentler north-facing74

slopes were the result of higher soil moisture leading to more intense fluvial erosion and75

frequent mass wasting relative to the drier, steeper south-facing slopes. Burnett [2008],76

in a study of canyon slopes eroded into sedimentary rocks in northeastern Arizona, also77

found south-facing slopes to be steep relative to north-facing slopes. He attributed these78

results to a lower weathering rate on south-facing slopes resulting from drier conditions.79

Due to the close connections between sediment transport, water availability, soil devel-80

opment, and vegetation, the changes in slope morphology that result from aspect-induced81

perturbations to a given regional climate may also depend heavily on that regional cli-82

mate. In water-limited environments, the cooler temperatures and moister soils typi-83

cal of north-facing slopes tend to give rise to more vegetation than the relatively warm84

and dry south-facing slopes. Differences in vegetation and soil properties may influence85

rates of sediment transport, leading to observable differences in topography over geologic86

time scales. Vegetation has been shown to influence rates of colluvial sediment transport87

[Hughes et al., 2009], which can change soil thickness and rates of soil production, both88

of which contribute to topographic evolution [Heimsath et al. 1997; 1999; 2001]. Both89
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topography and soil development, which influence water-availability, affect the carrying90

capacity for vegetation.91

To better relate hillslope asymmetry to slope-aspect driven ecohydrogeomorphic feed-92

back mechanisms it is necessary to study landforms that minimize the possibility of93

asymmetric hillslope development through non-ecohydrogeomorphic mechanisms, such94

as structural controls, changes in lithology, or lateral stream migration, and to examine95

the sensitivity of any results obtained to changes in regional climate and vegetation type.96

With these goals in mind, we consider the temporal development of asymmetry in the97

topography, vegetation cover (i.e. biomass), and drainage density of cinder cones located98

in four basaltic volcanic fields: the San Francisco Volcanic Field (SFVF), Springerville99

Volcanic Field (SVF), Newberry Volcanic Field (NVF), and Medicine Lake Volcanic Field100

(MLVF). We focus on the SFVF, SVF, NVF , and MLVF because each has large pop-101

ulations of basaltic cinder cones at various stages of development, some of which have102

been dated using radiometric techniques [e.g. Hooper, 1994; Conway et al., 1998; Jensen,103

1988; Donnelly-Nolan and Lanphere, 2005; Fornaciai et al., 2012]. Further, we use a104

landscape evolution model to test various conceptual models for generating the observed105

asymmetries. Lastly, since present-day asymmetries may be relict features that developed106

under previous climatic conditions, we demonstrate how trends between paleovegetation107

and slope aspect can be estimated by using present-day vegetation statistics and pale-108

otemperature reconstruction data.109

Cinder cones are steep, initially conical hills (usually with an interior crater) comprised110

of volcaniclastic debris that accumulates around a volcanic vent during an eruption. They111

are relatively homogeneous in terms of their mineralogical composition and grain size, and112
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can be dated using a variety of radiometric [e.g. Conway et al., 1998], stratigraphic [e.g.113

Ulrich and Bailey, 1987; Hooper and Sheridan, 1998], and/or morphologic [e.g. Hooper114

and Sheridan, 1998] methods. These properties make cinder cones ideal landforms for115

quantitative analysis of geomorphic evolution [Wood, 1980b; Dowrenwend et al., 1986;116

Hooper and Sheridan, 1998; Rech et al., 2001] and for testing quantitative representations117

of geomorphic processes [e.g. Pelletier and Cline, 2007]. Differences in ecology and118

regional climate among the four volcanic fields enables us to infer relationships among119

climate, vegetation cover, and rates of colluvial sediment transport across a broad range120

of climatic and vegetative environments.121

2. Cinder cone degradation

An ideal young cinder cone is radially symmetric with slopes that are approximately122

equal to the angle of repose for granular material, which can vary depending on grain size123

and roughness but is typically within the range of 26◦ to 36◦ [Pouliquen, 1999; Lamb et al.,124

2013] (Figure 1). Based on a population of 70 recently emplaced cinder cones (< 0.16 Ma),125

Hooper and Sheridan [1998] found that cinder cones tend to have an average initial slope of126

≈ 30◦. Cinder cones can have asymmetric initial conditions due to wind conditions during127

emplacement. However, the potential influence of asymmetric initial conditions can be128

rigorously evaluated by studying cones with a range of ages within each volcanic field. In129

cases where asymmetry begins at or near zero and then develops progressively over time,130

that asymmetry can be attributed to post-emplacement (i.e. geomorphic) processes.131

Cinder cones are often emplaced within an interval of time as short as one day and as132

long as several years [Wood, 1980a; Hasenaka and Carmichael, 1985]. After formation,133

cinder cones are modified through a combination of mass wasting, aeolian dust deposition,134
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creep (e.g. rainsplash, bioturbation, freeze-thaw), and slope-wash/fluvial processes that135

lead to a progressive loss of crater definition, debris-apron development, and gully/valley136

formation over time. Initially, the cone soil consists exclusively of coarse (i.e. typically137

coarse sand size and larger) cinders which limit many transport processes by promoting138

rapid infiltration and providing minimal potential for water storage [Pelletier and Cline,139

2007; Hooper, 1994; Hooper and Sheridan, 1998; Hasenaka and Carmichael, 1985]. Soil140

development, which has been intimately linked to the topographic evolution and hydro-141

logic response of initially permeable basaltic landscapes [Jefferson et al., 2010], may be142

expected to occur relatively slow on many young cinder cones. Hasenaka and Carmichael143

[1985], in their study of cinder-cone morphology within the Michoacan-Guanajuato Vol-144

canic Field of central Mexico, found there to be little to no soil development on cones less145

than 40 kyr and no significant difference in mean or maximum topographic slope angles146

within the population of cones younger than this age. The gradual addition of aeolian147

dust deposits in the first ∼ 100 kyr of a cone’s lifetime promotes greater water storage148

as the fine particles inhibit infiltration into deeper parts of the cone and evapotranspira-149

tion from the surface. Greater soil moisture increases vegetation growth in water-limited150

environments and promotes both chemical and mechanical (i.e. frost cracking, biotur-151

bation) weathering processes. While cinder cone degradation may be slow initially, over152

longer periods of time (i.e. 100-1000 kyr) sediment transport processes lead to progres-153

sive degradation and filling in of the central crater, a decrease in maximum slope angle154

[Wood, 1980b; Dowrenwend et al., 1986; Hooper and Sheridan, 1998], and drainage de-155

velopment [Dowrenwend et al., 1986; Hooper and Sheridan, 1998] with increasing age156

(Figure 1). The rate of cone degradation, like many sediment transport processes, de-157
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pends on regional climate. Most cinder cones within the MLVF are dated to less than 500158

ka based on stratigraphic relationships and argon dating [Donnelly-Nolan and Lanphere,159

2005; Donnelly-Nolan, 2006], but degrade quickly relative to those in the SFVF and SVF,160

some of which were emplaced during the Pliocene [Hooper, 1994; Hooper and Sheridan,161

1998].162

Rech et al. [2001] examined the influence of slope aspect on soil development and weath-163

ering processes at 6 cinder cones within the SVF. They found that south-facing slopes164

have higher rates of chemical weathering and greater soil development relative to north-165

facing slopes. Reeves [1996] examined a large population of cinder cones within the SVF166

and found the steepest topographic gradients to be 22.5◦ on north-facing slopes and 18.5◦167

on south-facing slopes. Both studies suggest that slope aspect modifies soil development168

and hillslope morphology on cinder cones. These existing studies did not quantify slope169

aspect differences in vegetation cover, which likely influence, and are influenced by, dif-170

ferences in topography and soil development. Analyzing hillslope asymmetry in several171

different volcanic fields is a first step toward quantifying the ecohydrogeomorphic feedback172

mechanisms that occur, to some extent, on all hillslopes.173

3. Study Areas

The San Francisco Volcanic Field, located in northeastern Arizona near the southern174

edge of the Colorado Plateau, contains over 600 volcanic vents, including several hundred175

basalt cinder cones with a wide range of ages [Hooper and Sheridan, 1998] (Figure 2). A176

group of cinder cones near Ash Fork, located near the loosely defined, western boundary177

of the SFVF are also included within this study area. The SFVF has been active for178

