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INTRODUCTION
Bull (1991) proposed one of the most cited 

models of alluvial fan aggradation for North 
American deserts, hypothesizing (1) increased 
production of hillslope regolith during periods 
of cooler and wetter climate, (2) increased run-
off, hillslope sediment yield, and fan aggrada-
tion during the transition to dry periods caused 
by a reduction in canopy cover or plant density 
coupled with increased high-intensity con-
vective storms, and (3) subsequent incision 
and abandonment of fan surfaces once higher 
runoff has removed most of the soil cover, 
exposing bedrock (Fig. 1). Glacial-interglacial 
cycles were used to explain moisture source 
variability affecting vegetation on hillslopes 
(Bull, 1991), specifi cally changes from wood-
land and shrublands into scrublands and bare 
desert slopes after a transition to dry periods.

The aforementioned model has provided a 
powerful conceptual framework to study allu-
vial fan histories, especially fans generated 
during the late Pleistocene–Holocene (LPH) 
in southwestern North America, as well as 
other desert regions. Over time, decreasing 
vegetative cover has received greater emphasis 
as the stated reason for the onset of aggrada-
tion (Harvey et al., 1999; Reheis et al., 1996, 
2005; Spelz et al., 2008; Miller et al., 2010), 
raising two important issues. First, the original 
model (Bull, 1991) was based on limited ages 
for alluvial aggradation and on paleoclimate 

data provided mainly by a limited number of 
discrete vegetation proxy records of packrat 
middens. Since then, a large amount of data 
has been published regarding LPH alluvial fan 
deposition (e.g., Miller et al., 2010) and com-
positional changes in vegetation (Koehler et al., 
2005; Strickland et al., 2005), and a regional 
synthesis of these expanded data sets to assess 
the relative timing of alluvial fan aggradation 
onset compared to vegetation change is still 
lacking. Second, the application of this model 
to fans of other ages or in other arid regions 
(e.g., the Middle East) has not demonstrated 
linkages between climatic transition, vegeta-
tion change, and land scape response similar to 
those originally inferred for the North Ameri-
can deserts (Enzel et al., 2012). In some catch-
ments of the Mojave and Sonoran Deserts, allu-
vial fan aggradation has been recorded during 
all possible (orbital-scale) climate change sce-
narios (Spelz et al., 2008; Miller et al., 2010; 
Sohn et al., 2007; Armstrong et al., 2010), 
including the late Holocene onset of stronger 
global El Niño–Southern Oscillation (ENSO) 
events (McDonald et al., 2003; Mahan et al., 
2007). This suggests that the local expression 
of regional climate patterns, even those devel-
oped entirely during a relatively dry and warm 
interglacial, may have a larger relevance for 
local sediment transport than the variability 
in vegetation broadly associated with global 
glacial cyclicity and its effects on precipitation 
and discharge.

Our objective is to use a regional analysis 
of alluvial fan and paleobotanical histories to 

evaluate the premise that alluvial sedimenta-
tion should occur primarily after a consider-
able decrease in vegetation cover (Bull, 1991). 
This hypothetical response should be clearly 
observed when comparing alluvial deposition 
and concurrent vegetation change in multiple 
catchments across a desert region. Our results, 
discussed below, suggest that this linkage 
is tenuous and that the effects of vegetation 
change on the onset of sediment detachment 
and transport display suffi cient variability to 
question their prominent incorporation into a 
general model for alluvial fan aggradation in 
arid regions.

