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EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

RATES OF SLOPE DEGRADATION AS DETERMINED FROM BOTANICAL EVIDENCE
WHITE MOUNTAINS, CALIFORNIA

By VALMORE C. LAMARCHE, JR.

ABSTRACT

Methods of calculating long-term rates of slope degradation 
have been developed by studying exposed roots in relation to 
age of ancient bristlecone pines in dolomite areas in the semi- 
arid White Mountains of east-central California. The Precam- 
brian Reed Dolomite, a closely jointed but homogeneous and 
relatively resistant bedrock unit, underlies parts of a fluvially 
eroded terrane of high local relief where drainage channels 
and interchannel ridges are major topographic features.

A subalpine bristlecone-pine forest covers dolomite areas be­ 
tween altitudes of 9,500-11,500 feet. A few living trees are 
known to be more than 4,000 years old, but the average age of 
trees studied isi about 1,000 years. Age determinations were 
made by counting annual growth rings. Uncertainties in as­ 
signed ages are due to incomplete growth records caused by 
weathering and decay of early formed wood and to the absence 
of certain growth increments in some samples.

Exposed tree roots are direct evidence of degradation. De­ 
veloping roots of bristlecone pines are concentrated in the upper­ 
most foot of soil and are uncovered and progressively exposed 
with time. Root exposure is due partly to the general lowering 
of the ground surface in the vicinity of a tree, but deep ex­ 
posure of roots on the downslope side is also caused by the 
damming of surflcial rock debris by the tree itself. The depth of 
root exposure, measured from the axis of an exposed root, must 
be corrected for local topographic changes related to the 
presence of the tree in order to estimate the minimum slope 
degradation.

Local degradational rates are estimated from tree or root age 
and depth of root exposure. Grouping of data from 76 bristle- 
cone pines at scattered points within a 20-square-mile area sug­ 
gests that degradational rates vary from place to place and 
reflect differences in the intensity of degradational processes 
that are closely related to existing topography. These rates 
range from less than 0.5 foot per 1,000 years on the gentle 
lower slopes of high ridges to perhaps 4 feet per 1,000 years 
along the adjacent steep banks of channels incised into alluvial 
fill. Degradational rates in crestal areas are high and ap­ 
parently increase with ground-surface slope, whereas those of 
the main valley side slopes are lower and are not closely related 
to slope angle.

The best estimates of long-term rates of slope degradation 
are those based on study of samples containing a relatively large 
number of specimens from small topographically homogeneous 
areas. A comparative study of 72 dated trees in two selected 
areas showed that a rocky knoll has been degraded at about 1.2

feet per 1,000 years during the past 2,700 years, whereas the 
average degradational rate on a long valley side slope has been 
only about 0.8 foot per 1,000 years in the same period. These 
rates of degradation are similar to denudational rates that have 
been estimated for comparable areas in other regions.

Slope degradation indicated by widespread exposure of root 
systems of bristlecone pines involves production and removal of 
large volumes of rock debris. Frost action is a prime factor in 
the breakdown of bedrock, in the development of miniature 
patterned-ground features, and in soil creep. Accumulations of 
surficial material behind logs and standing trees are evidence 
of rapid downslope movement of weathered material. Cloudburst 
floods transport coarse sediment in the stream channels and 
produce mudflows that reach the alluvial fans flanking the range.

Transport rates of products of rock weathering on slopes and 
in stream channels are concluded to be great enough to account 
for the estimated degradational rates. The Reed Dolomite ter­ 
rane seems to have been adjusted to the study production and re­ 

moval of rock debris under conditions of the past 3,000 years, 
and local degradational rates do not appear to have changed 
measureably in this period.

INTRODUCTION

Elevated areas of the earth's surface are gradually be­ 
ing lowered as rock debris is removed by degradational 
agents. Despite their importance in comparing past with 
present rates of soil erosion, natural rates of slope deg­ 
radation during the past several thousand years are 
little known (Leopold, 1956; Euhe and Daniels, 1965). 
Direct observations of slope degradation and channel 
erosion are inadequate or lacking, however, so that sedi­ 
ment sources within a drainage basin must usually be 
inferred from indirect evidence (Anderson, 1957; 
Glymph, 1954).