6 million years [Settle, 1979; Conway et al., 1998] with the latest eruption (c. 1120179
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AD) producing a cinder cone at Sunset Crater (Figure 1) [Moore and Wolfe, 1987]. The180

climate in the SFVF can be classified as semi-arid, but varies with elevation. Mean-annual181

precipitation is approximately 580 mm near Flagstaff, AZ, but falls to less than 250 mm at182

the eastern extreme of the SFVF [PRISM Climate Group, 2004]. The SFVF contains San183

Francisco Mountain, a Pliocene to Holocene-aged stratovolcano, which rises to elevations184

over 3800 m a.s.l (above sea level). Due to the large variations in climate with elevation,185

the area supports a number of different vegetation communities. However, the majority186

of the cinder cones are restricted to elevations between 2000 and 2300 m. The mean base187

elevation over all cinder cones included in this study is 2139 m a.s.l, with 1581 m and188

2685 m being the lowest and highest base elevations respectively. Present-day vegetation189

within this elevation range includes pinyon pine (Pinus edulis), and sagebrush (Artemisia190

tridentata) at lower elevations. Ponderosa pine (Pinus ponderosa) forests are found at191

the higher elevations where precipitation totals tend to be higher [Hooper and Sheridan,192

1998].193

The Springerville Volcanic Field, located in east-central Arizona, covers more than 3000194

km2 and contains hundreds of late Pliocene-Pliestocene basaltic cinder cones [Condit et195

al., 1989; Crumpler et al., 1994; Hooper, 1994; Rech et al., 2001]. The age of nearly all196

cinder cones range from ≈ 2.1 ma to ≈ 0.3 ma based on K-Ar dates, magnetic polarity197

reversal records, and stratigraphic relationships [Crumpler et al., 1994]. More than 50%198

of cinder cones within the SVF are found between elevations of 2250 m and 2750 m,199

but elevations across the entire field vary from approximately 1900 m to 3000 m. Mean200

annual precipitation increases with elevation throughout the area from approximately 250201

mm in the lower, northern portion of the field to 750 mm at higher elevations [PRISM202
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Climate Group, 2004]. Below 2600 m, vegetation is dominated by ponderosa pine (Pinus203

ponderosa) , gambel oak (Quercus gambelii), alligator bark juniper (Juniperus deppeana),204

and Douglas fir (Pseudotsuga menziesii). Pinyon, sagebrush, and juniper communities205

tend to dominate at the lowest elevations [Crumpler et al., 1994; Hooper and Sheridan,206

1998]. Forests of spruce and fir are found along with areas of grasslands at elevations207

above 2600 m [Rech et al., 2001].208

The Newberry Volcanic Field is located south of Bend in central Oregon. Situated on209

the eastern side of the Cascade Range, it contains over 400 Holocene-Late Pleistocene210

cinder cones [MacLeod et al., 1995; Taylor, 2003; Hildreth, 2007]. Most cinder cones are211

located at elevations between approximately 1500 m to over 1800 m. Mean annual rainfall212

increases with elevation from roughly 400 mm to 800 mm in higher areas [PRISM Climate213

Group, 2004]. At lower elevations, ponderosa pine (Pinus ponderosa) and lodgepole pine214

(Pinus contorta) are common [Thorson et al., 2003]. White fir (Abies concolor, mountain215

hemlock (Tsuga mertensiana, and Pacific silver fir (Abies amabilis) dominate at the higher216

elevations [Thorson et al., 2003]. Also included in this study area are several basaltic217

cinder cones within the nearby Devils Garden Volcanic Field, a Quaternary, basaltic218

volcanic field located 30 km southeast of Newberry caldera [Walker, 1967; Keith, 1988;219

Chitwood, 1994].220

The Medicine Lake Volcanic Field occupies an area of more than 2200 km2 in northeast221

California [Donnelly-Nolan, 2006; Hildreth, 2007]. It consists of a large shield volcano222

and central caldera surrounded by hundreds of cinder cones, many of which are composed223

of basalt and basaltic andesite [Donnelly-Nolan, 2006; Hildreth, 2007]. The MLVF is224

located at the southern extent of the Cascade Volcanic Arc, between the Cascade Range225
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and the Modoc Plateau. Elevation ranges from ≈ 1500 to 2000 m. Roughly 70% of226

yearly precipitation falls in the winter months between November and March [PRISM227

Climate Group, 2004]. Precipitation totals are lower in the northern and eastern portions228

of the MLVF and increase to the south and west [PRISM Climate Group, 2004]. Modern229

vegetation near Medicine Lake is dominated by Lodgepole pine (Pinus contorta), but also230

includes Ponderosa (Pinus ponderosa) pine, Jeffrey (Pinus jeffreyi) pine, sugar (Pinus231

lambertiana) pine, and western white pine (Pinus monticola). Red (Abies magnifica) and232

white (Abies concolor) fir are present at higher elevations, while Incense cedar (Calocedrus233

decurrens) and western juniper (Juniperus occidentalis) can be found at lower elevations234

and on dry slopes [Starratt et al., 2003].235

4. Methods

4.1. Analysis of cinder cone morphology and present-day vegetation

Measures of slope and drainage density were compiled from cinder cones within each236

of the four volcanic fields as a function of age and northness. Northness, η, is defined as237

the cosine of slope aspect multiplied by the sine of the slope angle and ranges from −1238

(south-facing) to 1 (north-facing) [Pelletier et al., 2013]. Cinder cones are distinguished239

from other volcanic features through the use of existing geologic maps [Walker et al.,240

1967; Wolfe et al., 1987; Ulrich and Bailey, 1987; MacLeod et al., 1995; Donnelly-Nolan,241

2006] and data provided from previous studies [Hooper, 1994]. However, since there can242

be initial asymmetries in the morphology of individual cones due to formation processes,243

not all cinder cones within the chosen volcanic fields are included in this analysis. For244

example, breaches caused by lava flows may catastrophically excavate large sections of a245

cone (Figure 3). Adjacent vents may also influence the development of post-emplacement246
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asymmetry (Figure 3). Such cones were not included here because we are focused on cones247

that erode progressively over time and lack the complicating effects of interactions with248

neighboring cones. Cones were also not included in this study if they were too small to be249

distinguished from spatter cones or too degraded to reasonably estimate cone boundaries.250

Wind could also lead to preferential deposition of cinders on one side of the vent in a way251

that is difficult to detect. We analyzed a large number of cinder cones (> 40) in each252

volcanic field and performed statistical analyses on cinder cone properties within different253

age classes in order to determine if differences in hillslope morphology could be linked to254

post-formation processes.255

Digital elevation models (DEMs) were obtained for every selected cinder cone by pro-256

jecting 1/3 arc-second elevation data from the National Elevation Dataset (NED) [Gesch257

et al., 2002; Gesch, 2007] onto a grid with a uniform spacing of 10 m. Drainage density258

was computed for each cone as the sum of all channel lengths divided by the total cone259

area. Valley heads and drainage networks were identified using contour curvature and flow260

routing algorithms as described by Pelletier [2013]. Cone slope is computed in each of the261

four cardinal directions by averaging along transects. Transects are chosen to ensure that262

the cone slope is computed from the crater rim, or the cone center if the rim has been263

completely eroded, to the base of the cone. The mean cone slope is taken as the average264

of the north, south, east, and west-facing slope measurements. Although each cinder cone265

is contained within a separate DEM that has been cropped to eliminate most of the space266

surrounding the cone, an additional step is taken to remove areas from the final drainage267

density statistics that are not on the cone. Locations with a slope lower than the mini-268

mum between 5◦ and 50% of the mean cone slope are not included in the drainage density269
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analysis. We find that this slope restriction, which is similar to the threshold slope value270

of 3.5◦ used by Fornaciai et al. [2012], accurately determines cone boundaries in most271

cases.272

Measurements of mean cone slope are also used as a proxy for cone age. Cinder cones273

within the SFVF, SVF, NVF, and MLVF may be placed into broad age groups based274

on radiometric dating and stratigraphic relationships [MacLeod et al., 1995; Hooper and275

Sheridan, 1998; Donnelly-Nolan, 2006]. Hooper and Sheridan [1998] examine morpholog-276

ical properties of cinder cones within 5 age groups in the SFVF and 3 age groups in the277

SVF and determine that mean cone slope decreases systematically with time. In section278

4, we present similar results for the MLVF to demonstrate that mean cone slope is a279

reasonable proxy for cone age within this volcanic field. A numerical model, described280

later in detail, is used to link mean cone slope to cone age within our study areas by281

quantifying the relationship between time and mean slope for an idealized cinder cone.282