METHODS
We compiled data from 18 published studies 

of paleobotanical and alluvial fan stratigraphy 
broadly representing four different areas in the 
Mojave and northern Sonoran Deserts to exam-
ine relations between the timing of vegetation 
change and fan aggradation onset (Fig. 2; *E-mail: jantinao@dri.edu.
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Figure 1. General fl ow diagram showing in-
crease (+) and decrease (–) of variables in-
volved in sediment transport processes on 
hillslopes and resulting alluvial fan aggrada-
tion in the deserts of the southwestern United 
States (after Bull, 1991, p. 115). Feedback 
pathways are indicated by dashed fl ow lines.
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Table DR1 in the GSA Data Repository1). We 
grouped data sets displaying vegetation change 
in altitudinal zones where sediment genera-
tion is expected to have fed alluvial deposition 
downstream during approximately the same 
period. Timing of aggradation is constrained 
by chronological data from within sedimentary 
units, excluding minimum or maximum ages 
(Spelz et al., 2008; Miller et al., 2010; Mahan 
et al., 2007; Sohn et al., 2007; Armstrong et 
al., 2010; Clarke, 1994; Rockwell et al., 2000). 
Implicit in our analysis is the commonly used 
assumption (cf. Bull, 1991) that compositional 
changes can be used as proxy for changes in 
quantitative plant density or canopy cover.

RESULTS: THE RELATIVE TIMING 
OF VEGETATION CHANGE AND 
ALLUVIAL DEPOSITION

Analysis of the compiled data for the dif-
ferent sites in the Mojave and Sonoran Des-
erts does not support the tenet that a decrease 
in vegetative cover by the arrival of more arid 
vegetation types is a major factor in trigger-

ing alluvial aggradation (Fig. 3). Aggradation 
developed earlier across a wide range of eleva-
tions and vegetation cover in all areas, includ-
ing elevation ranges withstanding the more 
dramatic vegetation change (e.g., Providence 
Mountains, California), as well as those at 
lower (e.g., Sierra Mayor, Mexico) and higher 
(e.g., San Bernardino Mountains, California) 
elevations. In all areas in the Mojave, alluvial 
deposition started well before the change from 
the late Pleistocene woodlands to the Holo-
cene desert scrub (Figs. 3A–3C). Onset of 
aggradation predates by 2000 yr or more the 
interpreted timing for change from woodland 
to scrub. In other words, aggradation started 
during an apparent dominance of pinyon-juni-
per types in the hillslopes. In the southeastern 
Mojave (Fig. 3B), aggradation began under a 
scrubland cover and appears to have continued 
through a short phase of juniper establishment 
in the hillslopes.

In the low-elevation Sonoran Desert (Fig. 3D), 
aggradation also began well before develop-
ment of a more arid vegetation cover. Boojum 
tree (Fouquieria columnaris) associations that 
depend on winter precipitation in this region are 
an analog to the presence of juniper woodlands 
at lower altitudes in the Mojave, and therefore 
ecotone shifting in the Sonoran catchments can 
be associated with the arrival of desert scrub 

to the hillslopes. Similarly to the Mojave sites, 
aggradation started at least 4000–5000 yr before 
the ecotone shift.

DISCUSSION: ASSESSING 
LIMITATIONS OF VEGETATION 
CHANGE AS A PRINCIPAL TRIGGER IN 
FAN DEPOSITION

Compositional changes in vegetation (Fig. 3) 
mainly occurred well after the onset of LPH 
alluvial fan aggradation, indicating that vegeta-
tion probably had a moderated role in trigger-
ing it relative to other factors such as changes 
in synoptic weather patterns and the surface 
hydrology of catchments.

Short-term studies also suggest that vegeta-
tion is not the only factor that controls hydro-
logic responses on catchment hillslopes. In these 
studies, change from woodlands to shrublands or 
desert scrub does not cause changes in runoff, 
erosion, and ultimately aggradation (Pierson et 
al., 2007), as opposed to studies analyzing effects 
from decreased plant canopy in shrubland or 
grassland communities (Abrahams and Parsons, 
1991; Parsons et al., 2009). Runoff generation 
and sediment supply from hillslopes can also be 
affected by properties such as stone cover, sur-
face sealing, colluvium depth, and underlying 
bedrock weathering or fracture density (Parsons 
et al., 2009; Kuhn and Yair, 2004). Although the 
effects of stone cover on infi ltration are complex, 
surface runoff generally decreases when stone 
cover increases due to an increase in surface 
roughness (Yair and Klein, 1973). Stone cover 
not only decreases overland fl ow velocities, 
runoff, and soil detachment, but also increases 
protection of soil structures against aggregate 
breakdown and surface sealing by raindrop 
impact (Abrahams and Parsons, 1991; Parsons et 
al., 2009). Most mid-elevation (~1000 m) hill-
slopes across the Mojave and Sonoran Deserts 
today display soils formed in coarse colluvial 
mantles (McDonald et al., 2003; Hunt and Wu, 
2004) derived from highly fractured bedrock. In 
these regions surface runoff and sediment trans-
port from vegetation-poor and exposed collu-
vium is limited except under very high-intensity 
rainfall on hillslopes, an effect demonstrated 
for the Negev (Kuhn and Yair, 2004) and south-
western North America (Reid et al., 1999), with 
enhanced sediment yield documented indepen-
dently of vegetation cover type.