This report describes the development and applica­ 
tion of methods for obtaining long-term rates of slope 
degradation in areas where the exposed roots of old 
trees bear record of the prior levels of a progressively 
lowered land surface. The root systems of young trees 
of many species are concentrated at shallow depths. In 
time the roots will be uncovered and progressively ex­ 
posed if the soil that overlies and encloses them is re-
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342 EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

moved by erosional agents. The depth of root exposure 
and the age of the tree can be used to estimate the local 
degradation rate. Although based on study of bristle- 
cone pines (Pinus aristata Engelm.) in the White 
Mountains of California, the approach used in this re­ 
port is valid wherever the landscape changes signif­ 
icantly within the lifetime of individual trees. Where 
combined with other geomorphic evidence, knowledge of 
local degradation rates can be applied to the study of 
landscape evolution and to problems of sediment pro­ 
duction and transport.

No general agreement exists as to the usage of terms 
that refer to certain kinds of quantitative geomorphic 
changes. "Denudation" is widely used to describe the 
wearing down of a landscape. A denudation rate is often 
calculated from measurements of the sediment and dis­ 
solved load of streams (Corbel, 1959; Judson and Ritter, 
1964). The rate expresses only the time required for the 
removal of a hypothetical layer of certain thickness uni­ 
formly ditributed over the entire drainage area up­ 
stream from the point of observation. Degradation and 
local aggradation on slopes, in stream channels, and on 
floodplains within the area may all contribute to the net 
result.

Degradation means "The gradual lowering of the 
surface of the land by erosive processes * * *" (Rice, 
1940). In this report degradation refers to the actual 
decrease in altitude of the land surface, relative to a 
previous altitude, due to the production and removal of 
rock debris by weathering, mass-wasting, and erosion. 
The term "slope degradation," when applied to areas 
between permanent drainage lines and adjacent divides, 
is virtually synonymous with the term "hillslope ero­ 
sion" as used by Schumm (1964), but its use does not 
necessarily imply that flowing water is a dominant 
transporting agent.

The investigation of root exposure in relation to slope 
degradation in the White Mountains was limited to 
about 20 square miles underlain by the Reed Dolomite 
(Nelson, 1962) because the bristlecone pines are virtu­ 
ally restricted to areas underlain by this formation. The 
study area lies at an altitude of about 10,000 feet and has 
an average relief of about 500 feet; however, within the 
area, Blanco Mountain reaches an altitude of 11,278 feet. 
The area is drained by streams flowing into Deep Spring 
Valley, a small desert basin 10 miles to the east. The 
Blanco Mountain 15-minute quadrangle map of the 
U.S. Geological Survey shows the area, which is in the 
Ancient Bristlecone Pine Forest of the White Moun­ 
tain District, Inyo National Forest. The area is acces­ 
sible by road from Big Pine, Calif.

The investigation was begun in the summer of 1962 
with a reconnaissance study of about 100 trees. The work

included the determination of ages of root wood and 
stem wood by tree-ring dating techniques. Study results 
showed that exposed roots are a common feature of older 
trees and that root exposure is the result of lowering of 
the ground surface and of differential downslope soil 
movement. The methods developed in the initial study 
were then applied to intensive study of 83 trees in 3 
selected areas for comparision of rates and processes of 
degradation on contrasting types of slopes. These areas 
were mapped by planetable methods in 1963.

Rates of degradation were computed from the meas­ 
urements of root exposure and the age determinations 
from tree-ring dating. The significance of various degra- 
dational processes has been inferred from indirect 
evidence, such as bedrock characteristics, dimensions 
and detailed features of the drainage network, dimen­ 
sions and surface forms of slopes, textural and miner- 
alogical features of the surficial mantle, microtopo- 
graphic effects of vegetation, and climatic data.
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PHYSICAL SETTING

The study area consists of a fluvially eroded land­ 
scape where drainage channels and interchannel ridges 
are major topographic features. With its high local 
relief, sparsely vegetated slopes, and ephemeral stream 
channels, the area is similar to many other mountainous 
areas in semiarid regions. Mass-wasting processes and 
forms are ubiquitous but are restricted in scope to indi­ 
vidual hillside slopes. Despite the rare occurrence of 
runoff, the area is being denuded through the removal 
of rock debris by water concentrated in stream channels.