Present-day vegetation is quantified as a function of northness within each volcanic field283

through the Normalized Difference Vegetation Index (NDVI). NDVI, which is based on the284

observation that vegetated and non-vegetated surfaces have different albedo characteris-285

tics, is commonly used to estimate vegetation cover [Stensrud, 2007]. NVDI is calculated286

by extracting high resolution (1 m) orthoimagery for each cone through the United States287

Geological Survey (USGS) National Map Seamless Server (http://seamless.usgs.gov/).288

NDVI is calculated as a function of northness by interpolating slope and aspect informa-289

tion, derived from DEMs, to match the location of pixels on the orthoimagery.290

In addition, we quantify the extent to which an environment is water-limited through

the use of a precipitation effectiveness index, PE. The PE index is a measure of the
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availability of moisture to vegetation and is defined by Thornthwaite [1931] as

PE =
12∑
i=1

115

(
max(Pi, 0.5)

max(Ti, 28.4)− 10

)10/9

,

where Pi and Ti denote total precipitation (inches) and average temperature (◦F ) in month291

i respectively. We obtained monthly averages of precipitation and maximum and mini-292

mum temperature from PRISM data [PRISM Climate Group, 2004]. Average monthly293

temperature is taken as the average of monthly maximum and minimum temperatures.294

Typical values of PE range from less than 15 in the arid portions of Arizona to more295

than 100 in the more humid regions of coastal California. The average value PE for the296

SFVF, SVF, NVF, and MLVF, is 45, 58, 72, and 110 respectively.297

4.2. Estimates of paleovegetation

Although we can easily quantify present-day vegetation patterns, major changes in veg-298

etation have accompanied climate change following the Pleistocene-Holocene transition299

near our study sites in Oregon and California [e.g. Hakala and Adam, 2004; Colman et300

al., 2004] as well as Arizona [e.g. Anderson, 1993; Anderson et al., 2000]. Hakala and301

Adam [2004] used pollen and sediment data from Grass Lake, located 50 km west of the302

MLVF at an elevation of ≈ 1500 m, to infer that the surrounding area was above the303

upper tree line at least twice during the last 40 kyr. The current upper tree line on304

nearby Mt. Shasta is roughly 2500 m a.s.l. Hakala and Adam [2004] propose that vege-305

tation changes within the southern Cascade Range have occurred in response to climate306

change on sub-millennial time scales near our study site in the MLVF, indicating a com-307

plex history between vegetation and climate within this region. In contrast, analysis of308

packrat midden and lake sediment data in the southern Colorado Plateau indicate that309
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paleovegetation may be quantified, in large part, as a shift in the elevation ranges cur-310

rently inhabited by different vegetation communities, with present-day vegetation likely311

being dominant at lower elevations under the cooler and wetter climate that previously312

persisted [Betancourt, 1990; Cole, 1990; Anderson, 1993; Anderson et al., 2000]. There-313

fore, we propose a methodology for estimating the relationship between paleovegetation314

and northness within the two Arizona study sites that is consistent with the idea of a315

shift in vegetation following the Pleistocene-Holocene transition in that area. Although316

not directly applicable to the MLVF and NVF study areas, an in-depth analysis of pa-317

leovegetation in the Arizona volcanic fields may still provide valuable insight and field318

testable hypothesis that are more generally applicable.319

Our method is based on the idea that the cooler and wetter conditions that dominated320

during the majority of the Pleistocene are well represented by present-day climates at321

higher elevations. Specifically, we quantify the northness-biomass relationship that existed322

during the Pleistocene in the SFVF and SVF by examining the relationship between323

present-day vegetation density and slope aspect as a function of elevation. To perform324

this analysis, we select a large region of approximately 500 km2 within the SFVF that325

contains San Francisco Mountain. We consider this analysis to apply directly to the326

SVF given its close geographic proximity to the SFVF (≈ 200 km) and the similarities327

in present-day climate and vegetation type between the two sites. This region is chosen328

because elevation varies from less than 1800 m to more than 3800 m over a relatively329

short distance. NDVI is computed over the entire region at a 10 m scale and northness is330

calculated using a NED-derived DEM with 10 m grid spacing. Mean NDVI on north and331

south-facing slopes are then computed separately as a functions of elevation.332
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Temperature estimates relative to present, derived from deuterium concentrations at333

Vostok, Antarctica [e.g. Petit et al., 1999], indicate that atmospheric temperatures may334

have been as much as 7-9◦ C cooler than today during the last glacial maximum (LGM).335

More specifically, paleotemperature estimates derived from noble gas concentrations in336

groundwater suggest temperatures during the LGM were ≈ 6◦ C cooler than present in337

the southern Colorado Plateau [Phillips et al., 1986; Stute et al.,1995; Zhu and Kipfer,338

2010]. Assuming a lapse rate of 6◦ C km−1, this temperature difference corresponds to339

an apparent change in elevation of approximately ∼ 1000 m. Modern lapse rates in the340

southern Colorado Plateau are roughly 5− 6◦ C km−1 [Phillips et al., 1986; Stute, 1995].341

Therefore, one can expect the vegetation type/density found today at an elevation of342

∼ 2000 m to be similar to that found at ∼ 3000 m in elevation during the last glacial343

maximum. More importantly, present-day variations in biomass with slope-aspect at 3000344

m in elevation can be used to approximate the variations in biomass with slope-aspect345

that existed at 2000 m during the last glacial maximum. This agrees well with studies of346

paleovegetation in the southern Colorado Plateau that find present-day elevation zones of347

vegetation communities may have shifted by more than 800 m since the late Wisconsin348

(21.0-10.4 kyr B.P.) [Cole, 1990; Anderson, 1993; Anderson et al., 2000].349

4.3. Error Analysis

Although NED-derived DEMs have been shown to be suitable for similar analysis of350

cinder cone morphology [Pelletier and Cline, 2007; Fornaciai et al., 2012], we estimate the351

error associated with the use of 10 m gridded elevation data through comparison of results352

with those obtained from airbone LiDAR-derived DEMs (Figure 4). We derive DEMs353

for 35 of the cinder cones studied within the NVF from LiDAR data obtained through354
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the Oregon LiDAR consortium. Slope and drainage density statistics are computed using355

the LiDAR derived DEMs as described in the previous section. On average, mean cone356

slope varies by less than 1◦ between the two sets of DEMs and less than 5% of all slope357

measurements (including slope measurements along individual transects) differ by more358

than 10%. Computed drainage densities vary, on average, by approximately 0.2 km−1.359

4.4. Numerical Model

Colluvial and slope-wash/fluvial sediment transport processes both appear to contribute

to the evolution of cinder cones. Colluvial transport is modeled as a transport-limited

process with a sediment flux, qs, that varies nonlinearly with slope [Roering et al., 1999].

Fluvial transport is modeled as a detachment-limited process, in which all eroded material

is deposited outside of the model domain. Enforcing the conservation of mass allows for

the rate of change of topography with time to be expressed as,

∂z

∂t
= −∇ · qs − ε, (1)

where z is elevation, t is time, and ε is the slope-wash/fluvial detachment rate. The

colluvial sediment flux is given by [Roering et al., 1999],

qs = −D
(

∇z
1− (|∇z|/Sc)2

)
, (2)

whereD is a colluvial transport coefficient that may vary in both space and time. Colluvial

sediment flux increases nonlinearly as the slope approaches a critical value, Sc = 1.25.