The spatial distribution and stand density of 
the woodlands during the LPH would also have a 
variable effect on runoff and erosion depending 
on the way they evolved into desert scrub areas 
with an increase in aridity. If Mojave Pleistocene 
woodlands were open, with intercanopy shrubs 
and grasses, similar to the ones present today 
in the central Great Basin or the Colorado Pla-
teau (Romme et al., 2003), progressive upward 
ecotone shift was probably accomplished fi rst 
by replacement of pinyon with juniper (Allen 
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Figure 2. Location of study area. Numbered circles correspond to alluvial record sites. La-
beled squares (a–h) represent midden sites (Table DR1 [see footnote 1]), adding Cataviña/
Velicatá (i), Sierra San Francisco (j), and Sierra San Pedro (k) sites in Baja California, Mexico, 
that follow the general trend of fi nal upslope movement of woodlands during the late Pleis-
tocene–Holocene, but that are not discussed in the text because they lack alluvial data in 
the vicinity. References for all sites are given in the Data Repository (see footnote 1). A: 
Study area in a broader view of southern California and northern Baja California, showing 
the spatial relation between the Mojave and Sonoran Deserts. Stars denote location of Mo-
jave and southern California lacustrine and groundwater-discharge records (Harvey et al., 
1999; Quade et al., 1998; Negrini et al., 2006) that are discussed in the text. B: Location of 
midden and alluvial chronology records. Inset shows altitudinal distribution of sites in the 
central Mojave subregion, as an example.

1GSA Data Repository item 2013001, supplemen-
tary information on methods, is available online at 
www.geosociety.org/pubs/ft2013.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.



GEOLOGY | January 2013 | www.gsapubs.org 13

and Breshears, 1998) and then by progressive 
replacement with shrubs and grasses, not by an 
immediate conversion to shrubland with greatly 
reduced cover. Rapid transformation of juni-
per open stands into sparse shrub cover could 
have caused an increase in runoff and sediment 
yield only if shrub cover decreased to less than 
20% (Buis et al., 2010). There is no indication, 
however, that this happened before aggradation 
started in the studied catchment groups (Fig. 3). 
Dense pinyon-juniper forests, which may yield 
a larger reduction in canopy cover upon their 
demise, normally thrive in shallow, rocky soils 
(Romme et al., 2003), which display low surface 
runoff even when they have limited vegetation 
cover due to the stone-cover effect (Parsons et 
al., 2009). Thin rocky soils also may have sup-
ported the replacement of juniper stands with a 
shrub cover in the intercanopy area so that the 
cover density was maintained. Sparse woodland 
stands can also maintain their productivity and 
retain canopy cover with precipitation supplied 
by fewer but more intense storms in a dryer set-
ting (Raz Yaseef et al., 2010), allowing slow 
colonization of more drought-resistant plants 
(Koehler et al., 2005), without the dramatic 

reduction in vegetation cover that has been sug-
gested to increase erosion during a few thousand 
years in the early Holocene (Miller et al., 2010; 
Hunt and Wu, 2004).