GENERAL GEOLOGY

The White Mountains form the northern apex of a 
wedge-shaped complex of fault-block ranges and closed 
basins that lies east of Owens Valley in east-central 
California (fig. 233). The range, triangular in outline, 
is a tilted fault block 50 miles long and 20 miles wide 
that has been elevated relative to the adjacent basins 
since late Tertiary time (Knopf, 1918). Flanked by 
coalescing alluvial fans, the straight steep western
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FIGURE 233. Study area, southern White Mountains.
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scarp faces the eastern scarp of the Sierra Nevada 
across Owens Valley, a deep structural depression. The 
range is bounded on the northeast by Fish Lake Valley 
and slopes gently to the southeast into Deep Spring 
Valley. The linear crest of the range, rising 2,000- 
10,000 feet above the basin floors, reaches its maximum 
altitude at White Mountain Peak (alt 14,246 ft).

The southern White Mountains are composed mainly 
of folded sedimentary and metamorphic rocks of 
Precambrian and Early Cambrian age (Nelson, 1962, 
Stewart, 1966) and of intrusive granitic rocks of prob­ 
able Mesozoic age (Nelson, 1963). These are locally 
overlain by thin Tertiary basalt flows and associated 
alluvium and pyroclastic beds (Nelson, 1963). The ma­ 
jor structural features are a broad south-plunging anti­ 
cline and a granitic batholith that underlies much of 
the eastern and northern parts of the range. The struc­ 
ture is very complex. There are many faults, some of 
large displacement, and faults of several different ages, 
or periods of movement, can be distinguished locally.

REED DOLOMITE

Within the area studied the Reed Dolomite of Pre­ 
cambrian age (Stewart, 1966) is composed entirely of 
dolomite (Nelson, 1962). Bedding is seldom visible be­ 
cause the rock shows little compositional variation or 
textural change. Gentle to moderately steep dips (20°- 
45°) are indicated by the attitudes of the upper and 
lower contacts of the unit. To determine lithologic 
variations within the dolomite, hand specimens were 
collected at 100-foot intervals along a paced traverse 
across the width of the Reed outcrop east of Reed Flat 
(fig. 235.) The samples range from very fine grained 
white dolomite to medium-coarse-grained gray dolo­ 
mite; some are oolitic. Thin sections were made of 5 
of the 25 samples. A typical sample is composed of 
interlocking anhedral dolomite crystals and a few scat­ 
tered silicate grains. Weathered surfaces of the rock are 
buff, cream-colored, or white. The light color of the 
weathered surfaces suggests that the dolomite has a 
fairly low iron content.

Intersecting joint sets, rather than bedding planes, 
determine the shape and appearance of bedrock out­ 
crops (fig. 234), and the rock breaks along preferred 
directions controlled by joint orientation. Measurements 
of 23 joints at 8 localities on the knoll east of Reed Flat 
gave the following results when plotted on a stereo- 
graphic projection: Two principal orientations at about 
N. 10° E., 40° W., and N. 30° E., 70° E., and a less fre­ 
quent orientation at N. 80° W., vertical. The spaces 
between parallel joints or fractures range from 1-2 
inches to several feet and seem to increase with slope 
of the bedrock surface.

FIGURE 234. Reed Dolomite outcrop showing prominent jointing. Tape 
is extended 1 foot.

TOPOGRAPHY AND DRAINAGE

The southernmost stand of bristlecone pines in the 
White Mountains occupies an area 6 miles long and 3 
miles wide that extends from Blanco Mountain on the 
north to Reed Flat on the south. Altitudes in the area 
generally range from 9,OOC to more than 11,000 feet. 
Most of the Reed Dolomite terrane (fig. 235) is drained 
by two eastward-flowing streams Wyman Creek on 
the north and Birch Creek on the south with drainage 
areas of 29 and 15 square miles, respectively. The slopes 
bordering Reed Flat and Coldwater Flat drain into 
these adjacent closed basins, which have a combined 
drainage area of about 2 square miles.