Note that lim
Sc→+∞

qs = −D∇z, which is the traditional, linear, slope-dependent transport

law. The relationship between Sc, soil properties, vegetation, and critical angles for slope

stability, are not known but the chosen value of Sc = 1.25 is the same as that proposed by

Roering et al. [1999] for their work in the Oregon Coast Range. In addition, the influence
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of slope-wash/fluvial processes on cone degradation can be seen through the formation

of rills and gullies, which may eventually become organized into well-developed, semi-

periodically spaced valleys [Dohrenwend et al.,1986; Hooper and Sheridan,1998] (Figure

5f). The slope-wash/fluvial detachment rate in the model has the general form [Howard,

1994; Perron et al., 2008; Pelletier, 2010]

ε =

 K (Ap|∇z|n − θc) Ap|∇z|n > θc

0 Ap|∇z|n ≤ θc

Here, K is an erodibility coefficient, A is the upstream contributing area, n and p are360

dimensionless constants, and θc is a critical entrainment threshold. We choose values of361

p = 0.3 and n = 0.7, which are are associated with the commonly used shear stress erosion362

law [Tucker and Whipple, 2002].363

Equation (1) is solved using the Forward-Time-Centered-Space (FTCS) method [Pel-

letier, 2008]. All numerical simulations are performed on a square mesh with a grid spacing

of 4 m unless noted otherwise. Let zni,j denote the value of z at the cth computational time

step and location x = i∆x and y = j∆y = j∆x. The x and y components of the colluvial

sediment flux are computed as

qci+1/2,j = −D
zci+1,j − zci,j

∆x(1− (S/Sc)2)
(3)

and

qci,j+1/2 = −D
zci,j+1 − zci,j

∆x(1− (S/Sc)2)
, (4)

where S is the local slope gradient. The fluvial detachment rate, ε, is computed by

determining A via the D∞ flow routing method [Tarboton, 1997]. Topographic elevation

at the next time step is then determined by,

zc+1
i,j = zci,j −

∆t

∆x

(
qci+1/2,j − qci−1/2,j

)
− ∆t

∆x

(
qci,j+1/2 − qci,j−1/2

)
−∆tε. (5)
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Initially, cinder cones contain an interior crater, which poses a problem for flow routing364

algorithms such as D∞ that do not realistically model flow over topography containing365

interior pits. Therefore, all pixels within the interior crater of the cinder cone do not366

contribute to A or to the slope-wash/fluvial erosion term within equation (1). The crater367

interior is small relative to the typical size of a cone and at early times when it is the368

largest, slope-wash/fluvial erosion plays a relatively minor role in cinder cone degradation369

due to the porous nature of the surface.370

The colluvial transport coefficient, D, can be estimated from landforms with known371

ages and can vary considerably with climate. Hanks [2000] reports values of D, consistent372

with the linear colluvial sediment flux law, of approximately 0.1 − 0.7 m2 kyr−1 in arid373

regions of Israel, 0.5 − 2 m2 kyr−1 in several semi-arid to arid areas of the western U.S.,374

and 11−16 m2 kyr−1 in the more humid environments of coastal California and Michigan.375

In section 5.2, we obtain estimates for D in three of the four volcanic fields by comparing376

the temporal evolution of model predicted cinder cones to the degradation observed on377

cinder cones with known age constraints.378

5. Results

5.1. Statistical analyses of topography, vegetation patterns, and drainage

density

Drainage density, NDVI, and slope are computed on cinder cones as functions of north-379

ness. NDVI increases with northness in each of the four volcanic fields (Figure 5). The380

largest difference in NDVI between north- (η > 0) and south-facing (η < 0) slopes is381

found in the NV F , while the smallest difference occurs in the SV F . The relationship382

between northness and NDVI, however, varies with elevation. At relatively low elevations383
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in the SFVF where cinder cones are located, NDVI is consistently higher on north-facing384

slopes. At elevations above 3000 m, NDVI on south-facing slopes is approximately equal385

to or greater than that found on north-facing slopes. In other words, vegetation density386

is greater today on the north-facing slopes of most cinder cones within the SFVF, but387

it is greater on south-facing slopes in an environment that is wetter and approximately388

5 − 9◦C cooler, which is similar to the conditions expected during the last glacial maxi-389

mum (Figure 6). An upward shift in apparent elevation of cinder cones in the SVF of390

≈ 600 m (decrease in temperature of ≈ 3.6◦) would appear to place these cinder cones in391

an altitudinal range where slope-aspect has little influence on biomass.392

When comparing north and south-facing hillslopes, cinder cones are separated into393

two categories based on approximations of their age (using mean slope as a proxy for394

age) relative to other cones within the same volcanic field. A mean cone slope of 20◦ is395

chosen to delineate newly emplaced cones from more degraded, older cones. Drainage396

networks have developed on cones within the SFVF and SVF, the driest study sites, by397

the time that they erode to have a mean slope of 20◦ (Figure 7), at which point we also398

expect significant soil and vegetation development to have occurred. This indicates that399

many of the mechanisms likely to drive hillslope asymmetry are active (e.g. rainsplash,400

freeze-thaw, bioturbation, chemical weathering). Plotting north and south-facing slope401

values as a function of mean cone slope further suggests that hillslope asymmetry becomes402

apparent on slopes lower than approximately 20◦ (Figure 8). We used the numerical model403

to quantify the relationship between mean cone slope and cone age within three of the404

volcanic fields. A mean slope of 20◦ corresponds to an age of approximately 200 kyr, 260405

kyr, and 330 kyr in the MLVF, SVF and SFVF respectively.406
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First, we use statistical testing to determine if hillslope asymmetry exists on young407

cinder cones, i.e. those with mean slopes greater than 20◦. A t-test, with a significance408

level of α = 0.05, was used to test the null hypothesis that there is no difference in409

mean between the distributions of measured slope angles. Mean slope angles on north410

and south-facing slopes are found to be statistically similar in populations of young cones411

with the exception of north and south-facing slopes in the MLVF (p ≈ 0.04), where412

south-facing slope angles are higher. Note that there are no young cones within the SVF413

since none of the selected cinder cones has a mean slope greater than 20◦. Similarly, the414

t-test (α = 0.05) was used to test the null hypothesis that there is no difference in mean415

between the distributions of measured north and south-facing slope angles on older cones.416

Mean slope on the north-facing side of cinder cones is higher than that on south-facing417

slopes and the null hypothesis is rejected in all four volcanic fields (Table 2). There is no418

statistical difference in mean between populations of east and west-facing slopes on young419

cones or older cones with the one exception of east and west-facing slopes on young cones420

in the SFVF (p ≈ 0.02).421

In addition, asymmetries in maximum slope angle (as measured over a distance of 30 m422

along transects) between north and south-facing slopes are assessed similarly. Maximum423

slope angles along north-facing transects on older cones within the SFVF, SVF, NVF, and424

MLVF are 22.2◦, 23.2◦, 25.1◦, and 23.1◦ respectively. Maximum slopes along south-facing425

transects are 18.6◦, 17.4◦, 22.2◦, and 18.2◦ respectively. For young cones, we determine426

that the null hypothesis (means of north- and south-facing slope distributions are equal)427

cannot be rejected in any of the four volcanic fields. The null hypothesis is rejected for428

north and south facing slopes on older cones in all volcanic fields. There is no difference429
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in the mean of east- and west-facing maximum slope angle on young or old cones with the430

exceptions of young cones in the SFVF (p ≈ 0.02) and old cones in the SVF (p < 0.01).431

Drainage density is less sensitive to changes in slope-aspect. North-facing slopes of old432

cones within the SFVF and MLVF both have average drainage densities of 0.5 km−1.433

South-facing slopes in these two volcanic fields have average drainage densities of 0.35434

km−1 and 0.25 km−1 respectively. Mean drainage density is highest in the NVF, with north435

and south-facing slopes having averages of ≈ 0.7 km−1 and 0.5 km−1. The distributions436

of drainage density within the four study sites are highly skewed, in part due to the437

frequency of cinder cones that have no significant drainage development. Therefore, a438

Mann-Whitney U test (α = 0.05) is used to test the null hypothesis that there is no439

difference in median between the distributions of measured drainage density on north and440

south-facing slopes. None of the reported differences in drainage density between north-441

and south-facing slopes within the SFVF, SVF, NVF, or MLVF are found be statistically442

significant. However, differences in drainage density are significant enough to reject the443

null hypothesis at a significance level of α = 0.1 in the SVF (p ≈ 0.06) and MLVF444

(p ≈ 0.1). Mean drainage density in the SVF on north facing slopes is 0.75 km−1 while it445

is 0.5 km−1 on south-facing slopes.446

By examining patterns in drainage density as a function of mean cone slope, we are also447

able to study the evolution of drainage development on cinder cones as a function of time.448

When mean cone slope is high, indicative of relatively young cones, there is little drainage449

development (Figure 7). In the SFVF and NVF, drainage density increases initially with450

decreasing slope (increasing age). Following this peak, drainage density begins to decrease451

with decreasing slope (increasing age). There are no young cones within the SVF, but452
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drainage density does decrease on older cones in a manner that is consistent with the453

pattern observed in the SFVF and NVF. Average drainage density is highest in the NVF454

and lowest in the MLVF. There is no clear relationship between mean PE and mean455

drainage density among the four volcanic fields.456

5.2. Model results

Following Hooper and Sheridan [1998], we estimate rates of colluvial transport in the457