Even development of bare soil patches by 
itself does not cause aggradation unless high 
spatial connectivity occurs between patches 
(Mayor et al., 2008). Before this connectivity 
is achieved, water, sediment, and nutrients are 
redistributed from upslope areas and intershrub 
spaces to shrub areas and surface depressions 
with coarse cover downslope (Pierson et al., 
2007; Reid et al., 1999; Mayor et al., 2008), 
lowering overall hillslope runoff and sediment 
yield (Parsons et al., 2009). Redistribution pro-
cesses were probably active during the LPH in 
the study region because preferential winnowing 
of fi nes from the hillslopes is not represented in 
downslope alluvial fans of the more arid south-
ern Mojave (McDonald et al., 2003; Harvey and 
Wells, 2003). Bare soil patches leaving a cover 
of less than 20% of shrubs would have developed 
only in the lower-elevation (<1000 m) areas of 
hot deserts, such as the northern Sonoran Des-
ert. Modern vegetation associations, however, 
appear only after ca. 10 kyr B.P., suggesting 

a reduced cover, whereas alluvial aggradation 
started much earlier (Spelz et al., 2008; Arm-
strong et al., 2010), probably unrelated to the 
change in cover (Fig. 3D).

We interpret aggradation from catchments 
near the Gulf of California (Sierra Mayor, 
Fig. 3D) (Spelz et al., 2008; Armstrong et al., 
2010) as indicative of regional or synoptic pre-
cipitation patterns that allow sustained over-
land fl ow during longer periods than is typi-
cal during short-duration convective storms in 
this low-elevation area (Kuhn and Yair, 2004; 
Abrahams et al., 1991). Shallower water tables 
in the northern Mojave at 11–10 kyr B.P. 
(Quade et al., 1998) that coincide with higher 
lake levels in southern California and northern 
Baja California (e.g., Negrini et al., 2006) also 
support enhanced synoptic-scale precipitation 
rather than convective rainfall, the latter com-
monly identifi ed as one of the largest contribu-
tors to LPH aggradation (Bull, 1991; Reheis et 
al., 2005; Miller et al., 2010).

CONCLUSIONS AND IMPLICATIONS
The ambiguous relation between composi-

tional changes in vegetation of desert catch-
ments and the onset of regional alluvial fan 
aggradation indicates that broad-scale vegeta-
tion shifts had a smaller role in LPH aggradation 
relative to climate-driven changes in synoptic 
patterns and their local expression. Other factors 
such as changes in the frequency of storm type 
and intensity and local soil hydrology are prob-
ably more important in driving erosion of soils 
and sediments beyond a threshold, resulting in 
alluvial aggradation. We are clearly not advocat-
ing abandoning the commonly applied model of 
Bull (1991) but argue that a greater emphasis be 
applied to an integration of climatic, soil, and 
hydrologic processes affecting sediment yield 
and alluvial aggradation. Integrated studies 
linking synoptic weather patterns and activity of 
geomorphic processes are warranted, especially 
in regard to fan aggradation that occurred before 
the LPH. Research on specifi c sites with well-
characterized temporal changes in vegetation 
and sedimentation (Harvey et al., 1999; Enzel et 
al., 2012), the consideration of the local expres-
sion of synoptic to mesoscale patterns (Miller 
et al., 2010; McDonald et al., 2003; Armstrong 
et al., 2010) and their evolution, along with that 
of other hillslope properties that affect runoff 
and sediment yield (Parsons et al., 2009; Kuhn 
and Yair, 2004; Abrahams et al., 1991; Enzel et 
al., 2012), will give an improved understanding 
of how arid region hillslope processes respond 
to climate change. This research would also 
imply reassessment of the model response of 
hillslopes to aridifi cation from global climate 
change (Miller et al., 2010), with implications 
for ecosystem functions in arid regions of south-
western North America and other equally vul-
nerable areas of the world.
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Figure 3. Comparison of alluvial fan aggradation with vegetation changes during the late 
Pleistocene–Holocene transition in the Mojave and Sonoran Deserts and with nearby climate 
and vegetation records for central Mojave (A), southeastern Mojave (B), southwestern Mojave 
(C), and northern Sonoran (D). Note that the term woodland vegetation comprises juniper as-
sociations in the Mojave sites and boojum tree (Fouquieria columnaris) associations in the 
Sonoran, low-elevation sites. Ages obtained from embedded remains or layers in the depos-
its (fi lled symbols) are a more robust indication of the period of deposition than bracketing 
ages (open symbols), and were used to constrain aggradation start (gray arrows) and duration 
(cross-hatched bars). All vegetation analyses correspond to macrofossil remains, except for 
the NN Basin (Koehler et al., 2005), with Juniper sp. Percent pollen data plotted as fi lled circles. 
All quoted uncertainty is 1σ, except for terrestrial cosmogenic nuclide data at 2σ. Details on 
methodology and references for all sites are given in the Data Repository (see footnote 1).