The main divide separating this area from the Owens 
Valley drainage to the west is underlain by the Precam­ 
brian and Lower Cambrian Campito Formation. An 
undulating ridge marks the outcrop of this resistant 
sandstone and shale unit. Parallel to, and a mile east of, 
the divide is a discontinuous ridge of the equally re­ 
sistant Reed Dolomite. Drainage from longitudinal val­ 
leys carved in the weak shale, thin-bedded dolomite, and 
limestone of the intervening Precambrian Deep Spring 
Formation is funneled into a few deep canyons that cut 
through the forested dolomite ridge. In the southern 
part of the area, folding and faulting of the Reed Dolo­ 
mite and the underlying Wyman Formation is reflected 
in a series of northeast-trending dolomite spurs sepa-
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rated by valleys in the less resistant Wyman argilite 
and platy sandstone.

The slopes in the study area show a variety of forms 
and surface features; most are straight or smoothly 
curving, but a few are sharply faceted. Eidge crests are 
generally narrow and smoothly rounded, but some are 
surmounted by rocky pinnacles and are actually bicon­ 
cave in cross profile. Outcrops, in the form of smooth 
surfaces and small cliffs, are typically limited to ridge 
crests and upper slopes. The lower slopes and valley 
bottoms are generally deeply mantled by colluvium and 
alluvium.

CLIMATE AND RUNOFF

The White Mountains are in the rain shadow of the 
Sierra Nevada. Eastward-moving winter storms, a ma­ 
jor source of precipitation in the region, are depleted of 
moisture by the high mountain barrier to the west 
(D'Ooge, 1955). The higher parts of the White Moun­ 
tains have a cold steppe climate, and the flanking valleys 
are classified as cold desserts (Kesseli and Beaty, 1959), 
having mean annual temperatures ranging from 56.0° F 
at Bishop )alt 4,108 ft) to 27.7° F at Barcroft Labora­ 
tory (alt 12,470 ft). Mean annual precipitation increases 
with altitude on the range, from 5.5 inches at Bishop to 
15.5 inches at Barcroft, and may reach 18-20 inches near 
White Mountain Peak. At the higher altitudes, precipi­ 
tation is mostly in the form of snow falling during 
October through May. Occasional intense rains are 
produced by summer thunderstorms.

The Crooked Creek Laboratory (alt 10,150 ft) of the 
University of California White Mountain Research 
Station is in the area, and daily weather observations 
have been recorded there since 1948. Shorter series of 
measurements, incidental observations, and estimates 
have also been made in the area (Kesseli and Beaty, 
1959; Mooney and others, 1962). Meteorological data 
from Crooked Creek Laboratory are graphically sum­ 
marized in figure 236.

Runoff from White Mountain watersheds is small 
owing to low precipitation and high potential water 
loss. Perennial streams are found only in those canyons 
that head in the highest parts of the range. Elsewhere, 
ground-water discharge maintains low summer flow 
only in some reaches of the major canyons. Most of the 
streams draining the White Mountains are ephermeral 
or intermittent; however, historical evidence discloses 
that occasionally heavy runoff occurs from many of 
these watersheds. Kesseli and Beaty (1959) summar­ 
ized the records of flooding in and adjacent to the White 
Mountains during the period 1872-1957. Cloudbursts 
during the months of July and August were responsible 
for 40 of the 63 reported floods. Most of the other floods,

distributed fairly uniformly throughout the rest of the 
year, apparently resulted from rapid snowmelt, often 
augmented by rainfall. Although the maximum 24-hour 
rainfall recorded at the U.S. Weather Bureau coopera­ 
tive stations within the mountains during the 10-year 
period ending December 31, 1962, was only 1.45 inches 
(Crooked Creek, July 24,1959), more than 8 inches of 
rain were caught in a portable rain gage during a 2-hour 
cloudburst in the northern White Mountains on July 
19, 1959 (Kesseli and Beaty, 1959, p. 23). This down­ 
pour, concentrated in an area of 1-2 square miles, gen­ 
erated a debris flow that moved for more than 3 miles 
down a canyon to the edge of the range.

SOILS AND SURFICIAL MATERIALS

A mantle of surficial debris overlies bedrock of the 
Reed Dolomite throughout most of the area studied. 
The mantle consists of the products of the mechanical 
and chemical breakdown of bedrock and of a small 
amount of organic material. It ranges in thickness from 
a few inches to perhaps 30 feet and is apparently thick­ 
est on the lower slopes and the valley bottoms. Texture 
of the mantle ranges from pebbly loam to coarse rub­ 
ble. Except locally, the mantle has not developed in 
place as a residual product of the disintegration of the 
immediately underlying rock. The thin veneer of debris 
on the upper slopes appears to be actively moving. The 
much thicker colluvial deposits on some of the lower 
slopes and the alluvial fill of the major canyons, de­ 
rived from adjacent slopes and tributary drainage areas, 
are now being dissected by stream action.