SFVF, SVF, and MLVF by comparing numerical model predictions with statistical prop-458

erties of cinder cones at various stages of development. Mean cone slope decreases with459

time in the SFVF from approximately 26◦ for cones with an average age of ≈ 80 ka to460

9◦ for cones with an average age of ≈ 3740 ka [Hooper and Sheridan, 1998]. A similar461

trend was found in the SVF, with mean slope being approximately 16◦ on cones with a462

mean age of ≈ 635 ka and 9◦ on cones with a mean age of ≈ 1.77 ka. Hooper and Sheri-463

dan [1998] also averaged data from 70 recently emplaced cinder cones (< 160 ka) and we464

use these parameters to define an initial condition for numerical simulations. The initial465

condition is a cone with a slope of 30◦, a basal diameter of 876 m, and an interior crater466

with diameter 292 m. Rates of colluvial transport can be estimated within a study area467

by solving a one-dimensional version of equation (1), assuming spherical symmetry, the468

nonlinear colluvial sediment flux relationship, and K = 0, and then comparing the tem-469

poral evolution of model-predicted cone slope to the actual decay in cone slope observed470

in that cone field. We use data compiled by Hooper and Sheridan [1998] for the SFVF471

and SVF since they calculated cone slope for a larger population of cones within these two472

fields. We use data from our analysis in the MLVF and place each cone within one of five473

age groups based on argon dates and stratigraphic relations compiled by Donnelly-Nolan474
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[2006]. These data are summarized in Table 1. Model predictions show that a value of475

D = 4 m2 kyr−1 is the most consistent with data for the SFVF while higher values of476

D = 5 m2 kyr−1 and D = 7.5 m2 kyr−1 result in the best agreement with data for the477

SVF and MLVF respectively (Figure 9). There are not a sufficient number of cones with478

well-constrained ages in the NVF to perform this analysis in that field.479

We also use the numerical model to test two different conceptual models that may480

explain asymmetries in cinder cone morphology. Data indicate that increased erosion481

occurs on south-facing slopes relative to north-facing slopes. First, we test the idea that482

asymmetries in slope and drainage density can occur as a result of increased colluvial483

transport on south-facing slopes relative to north-facing slopes by using a spatially variable484

colluvial transport coefficient. A reference value ofDr = 5m2 kyr−1 is chosen to correspond485

to the mean value computed for the SV F , butD(x, y) is computed asD = Dr+ηDv, where486

Dv is a constant that determines the variation in D associated with a northness difference487

of 1(e.g. the difference between a south-facing slope with a gradient of 0.5 versus a north-488

facing slope with the same gradient). The value of Dr is chosen to be consistent with489

the SVF since it is in this field site that we document the most significant differences in490

hillslope morphology (i.e. slope, drainage density) between north and south-facing slopes.491

Further, there is no danger of misclassifying cones as young or old based on mean slope492

since all of the cones in the SVF are at least 300 ka [Hooper, 1994]. Colluvial transport is493

chosen to vary with northness since there is a clear relationship between vegetation and494

northness in all of the study areas (Figure 5). Numerical model predictions using a value495

of Dv = 1.5, which allows D to vary by ±30% around the mean value of 5, demonstrate496

that the mean slope angle of north-facing slopes will evolve to be several degrees higher497
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than south-facing slopes over a time scale of several hundred thousand years (Figure 10).498

The steepest sections of north-facing slopes are consistently higher in slope angle than the499

highest slopes on the south-facing side (Figure 10). The spatial variation in D within the500

model also drives differences in drainage density between north and south-facing slopes501

(Figure 11).502

We also test the conceptual model that steeper slope angles and higher drainage density503

on north-facing slopes occur as the result of spatial variations in the erodibility coefficient,504

K. Numerical model predictions of cinder cone degradation are analyzed when K is505

defined as a linear, decreasing function of northness. A higher erodibility coefficient on506

the south-facing side leads to faster degradation of the south-facing crater rim and shifts507

the center of the cone slightly with time. Mean slopes of north-facing sides of the model-508

predicted cinder cone are greater than those on the south-facing side by ≈ 1− 2◦ (Figure509

10). However, the steepest sections of south-facing slopes are consistently steeper than510

the steepest sections of north-facing slopes (Figure 10).511

More generally, model results with a variable colluvial transport rate are consistent512

with the typical degradation processes of crater in-filling, channel development, and the513

reduction of the cone to a low-relief hillslope. After several hundred thousand years, model514

predictions show the formation of a large number of small gullies, developing preferentially515

on the north-facing slope. Rounding of the crater rim occurs more slowly on the north-516

facing side of the cone (Figure 11). At approximately 1000 kyr, incised valleys have formed517

and the interior crater is completely filled. By 1800 kyr, some previously developed valleys518

have filled and others are beginning to fill. After ≈ 3500 kyr, boundaries of the cinder519

cone are poorly defined and there are no identifiable channels (Figure 11).520

D R A F T January 2, 2014, 12:54pm D R A F T



MCGUIRE, PELLETIER, ROERING: HILLSLOPE ASYMMETRY X - 27

6. Discussion

6.1. Asymmetries in Hillslope Angle

Our data suggest that aspect-driven microclimatic effects have influenced the geomor-521

phic evolution of cinder cones within the SFVF, SVF, NVF, and MLVF. Mean and maxi-522

mum slope angles are both found to be higher on north-facing slopes compared to south-523

facing slopes within populations of older cones in each volcanic field. There is no statistical524

difference found between the mean slope angle of east and west-facing slopes on older cin-525

der cones within any of the volcanic fields. Further, slope angles on east and west-facing526

slopes tend to be intermediate to those on corresponding north and south-facing slopes527

(Figure 8). Both mean and maximum slope angles on north and south as well as east and528

west-facing slopes are found to be statistically similar in populations of young cones with529

only a few exceptions. In the MLVF, the mean angle of south-facing slopes appears to be530

higher than that found on north-facing slopes of younger cones while east-facing slopes531

are steeper than west-facing slopes on young cones in the SFVF. There are no young cones532

in the SVF with which to perform a similar analysis, but the SVF is not subject to strong533

wind from any consistent direction, making it improbable that the observed asymmetries534

on older cones are the result of preferential deposition of cinders following eruption [Rech535

et al., 2001]. Given the consistency of trends observed on older cones within all four536

volcanic fields and the relative lack of asymmetry found on younger cones, it is unlikely537

that cinder cone emplacement processes are responsible for the north-south asymmetry538

on older cones.539

Results indicate relatively high rates of geomorphic degradation of south-facing slopes540

compared with north-facing slopes in the four study sites. The observation that hillslope541
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asymmetry appears predominantly between north and south-facing slopes rather than east542

and west-facing slopes is consistent with the interpretation that micro-climatic differences,543

which are maximized between north and south-facing slopes, are responsible for generating544

the mechanisms that result in the asymmetries. It is noteworthy that the asymmetries545

in slope angle observed in this study are consistent despite differences in vegetation type546

and regional climate among the four volcanic fields.547

Measurements of maximum slope and mean slope, both of which are used herein, provide548

slightly different metrics by which to measure hillslope asymmetry. The use of maximum549

slope allows for comparison with previous studies [e.g. Reeves, 1996] that use this metric550

and is less sensitive to precise identification of the cone boundaries. Measurements of551

mean slope depend on the positions of both the cone boundary and cone center, which552

are not always clearly defined on old and degraded cones. However, an arbitrary length553

scale must be chosen over which to compute maximum slope whereas the length scale554

over which one computes mean cone slope is set after identifying cone boundaries. The555

conclusions reached here using maximum slope, namely that maximum slope angles are556

higher on the north-facing slopes of old cinder cones relative to those on south-facing slopes557

despite the fact that north and south-facing slopes have similar maximum slope angles on558

young cones, are not sensitive to the chosen length scale of 30 m. The same trends are559

observed when using larger values. Smaller values are not used in order to minimize the560

grid-scale noise present, to some extent, in any DEM. Error analysis performed through561

comparison of NED-derived DEMs and LiDAR-derived DEMs shows that differences in562

slope computed between the two sets of DEMs are minor (< 1◦) relative to the reported563

asymmetries in slope, which are 2◦ − 4◦ on average.564
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6.2. Drainage Development on Cinder Cones