14 www.gsapubs.org | January 2013 | GEOLOGY

ACKNOWLEDGMENTS
The U.S. Army Research Offi ce (Contract No. 

DAAD19-03-1-0159) supported this research. Antinao 
was also funded by postdoctoral support funds from the 
Division of Earth and Ecosystem Sciences of the Des-
ert Research Institute (Nevada, USA). Discussions with 
and edits from D. Rhode, R. Kreidberg, D. Obrist, and 
S. Baker (Desert Research Institute) and two anony-
mous reviewers signifi cantly improved the manuscript.

REFERENCES CITED
Abrahams, A.D., and Parsons, A.J., 1991, Relation 

between infi ltration and stone cover on a semi-
arid hillslope, southern Arizona: Journal of 
Hydrology (Amsterdam), v. 122, p. 49–59, doi:
10.1016/0022-1694(91)90171-D.

Abrahams, A.D., Parsons, A.J., and Luk, S.-H., 1991, 
The effect of spatial variability in overland fl ow 
on the downslope pattern of soil loss on a semi-
arid hillslope, southern Arizona: CATENA, 
v. 18, p. 255–270, doi:10.1016/0341-8162(91)
90025-S.

Allen, C.D., and Breshears, D.D., 1998, Drought-
induced shift of a forest–woodland ecotone: 
Rapid landscape response to climate varia-
tion: Proceedings of the National Academy 
of Sciences of the United States of America, 
v. 95, p. 14,839–14,842, doi:10.1073/pnas.95
.25.14839.

Armstrong, P., Perez, R., Owen, L.A., and Finkel, 
R.C., 2010, Timing and controls on late Qua-
ternary landscape development along the east-
ern Sierra el Mayor, northern Baja California, 
Mexico: Geomorphology, v. 114, p. 415–430, 
doi:10.1016/j.geomorph.2009.08.005.

Buis, E., Temme, A.J.A.M., Veldkamp, A., Boeken, 
B., Jongmans, A.G., van Breemen, N., and 
Schoorl, J.M., 2010, Shrub mound formation 
and stability on semi-arid slopes in the North-
ern Negev Desert of Israel: A fi eld and simu-
lation study: Geoderma, v. 156, p. 363–371, 
doi:10.1016/j.geoderma.2010.03.005.

Bull, W.B., 1991, Geomorphic responses to climatic 
change: Oxford, UK, Oxford University Press, 
326 p.

Clarke, M.L., 1994, Infrared stimulated luminescence 
ages from aeolian sand and alluvial fan depos-
its from the eastern Mojave Desert, California: 
Quaternary Geochronology, v. 13, p. 533–538, 
doi:10.1016/0277-3791(94)90073-6.

Enzel, Y., Amit, R., Grodek, T., Ayalon, A., Lekach, 
Y., Porat, N., Bierman, P., Blum, J.D., and Erel, 
Y., 2012, Late Quaternary weathering, erosion, 
and deposition in Nahal Yael, Israel: An “im-
pact of climatic change on an arid watershed”?: 
Geological Society of America Bulletin, v. 124, 
p. 705–722, doi:10.1130/B30538.1.