SURFACE FEATURES

The debris mantle is characterized both by broad- 
scale textural differences associated with topographic 
site and by local surface irregularity and textural in- 
homogeneity. Areas of relatively fine soil on gentle 
slopes show well-developed patterned-ground features, 
including miniature sorted stripes, miniature sorted 
polygons and nets, and stone-banked terraces (termi­ 
nology after Washburn, 1956). On the gentlest slopes, 
crude networks of pebbles surrounding elevated areas 
of fine soil form polygons or nets with individual cells 
from 3 to 6 inches in diameter. Sorted stripes consist­ 
ing of 2- to 5-incli-wide bands of silt and fine sand 
alternating with narrower, depressed, pebble stripes 
occur on steeper slopes of as much as 25° (fig. 237). 
Stone-banked terraces, elongate parallel to the slope con­ 
tours, and sorted steps, elongate downslope, are much 
larger features. These terraces average several feet in 
length and have borders, composed of pebbles and cob­ 
bles, as much as 1 foot high. The flat or gently sloping 
areas thus enclosed contain finer grained material sorted
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FIGURE 237. Miniature sorted stripes produced by frost action on gen­ 
tle (12°) south-facing slope. Miniature polygons are found In flat 
areas and sorted steps, on steeper slopes.

into miniature stripes or nets. Even larger, but less reg­ 
ular, patterns of sorting of surface material charac­ 
terize the steep sparsely vegetated slopes mantled by 
coarse debris. These are rock streams several feet wide 
and tens of feet long that have smaller fragments in 
the center and large pebbles and cobbles on the margins 
(fig. 238).

The patterned-ground features are actively develop­ 
ing. Tufts of grass and individual cushion plants have 
been overridden by small mud lobes and pebble streams. 
Grass, small plants, and even shrubs have been over­ 
turned and partly buried by downslope movement of 
the borders of terraces and steps. Eock streams have 
apparently been diverted by living trees and fallen 
logs. In a single winter, nonsorted miniature polygons 
formed in tire tracks that cross the silty sediment in 
Eeed Flat.

Patterned-ground development in arctic and subal- 
pine regions is generally attributed to frost action 
(Washburn, 1956). The miniature forms common in the 
White Mountains, more typical of tropical and sub­ 
tropical mountains, are associated with shallow frost 
penetration, ephemaral snow cover, and numerous di­ 
urnal freeze-thaw cycles (Troll, 1958). With 219 frost- 
change days per year, an average snow depth of only 
5 inches, and a mean minimum temperature of 22.3 °F 
(Pace, 1963), the climate at an altitude of 10,000 feet 
in the White Mountains favors rapid development of 
patterned-ground and intense but shallow frost action.

SOIL PROFILE

Development of a soil profile in the dolomitic mantle 
is weak even in the most favorable locations. Soil tex­ 
ture and mineralogy were studied in excavations in areas 
of relatively deep soil, gentle surface slopes, and small 
surface-particle size. Litter 0-1 inch thick overlies a

FIGURE 238. Rock stream, oblique upslope view. This elongate patch of 
fine-grained soil is moving downslope more rapidly than surrounding 
coarse rubble.

thin zone of reddish-brown soil containing numerous 
plant rootlets. This zone grades downward into a barren 
yellow to buff zone. At depths of 1-3 feet is a distinctive 
thin (1-4 in.) dark-brown zone filled with both dead and 
living plant rootlets. In contrast to the buff soil above 
and below, the dark-brown zone contains few pebbles 
and is uniform in texture.