Drainage density is low in all cases relative to previously published studies [e.g. Melton,565

1957; Howard, 1997], but this may be attributed to the initially porous nature of cinder566

cones and the observation that cones can lose significant relief in the time needed for567

soil development. More generally, drainage density appears to increase with age, up to a568

point, in the SFVF and NVF. On older cones with little relief, drainage density is low.569

These results are qualitatively similar to those of Howard [1997] in that areas of low relief570

(e.g. old, degraded cones) are associated with low drainage density as are areas of high571

relief (e.g. newly emplaced cones). Howard [1997], in his study of badlands topography572

in Utah, documented a dependence of drainage density on the relief ratio, a measure of573

relief normalized by hillslope length. Howard’s study suggests that strong feedbacks exist574

among drainage development, erosion rates, and topography. In our study areas, the initial575

increase in drainage density as cones degrade in slope suggests that slope-wash/fluvial576

erosion is limited at first by a lack of runoff (Figure 7). On young cinder cones, the rapid577

infiltration of water into the porous cinders limits runoff. Once enough dust accumulates578

near the cone surface, runoff can be generated and drainage density increases. After579

cones have degraded to a larger extent, infiltration rates may be lower but runoff may580

not generate sufficient shear stress to continue to maintain previously developed channels.581

Error analysis performed through comparison of NED-derived DEMs and LiDAR-derived582

DEMs shows that differences in computed drainage density between the two sets of DEMs583

are minor (≈ 0.2 km−1) relative to the reported variations in drainage density with cone584

age.585

D R A F T January 2, 2014, 12:54pm D R A F T



X - 30 MCGUIRE, PELLETIER, ROERING: HILLSLOPE ASYMMETRY

In addition to examining the temporal development of channels on cinder cones, we586

computed the drainage density on north- and south-facing slopes of cinder cones in all587

four volcanic fields to determine if variations in vegetation, driven by microclimate, lead588

to differences in drainage density. North- and south-facing slopes have similar drainage589

densities in the SFVF and NVF, but there may be significant differences in drainage590

density with slope aspect in the MLVF and SVF. The most extreme example of hillslope591

asymmetry occurs in the SVF and if slope aspect also influences drainage density, it is592

not surprising that these effects are most observable within that particular study area.593

The large sample size of older cones in the SVF lends support to the hypothesis that594

drainage density is influenced by slope-aspect within this study area. In contrast, there is595

a relatively small sample size of older cones in the MLVF and only a small number of cones596

show evidence of channel development (12 of the 26 old cones have zero drainage density).597

Therefore, even though differences in drainage density are significant at the α = 0.1 level598

in the MLVF, we interpret these results with caution. Based on similarities in drainage599

density among our four study sites and the relatively small variations observed between600

drainage density on north- and south-facing slopes within two of the study areas, it appears601

that drainage density is less sensitive to changes in climate than other morphological602

properties of hillslopes (e.g. mean slope).603

Melton [1957] analyzed 80 drainage basins in the southwestern U.S. across a range of cli-604

mates characterized by the Thornthwaite Precipitation Effectiveness index (PE) [Thorn-605

thwaite, 1931] and observed a consistent decrease in drainage density from approximately606

60 km−1 to 5 km−1 as PE increased from roughly 10 to 100. Similarly, Chadwick et. al607

[2013] found that drainage density decreased with increasing mean annual precipitation608
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within three study sites in Kruger National Park, South Africa, across which lithology609

and catchment-averaged erosion rates are invariant. In contrast, our results suggest that610

average drainage density is not a monotonic function of PE (or mean annual precipita-611

tion). In fact, mean drainage density varies by less than a factor of two among all of our612

study sites. Drainage density is highest within the NVF, which has the second highest613

PE and is lowest within the MLVF, which has the highest average PE. It is difficult614

to directly compare statistics such as mean drainage density among the four study areas615

since the cinder cones are not evolving in an approximate topographic steady state and616

the relative degradation of cones in one site may not be comparable to that in a different617

site. However, from the temporal evolution of channel development in the SFVF, NVF,618

and SVF we can deduce that the maximum drainage density on cinder cones (viewed as619

a function of time) in these study sites is within a factor of ≈ 2 despite large differences620

in PE (Figure 7).621

A process-based, ecohydrogeomorphic conceptual model explaining the relationship622

between drainage development and climate was presented by Collins and Bras [2010].623

Within this framework, the relationship between drainage density and climate can be624

partitioned into three different regimes. In drier environments, drainage density may625

initially increase with increasing precipitation as long as vegetation remains sparse. In626

intermediate climates, drainage density is expected to decrease with increasing rainfall627

due to the stabilizing effects of increased vegetation growth. In wetter environments,628

however, drainage density is thought to increase again with increasing rainfall since vege-629

tation growth can be expected to remain relatively constant [Collins and Bras, 2010]. The630

relatively early decline in drainage density in the NVF following the apparent maximum631
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achieved on cones with a mean slope of ≈ 20◦ − 25◦ may be due to relatively fast vege-632

tation development. In the SFVF, it may take longer both to develop the soil necessary633

to nucleate runoff and to support significant vegetation (Figure 7). A similar trend is634

suggested in the SVF, but there is no data for recently emplaced cinder cones since none635

are less than approximately 300 kyr.636

6.3. Interactions among climate, vegetation, and hillslope morphology

The colluvial transport coefficient, D, is thought to vary with climate but, in general,637

is a poorly constrained parameter in many landscape evolution models. Three of the four638

study areas have a sufficient number of dated cinder cones to allow for estimates of D639

(Figure 9). We find best fit values of D = 4 m2 kyr−1, D = 5 m2 kyr−1, and D = 7.5640

m2 kyr−1 in the SFVF (PE = 45), SVF (PE = 58), and MLVF (PE = 110) respectively,641

suggesting that D increases with PE. This observation is consistent with other studies642

that document an increase in D with increases in precipitation [Hanks, 2000] as well as643

those that associate higher rates of colluvial transport with forested environments [Roering644

et al., 2002; Roering et al., 2004; Walther et al. 2009; Callaghan, 2012] since PE can be645

viewed as a measure of the moisture available for plant growth.646

Hillslope asymmetry develops over time on cinder cones within the four studied volcanic647

fields. Results suggest that the simple landscape evolution model described here is capable648

of reproducing the asymmetries in cinder cone degradation. When the colluvial transport649

coefficient is assumed to decrease with increasing northness, the model predicts spatial650

asymmetries in cone slope that are consistent with observations (i.e. several degrees651

difference between north and south-facing slopes) and differences in drainage density,652

which are suggested in the SVF (Figure 10; 11). This is not surprising given that channel653
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spacing can be linked to the relative importance of diffusive sediment transport [Perron et654

al., 2008], but does suggest that the documented hillslope asymmetry as well as differences655

in drainage density may be the result of spatial variations in the rate of colluvial sediment656

transport. Increases in K on south-facing slopes leads to slightly lower mean slope angles657

relative to north-facing slopes, but also produces higher maximum slope angles relative to658

those on north-facing slopes (Figure 10). Of the two conceptual models tested, a higher659

value of D on south-facing slopes is consistent with data.660

Still, the fact that asymmetries in slope angle and drainage density asymmetries may661

be reproduced by spatial variation in D does not address the underlying processes re-662

sponsible for variations in D. Data demonstrate a robust trend of increasing NDVI with663

increasing northness within all four study areas (Figure 7). This implies that the micro-664

climatic effects associated with slope-aspect are significant enough to influence vegetation665

growth, but there are two possible ways to interpret the relationships between northness,666

vegetation, and hillslope asymmetry. First, it is possible that the present-day relationship667

between northness and biomass is representative of what can be expected over the lifetime668

of the studied cinder cones. Alternatively, the relationship between northness and vege-669

tation may have been significantly different under the climatic conditions that dominated670

during the Pleistocene. Many of the studied cinder cones are more than 30 kyr old and so671

the majority of their evolution has taken place in glacial climatic conditions. We explore672

both of these possibilities below.673

We begin by assuming that vegetation density has been higher on north-facing slopes674

throughout the lifetime of the studied cones. In this study, we find that mean slope is675

greater on north-facing slopes despite the fact that present-day vegetation density appears676
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to be higher on north-facing slopes relative to south-facing slopes (Figure 5). Hughes677

et al. [2009] argue that a change from grass/shrub-dominated vegetation during the late678