Harvey, A.M., and Wells, S.G., 2003, Late Quaternary 
variations in alluvial fan sedimentologic and 
geomorphic processes, Soda Lake basin, eastern 
Mojave Desert, California, in Enzel, Y., et al., 
eds., Paleoenvironments and paleohydrology of 
the Mojave and southern Great Basin deserts: 
Geological Society of America Special Paper 
368, p. 207–230.

Harvey, A.M., Wigand, P.E., and Wells, S.G., 1999, 
Response of alluvial fan systems to the late 
Pleistocene to Holocene climatic transition: 
Contrasts between the margins of pluvial Lakes 

Lahontan and Mojave, Nevada and California, 
USA: CATENA, v. 36, p. 255–281, doi:10.1016/
S0341-8162(99)00049-1.

Hunt, A.G., and Wu, J.Q., 2004, Climatic infl uences 
on Holocene variations in soil erosion rates 
on a small hill in the Mojave Desert: Geo-
morphology, v. 58, p. 263–289, doi:10.1016/j
.geomorph.2003.07.016.

Koehler, P.A., Anderson, R.S., and Spaulding, W.G., 
2005, Development of vegetation in the Cen-
tral Mojave Desert of California during the 
late Quaternary: Palaeogeography, Palaeocli-
matology, Palaeoecology, v. 215, p. 297–311, 
doi:10.1016/j.palaeo.2004.09.010.

Kuhn, N.J., and Yair, A., 2004, Spatial distribution 
of surface conditions and runoff generation in 
small arid watersheds, Zin Valley Badlands, 
Israel: Geomorphology, v. 57, p. 183–200, 
doi:10.1016/S0169-555X(03)00102-8.

Mahan, S.A., Miller, D.M., Menges, C.M., and 
Yount, J.C., 2007, Late Quaternary stratigra-
phy and luminescence geochronology of the 
northeastern Mojave Desert: Quaternary Inter-
national, v. 166, p. 61–78, doi:10.1016/j.quaint
.2006.12.010.

Mayor, A.G., Bautista, S., Small, E.E., Dixon, M., 
and Bellot, J., 2008, Measurement of the con-
nectivity of runoff source areas as determined 
by vegetation pattern and topography: A tool 
for assessing potential water and soil losses 
in drylands: Water Resources Research, v. 44, 
no. 10, W10423, doi:10.1029/2007WR006367.

McDonald, E.V., McFadden, L.D., and Wells, S.G., 
2003, Regional response of alluvial fans to the 
Pleistocene–Holocene climatic transition, Mo-
jave Desert, California, in Enzel, Y., et al., eds., 
Paleoenvironments and paleohydrology of the 
Mojave and southern Great Basin deserts: Geo-
logical Society of America Special Paper 368, 
p. 189–205.

Miller, D., Schmidt, K., Mahan, S., McGeehin, 
J., Owen, L., Barron, J., Lehmkuhl, F., and 
Löhrer, R., 2010, Holocene landscape response 
to seasonality of storms in the Mojave Desert: 
Quaternary International, v. 215, p. 45–61, 
doi:10.1016/j.quaint.2009.10.001.

Negrini, R.M., Wigand, P.E., Draucker, S., Gobalet, 
K., Gardner, J.K., Sutton, M.Q., and Yohe, R.M., 
II, 2006, The Rambla highstand shoreline and 
the Holocene lake-level history of Tulare Lake, 
California, USA: Quaternary Science Reviews, 
v. 25, p. 1599–1618, doi:10.1016/j.quascirev
.2005.11.014.

Parsons, A.J., Abrahams, A.D., and Howard, A.D., 
2009, Rock-mantled slopes, in Parsons, A.J., 
and Abrahams, A.D., eds., Geomorphology of 
desert environments: Springer, p. 233–263.

Pierson, F.B., Bates, J.D., Svejcar, T.J., and Hard-
egree, S.P., 2007, Runoff and erosion after cut-
ting western juniper: Rangeland Ecology and 
Management, v. 60, p. 285–292, doi:10.2111
/1551-5028(2007)60[285:RAEACW]2.0.CO;2.