Soil samples were collected from the walls of two ex­ 
cavations (fig. 235). Each composite sample represents 
from 6 inches to 1 foot of the profile, except in the dark- 
brown zone that was sampled separately. In addition, 
samples of the upper 6 inches of soil were collected at 
eight points along the slope transect described on page 
359. The air-dry samples, which had no preliminary 
treatment, were dry-sieved through a set of screens with 
openings of 4.76, 2.00,1.00, 0.25, and 0.065 mm; and the 
size fractions were weighed. The mineralogic compo­ 
sitions of selected size fractions of some samples were 
estimated. The content of silicate minerals was esti­ 
mated from residues insoluble in hot hydrochloric acid. 
X-ray diffractometer methods were used for semiquanti- 
tative mineralogic analysis of the bulk samples and the 
insoluble residues.

The samples from all but the dark-brown zone have 
similar textural and mineralogic features. Nearly half 
the soil is composed of particles smaller than 0.25 mm, 
and most of the remainder, of fragments larger than 2 
mm (table 1). The coarse fractions consist of dolomite
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pebbles; the fine fractions, of dolomite grains and minor 
amounts of quartz and feldspar and accessory mica, 
chlorite, and goethite (pseudomorphic after pyrite). 
The intermediate-size fractions, which typically make 
up less than 10 percent of total original sample weight, 
are composed mainly of root casts and aggregates of 
fine sand and silt cemented by calcite.

The dolomite (which makes up most of the soil), the 
goethite, and some of the silicate grains are derived 
from the mechanical breakdown of the Reed Dolomite. 
Some of the silicate grains could have come from small 
outcrops of sandstone and shale of the Deep Spring 
Formation upslope from all the localities examined. 
Alternatively, windblown silt could have been added 
to the accumulating colluvial mantle.

TABLE 1. Grain-size distribution of samples of dolomitic soil in 
the White Mountains

[Distribution of weight fractions (percent) by size (millimeters)]

Sample
Size range

<0.062 0.062-0.25 0. 25-1. 0 1. 0-2. 0 2. 0-4. 76 >4.76

SURFACE SAMPLES (TO 6-IN. DEPTH) FROM SLOPE TRANSECT

14................
15................
16.-       
17..      ..
18...  ..........
19.-     
20........  ...
21..       

10 
6 
6 

10 
9
g
5 
5

28 
20 
20 
23 
26 
33 
25 
29

5 
3
6 
8
g
6 
6 
8

2 
1 
2 
2 
6 
5 
5 
6

5 
6 
6 
6 

13 
10 
12 
15

50 
64 
60 
51 
37 
37 
47 
39

SOIL HORIZONS SAMPLED IN EXCAVATIONS
Upper

4..   ... .......
5..    _ ....
8 _ ..............
9..  ......... ...
10.-      
11..     

10
g

16 
7 

12 
3

22 
16 
18 
43 
19 
32

10 
6 
6 

10
g
7

2 
3 
3 
4 
6 
4

2 
5 
3 

10 
13 
10

54 
60 
49 
26 
41 
44

Dark brown
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The dark-brown zone is composed principally of 
aggregates of fine-grained calcite, but it contains a few 
dolomite pebbles and some fine-grained dolomite. Be­ 
cause this zone is parallel to the ground surface even 
in areas where the mantle is being incised by stream 
channels, and because it is locally connected to the up­ 
per dark zone by inclined layers of similar soil, it is 
thought to represent a true soil profile horizon that has 
developed in place, rather than a buried soil or accumu­ 
lative layer.

The cement of the aggregates and casts and the coat­ 
ing on pebbles seen throughout the soil is interstitially 
precipitated calcite. Calcite precipitation probably 
takes place in the late spring and summer, when the 
moisture content of the soil is reduced by evaporation 
and plant transpiration. The original source of the cal­ 
cium carbonate is apparently the clastic dolomite mak­ 
ing up most of the soil. Dolomite (CaMg (CO3 ) 2 ) 
dissolves congruently in water but rarely precipitates 
from dilute aqueous solutions under surface conditions 
(Garrels and others, 1960). Although seasonal precipi­ 
tation of calcite alone from water originally containing 
dissolved dolomite would lead to progressively higher 
concentrations of magnesium in soil solutions, no evi­ 
dence was found for the presence of secondary mag- 
nesian compounds in the soil. Perhaps periodic flushing 
by downward-moving water removes this dissolved 
magnesium.