Pleistocene to forest colonization during the Holocene lead to significantly higher colluvial679

sediment flux rates at their study site near the Charwell River, South Island, New Zealand.680

This result is consistent with a series of studies that associate higher values of D with681

forested ecosystems [Roering et al., 2002; Roering et al., 2004; Walther et al. 2009;682

Callaghan, 2012]. By this argument, hillslope asymmetry in our study areas is likely not683

the result of present-day variations between northness and biomass. If that was the case,684

one would expect higher values of D on north-facing slopes to lead to gentle north-facing685

slopes and steeper south-facing slopes.686

Present day asymmetries may also be relict features generated during the colder and687

wetter climatic conditions that dominated for the majority of the Pleistocene. Our analysis688

is motivated by paleoecological records from the southern Colorado Plateau that suggest689

climate change over the last 50 kyr has lead to changes in the elevation ranges inhabited690

by different vegetation communities [Cole, 1990; Anderson, 1993; Anderson et al., 2000].691

Such changes in climate and vegetation are likely to have influenced cone degradation. In692

order to quantify this effect, we estimated the relationship between northness and pale-693

ovegetation near San Francisco Mountain as a function of elevation. At lower elevations,694

biomass is greater on north-facing slopes, but it is greater on south-facing slopes at higher695

elevations (Figure 6). Although bioturbation may be greatest on north-facing slopes696

in the present-day environment, it may have been greater on south-facing slopes during697

the cooler and wetter conditions that persisted throughout much of the Pleistocene. A698

change in ‘apparent elevation’ of ≈ 1000− 1200 m would place both the SFVF and SVF699
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in a climate where biomass can be expected to be high on south-facing slopes relative to700

north-facing slopes.701

Changes in vegetation patterns over time, which depend both on elevation and climate,702

may also explain the observation that the largest differences in drainage density between703

north- and south-facing slopes are found in the SVF. The elevation of the SVF is high704

relative to the other study areas, and in particular it is high relative to the SFVF, which705

means that its apparent elevation during the LGM was also higher than that of the SFVF.706

The mean elevation of cinder cones in the SVF is 2440 m, approximately 300 m higher707

than the mean elevation of cones in the SFVF. As a result, cinder cones in the SVF may708

have spent more time in a climatic regime where biomass is greater on south-facing slopes,709

and hence more time in an environment where north-facing slopes are subject to lower710

rates of colluvial (diffusive) transport. Lower rates of colluvial transport on south-facing711

slopes, in turn, may lead to decreased channel development on those slopes (Figure 11).712

Our results support those of other studies [e.g. Poulos et al., 2012] that suggest both713

climate and elevation, which greatly influence the relative importance of different sed-714

iment transport mechanisms as well as the sensitivity of those mechanisms to climate,715

exert a strong control on the response of hillslope form to changes in microclimate. In716

water-limited areas, there may be a particular altitudinal range across which vegeta-717

tion type/density changes rapidly, and increases in moisture availability with increasing718

northness may lead to hillslope asymmetry within that range of elevations. In environ-719

ments where diffusive sediment transport is dominated by freeze-thaw processes, hillslope720

asymmetry may develop at elevation ranges where slope-aspect significantly influences721

the number of freeze-thaw cycles. In other cases, hillslope asymmetry may be the re-722
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sult of slope-aspect driven variations in the dominance of glacial and non-glacial erosion723

mechanisms [Naylor and Gabet, 2007].724

Numerical model results and statistical analyses of cinder cone morphology demonstrate725

that higher rates of colluvial sediment transport on south-facing slopes relative to north-726

facing slopes are responsible for generating hillslope asymmetry in our study areas. Based727

on our analysis of paleovegetation near San Francisco Mountain, south-facing slopes within728

the SFVF and SVF are likely to have supported more vegetation than north-facing slopes729

throughout much of the Pleistocene (Figure 6), suggesting that hillslope asymmetry730

within these two fields can be attributed to increased bioturbation on south-facing slopes731

relative to north-facing slopes. Hillslopes in the NVF and MVLF may have undergone732

similar transitions from being energy-limited throughout much of the Pleistocene to being733

water-limited today. We hypothesize that hillslope asymmetry on cinder cones in the734

NVF and MLVF was similarly generated by slope aspect-driven variations in colluvial735

sediment flux that persisted throughout the majority of the Pleistocene. More detailed736

analysis is required to support this hypothesis. Other process-based explanations could be737

offered that are consistent with present-day trends between biomass and northness, such738

as increased soil stabilization on north-facing slopes due to higher vegetation density.739

7. Conclusions

Within the SFVF, SVF, and NVF, north and south-facing sides of young cinder cones740

have similar slopes. However, north-facing slopes are steeper on older cinder cones within741

all four volcanic fields. Data demonstrate that present-day vegetation density is an in-742

creasing function of northness within each volcanic field, likely due to the increased soil743

moisture on north-facing slopes. Drainage density is similar on north- and south-facing744
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slopes, with the most extreme differences being found in the SVF. Results suggest that745

hillslope asymmetry occurs within the studied cinder cone fields as a result of slope aspect-746

driven differences in the magnitude of post-eruption sediment transport processes. Nu-747

merical model predictions suggest that observed asymmetries may result from an increase748

in the colluvial transport coefficient (i.e. the colluvial transport rate per unit slope gradi-749

ent) on south-facing slopes relative to north-facing slopes. Steeper slopes on north-facing750

sides of cinder cones appear to be inconsistent with present-day patterns in biomass, as-751

suming that increases in biomass lead to greater rates of colluvial sediment transport.752

Higher drainage density on north-facing slopes in the SVF is also inconsistent with cur-753

rent vegetation patterns. The age of the studied cinder cones suggests that present-day754

asymmetries may be better interpreted within the context of glacial climatic conditions.755

By analyzing present-day biomass as a function of northness and elevation, we argue that756

south-facing slopes maintained higher biomass during the Pleistocene in the SFVF and757

SVF. We attribute gentler south-facing slopes within the SFVF and SVF to greater rates758

of colluvial transport caused by increased bioturbation on those slopes. We hypothesize759

that hillslope asymmetry on cinder cones in the NVF and MLVF also resulted from slope760

aspect-driven variations in colluvial sediment flux that existed throughout the majority761

of the Pleistocene. Estimates for average rates of colluvial transport within three of the762

study areas suggests that the colluvial transport coefficient increases with the Thornth-763

waite precipitation effectiveness index.764
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Figure 1. Shaded relief images and topographic profiles illustrating the evolution of cinder

cones and the effects of climate on rates of cinder cone degradation. (A) Sunset crater, located

in the SFVF, is dated to ≈ 1 ka and maintains steep (> 26◦) slopes. (B) Merriam crater in the

SFVF, is dated to≈ 150 ka [Hooper, 1994] and still contains a well-defined central crater and lacks

any significant drainage development. (C) A highly degraded cinder cone (35.67,-111.96) within

the SFVF, dated to a range of 730−2480 ka based on magnetic polarity and stratigraphic records

[Hooper, 1994], lacks a central crater and has a steep north-facing slope. (D) Lava Butte, located

within the NVF, has been dated (C14) to approximately 6 ka [Jensen, 1988]. (F) An unnammed

cinder cone (43.95, -121.27), less than 730 ka based on magnetic polarity stratigraphic dating

[MacLeod et al., 1995] within the NVF with a poorly defined interior crater. (E) An unnamed,

highly degraded cinder cone (43.60 -120.74) with poorly defined edges.
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Figure 2. Locations and slope maps of the four study areas, the San Francisco Volcanic Field

(SFVF), Springerville Volcanic Field (SVF), Newberry Volcanic Field (NVF), and Medicine Lake

Volcanic Field (MLVF).
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Figure 3. Shaded relief map of LiDAR-derived digital elevation model for a portion of the

NVF. Cinder cones are not included in the study if they have breaches or there are adjacent

vents that clearly influence cone evolution.
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Figure 4. A comparison between LiDAR-derived and NED-derived DEMs. (A) Topographic

contour map (10 m contour intervals) of the NED-derived DEM for an unnamed cinder cone in

the NVF (43.85, -121.31) showing locations (black lines) of identified channels. The locations

of valley heads and channels are identified using contour curvature and flow routing algorithms

as described in Pelletier [2013]. (B) Topographic contour map (10 m contour intervals) of the