Quade, J., Forester, R.M., Pratt, W.L., and Carter, 
C., 1998, Black mats, spring-fed streams, and 
late-glacial-age recharge in the southern Great 
Basin: Quaternary Research, v. 49, p. 129–148, 
doi:10.1006/qres.1997.1959.

Raz Yaseef, N., Yakir, D., Rotenberg, E., Schiller, G., 
and Cohen, S., 2010, Ecohydrology of a semi-arid 

forest: Partitioning among water balance compo-
nents and its implications for predicted precipita-
tion changes: Ecohydrology, v. 3, p. 143–154.

Reheis, M.C., Slate, J.L., Throckmorton, C.K., Mc-
Geehin, J.P., SarnaWojcicki, A.M., and Den-
gler, L., 1996, Late Quaternary sedimentation 
on the Leidy Creek fan, Nevada-California: 
Geomorphic responses to climate change: Basin 
Research, v. 8, p. 279–299, doi:10.1046/j.1365
-2117.1996.00205.x.

Reheis, M.C., Reynolds, R.L., Goldstein, H., Rob-
erts, H.M., Yount, J.C., Axford, Y., Cummings, 
L.S., and Shearin, N., 2005, Late Quaternary 
eolian and alluvial response to paleoclimate, 
Canyonlands, southeastern Utah: Geological 
Society of America Bulletin, v. 117, p. 1051–
1069, doi:10.1130/B25631.1.

Reid, K.D., Wilcox, B.P., Breshears, D.D., and Mac-
Donald, L., 1999, Runoff and erosion in a pi-
ñon-juniper woodland: Infl uence of vegetation 
patches: Soil Science Society of America Jour-
nal, v. 63, p. 1869–1879, doi:10.2136/sssaj1999
.6361869x.

Rockwell, T.K., Lindvall, S., Herzberg, M., Mur-
bach, D., Dawson, T., and Berger, G., 2000, 
Paleoseismology of the Johnson Valley, Kicka-
poo, and Homestead Valley faults: Clustering 
of earthquakes in the eastern California shear 
zone: Bulletin of the Seismological Society 
of America, v. 90, p. 1200–1236, doi:10.1785
/0119990023.

Romme, W.H., Floyd-Hanna, L., and Hanna, D.D., 
2003, Ancient piñon-juniper forests of Mesa 
Verde and the West: A cautionary note for for-
est restoration programs, in USDA Forest Ser-
vice Proceedings RMRS-P-29, p. 335–350.

Sohn, M.F., Mahan, S.A., Knott, J.R., and Bowman, 
D.D., 2007, Luminescence ages for alluvial-
fan deposits in Southern Death Valley: Implica-
tions for climate-driven sedimentation along a 
tectonically active mountain front: Quaternary 
International, v. 166, p. 49–60, doi:10.1016/j
.quaint.2007.01.002.

Spelz, R.M., Fletcher, J.M., Owen, L.A., and Caffee, 
M.W., 2008, Quaternary alluvial-fan develop-
ment, climate and morphologic dating of fault 
scarps in Laguna Salada, Baja California, 
Mexico: Geomorphology, v. 102, p. 578–594, 
doi:10.1016/j.geomorph.2008.06.001.

Strickland, L.E., Thompson, R.S., Anderson, K.H., 
and Pelltier, R.T., 2005, Late Quaternary bio-
geographic and climatic changes in western 
North America: Evidence from mapped ar-
rays of packrat midden data: American Geo-
physical Union, Fall Meeting 2005, abstract 
PP11B-1470.

Yair, A., and Klein, M., 1973, The infl uence of sur-
face properties on fl ow and erosion processes 
on debris covered slopes in an arid area: CAT-
ENA, v. 1, p. 1–18, doi:10.1016/S0341-8162(73)
80002-5.

Manuscript received 14 May 2012
Revised manuscript received 11 June 2012
Manuscript accepted 14 June 2012

Printed in USA