LiDAR-derived DEM for the same cinder cone in the NVF showing locations (black lines) of

identified channels. (C) A comparison between topographic transects extracted from the LiDAR

and NED-derived DEMs.
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Figure 5. NDVI, computed from high resolution orthoimages, is shown as a function of

northness within each of the four different study areas. NDVI appears to be an increasing

function of northness in the (a) SFVF, (b) SVF, (c) NVF, and (d) MLVF. (e) Orthoimage of

a cinder cone (35.39, -121.57) in the SFVF with an interior crater and a gradual change in

vegetation density between north and south-facing slopes. (f) A cinder cone (34.19, -109.57)

within the SVF, dated to 740 − 1110 kyr based on stratigraphy, with vegetation restricted to

channels on the north-facing slope. (g) A cinder cone (41.64, -121.74) in the MLVF, dated to

180− 300 kyr [Donnelly-Nolan, 2006].
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Figure 6. Trends in paleovegetation with northness can be estimated by using present-day

vegetation statistics and temperature reconstruction data. (A) NDVI is computed within a

region of the SFVF surrounding San Francisco Mountain. (B) Atmospheric temperature relative

to the mean present-day value, inferred from deuterium concentrations at Vostok, Antarctica

[Petit et al., 1999]. (C) Present-day NDVI for north and south-facing slopes within the region

of the SFVF contained in (A). During the last glacial maximum, mean temperature was lower

by ≈ 6◦C, which corresponds to a shift in elevation of roughly 1000 m (assuming a lapse rate

of 6◦C km−1). Vertical lines denote the mean elevation of cinder cones in the SFVF (solid) and

SVF (dashed) as well as the mean ‘apparent elevation’ of those same cinder cones during the last

glacial maximum. South-facing slopes (η < 0) may have maintained higher biomass relative to

north-facing slopes (η > 0) throughout much of Pleistocene.
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Figure 7. Drainage density as a function of mean cinder cone slope, a proxy for cone relative

age. Approximate age (kyr), estimated using the numerical model, is shown for the SFVF, SVF,

and MLVF, where we were able to constrain rates of colluvial transport. (A) Drainage density

in the SFVF is low on cones with high mean slope, but then increases slowly with decreasing

cone slope (increasing age) before decreasing again on highly degraded cones. (B) In the SVF,

drainage density is highest on cones with intermediate slopes and decreases with decreasing cone

slope (increasing age). (C) Drainage density in the NVF increases initially with decreasing slope

and then decreases with decreasing slope. (D) Drainage density in the MLVF is low relative to

that found in the other four volcanic fields and does not appear to vary with mean cone slope.
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Figure 8. Slope on north, south, east, and west-facing sides of cinder cones. Boxplots of slope

values computed in each of the four cardinal directions on cinder cones with a mean slope less

than 20◦ within the (A) SFVF, (B) SVF, (C) NVF, and (D) MLVF. North- and south-facing

slopes on cinder cones as a function of mean slope for the (E) SFVF, (F) SVF, (G) NVF, and

(H) MLVF. Cinder cones evolve asymmetrically with north-facing slopes becoming steeper than

south-facing slopes over time.
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Figure 9. Comparison between model-predicted cinder cone evolution and data compiled

for the SFVF, SVF, and MLVF. We use a 1d, spherically symmetric model and neglect fluvial

transport. (A) Model-predicted mean cone slope is shown as a function of time for a cinder

cone (black line) in the SFVF. Mean slope computed by Hooper and Sheridan [1998] from dated

cinder cones within the SFVF (magenta dots) is shown for comparison along with error bars (±1

standard deviation). A colluvial transport coefficient of 4 m2 kyr−1 is found to be most consistent

with the data. (b) Mean cone slope is shown as a function of time for a model-predicted cinder

cone (black line) within the SVF. Mean slope computed by Hooper and Sheridan [1998] from

dated cinder cones within the SVF (magenta dots) is shown for comparison along with error

bars (±1 standard deviation). A colluvial transport coefficient of 5 m2 kyr−1 is found to be

most consistent with the data. (c) Mean cone slope is shown as a function of time for a model-

predicted cinder cone (black line) within the MLVF. Mean slope of dated cinder cones within the

MLVF (magenta dots) is shown for comparison along with error bars (±1 standard deviation).

A colluvial transport coefficient of 7.5 m2 kyr−1 is found to be most consistent with the data.
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Figure 10. Slope and topography of a model-predicted cinder cones at selected time intervals.

A spatially variable colluvial transport rate (a-c), which is assumed to decrease with northness

from a maximum of 6.5 at η = −1 to a minimum of 3.5 at η = 1, results in slope asymmetries

that are similar in magnitude to those observed in the four study areas. (a) At t = 700 kyr, the

interior crater has been filled and north-facing slopes are noticeably steeper than south-facing

slopes. (b) At t = 1400 kyr, asymmetries in slope angle become more apparent. (c) South-north

cross-sections of topography show that initial cone slope is 30◦, but after 400 kyr there is a

noticeable difference between north (≈ 20◦) and south-facing slopes (≈ 17◦). At 2200 kyr, the

north-facing slope is ≈ 10◦ while the south-facing slope is ≈ 8◦. Other parameters used in (a-c)

are K = 0.02, Sc = 1.25, dx = 4 m. (d-f) A spatially variable erodibility coefficient, assumed to

increase linearly with northness from a maximum of 0.035 at η = −1 to a minimum of 0.005 at

η = 1, also results in hillslope asymmetry. (d) At t = 700, mean slope is greatest on the north-

facing side, but the highest local slope values are found on the south-facing side. (e) At t = 1400,

the highest local slope values are again found on the south-facing side of the cone. (f) At t = 700

kyr, north and south-facing sides of the cone have mean slope angles of approximately 16◦ and

13◦ respectively while at t = 2200 kyr, they have mean slope angles of 10◦ and 8◦ respectively.

Other parameters used in (d-f) are Sc = 1.25, D = 5 m2 kyr−1, dx = 4 m.
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Figure 11. Contour plots are shown over maps of topographic curvature for a model-predicted

cinder cone degrading with spatially variable colluvial transport coefficient. The contour interval

is 8 m. (A) Higher rates of colluvial transport on south-facing slopes lead to more rapid channel

incision on north-facing slopes. The rim of the interior crater is still identifiable on the north-

facing side of the cone. (B) After 1000 kyr, channels have developed across most of the cone

but drainage density is higher on the north-facing slope. (C) At 1800 kyr, slopes are low and

previously developed channels have begun to fill. (D) After 3500 kyr, there are no channels.

Other parameters used are K = 0.0625, θc = 1.5, S = 1.25, Dv = 1.35, D = 4.5 m2 kyr−1,

dx = 4 m.
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Cone Age (kyr) n Mean slope (deg.)
0− 100 4 27.7± 2.1
100− 132 8 22.2± 2.2
132− 180 10 20.5± 2.0
180− 300 4 17.2± 2.6
300− 788 4 15.0± 3.5

Table 1. Mean cone slope (±1 standard deviation) within 5 different age groups of cinder

cones in the MLVF. The number of cones within each age group is denoted by n.

Field name Location PE ny Sn (deg.) Ss (deg.) t-test no Sn (deg.) Ss (deg.) t-test
SFVF 35.4,− 111.5 45 20 21.8± 4.0 22.5± 5.0 0 (0.56) 73 14.2± 5.6 12.4± 5.2 1 (< 0.01)
SVF 34.1,− 109.6 58 0 − − − 80 15.4± 4.3 11.9± 3.6 1 (< 0.01)
NVF 43.7,− 121.2 72 24 23.2± 3.3 23.5± 3.4 0 (0.69) 26 17.3± 4.0 15.1± 3.0 1 (0.02)

MLVF 41.6,− 121.6 110 16 21.8± 3.3 23.9± 3.8 1 (0.04) 26 15.5± 4.3 13.1± 3.6 1 (< 0.01)

Table 2. Average slope angle, shown as mean plus/minus standard deviation, for north (Sn)

and south-facing (Ss) slopes of cinder cones in the San Francisco Volcanic Field, Springerville

Volcanic Field, Newberry Volcanic Field, and Medicine Lake Volcanic Field. Statistics are com-

puted from a population of ny young cones and no old cones in each field. A t-test (α = 0.05) is

used to determine if the means of the north and south-facing slope distributions are different. A

value of 0 indicates that the null hypothesis (means are equal) cannot be rejected, while a value

of 1 indicates that the null hypothesis can be rejected. The p-value from the test is shown in

parentheses.
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