A textural feature common to nearly all the soil 
samples is the bimodal distribution of particle sizes. If 
secondary aggregates in the intermediate size classes 
are disregarded, half of a typical sample is composed 
of dolomite pebbles and cobbles and half of very fine 
sand-size and silt-size dolomite and silicate grains. The 
two principal size classes reflect two distinct modes of 
rock breakdown the large multigranular particles, 
separation along joint and fracture surfaces, and the 
small dolomite fragments, dislodgement from individ­ 
ual crystals along cleavage planes.

The relative proportions of the two kinds of clastic 
particles are related to the kind of process that produces 
them. Frost shattering the result of the constrained 
expansion of freezing water is capable of dislodging 
particles in both size classes. The abundance of course 
debris, the meteorological evidence of frequent freeze- 
thaw cycles, and the widespread development of pat­ 
terned ground suggest that frost action is a primary 
mechanical weathering process in the White Mountains.

The growth of tree roots in fractures has clearly re­ 
sulted in the dislodgement of large bedrock masses from 
cliffs. Similar wedging action by plant rootlets may 
contribute to the breakdown of soil particles. Inter­ 
stitial crystal growth, colloid plucking, and other small- 
scale processes are probably active, especially within 
the soil. The processes of chemical alteration that are 
so active in the breakdown of silicate rocks are not 
operative except that of simple solution, the only such 
process that can affect the relatively pure dolomite.

VEGETATION

The broad pattern of plant distribution in the White 
Mountains is similar to that in other regions of high 
relief in the Southwest (Merriam, 1890). Four major
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vegetational zones can be distinguished (Mooney, and 
others, 1962) : desert scrub at altitudes below about 
6,500 feet; pinyon-juniper woodlawn from 6,500 to 
9,000 feet; subalpine coniferous forest from 9,000 feet 
to upper tree line, at about 11,500 feet; and alpine above 
tree line.

In detail, plant distribution is related in both kind 
and amount to topography, rock type, and soil and slope 
characteristics. The subalpine coniferous forest, which 
includes both bristlecone pine and limber pine (Pinus 
flexilis James), is neither continuous nor homogeneous 
within its broad altitudinal limits. Only scattered 
stands of conifers are found in topographically favor­ 
able locations underlain by limestone, shale, sandstone, 
or granite. These patches of forest, especially at lower 
altitudes, are composed mainly of limber pine. The 
dolomite areas support relatively dense continuous 
stands of bristlecone pine.

BRISTLECONE PINE

The bristlecone pine grows near upper tree line in 
many of the high mountain ranges of the Southwestern 
United States (Munns, 1938). Where geomorphic 
changes have been sufficiently rapid, the extreme longev­ 
ity of many bristlecone pines makes possible the study 
of local degradational rates over the past several thou­ 
sand years. The great age of some individual trees of 
this species was first discovered by Edmund Schulman 
in the White Mountains (Schulman, 1956), and by 1958, 
17 specimens more than 4,000 years old were known in 
this area. Other bristlecone-pine stands in California, 
Nevada, and Utah are also known to contain very old 
trees. Currey (1965) recently described a 4,900-year- 
old bristlecone pine in eastern Nevada. The White 
Mountains support one of the largest known bristle- 
cone pine stands containing a large number of old 
trees, but relatively few trees have attained extreme 
ages (in excess of 4,000 years), and some areas contain 
many acres of only young trees (< 500 years 
old). The oldest tree studied in this report is 3,100 years 
old, and the average age of those dated is only about 
1,000 years. Most of the very old trees are found in 
restricted sites, near the lower forest border or on rocky 
exposed ridge crests. The great age attained by conifers 
apparently growing under the most severe local condi­ 
tions has been discussed by Schulman (1954,1956).

The mature bristlecone pines have a great variety 
of sizes and forms. The trees in areas of high stand 
density are tall and straight. Each has a single stem 
that is circular in cross section and bark covered around 
the entire circumference. In contrast, the very old trees 
are isolated or are in more open stands. They are typi­ 
cally squat and gnarled and have many dead branches

and large areas of exposed deadwood. The bristlecone 
pines are not large because they grow slowly, adding 
only i/£-2 inches of wood along a given radius in 100 
years. The tallest specimen reported in the White Moun­ 
tains (Billings and Thompson, 1957) is only 60 feet 
high. The Patriarch, a multiple-stemmed tree near up­ 
per tree line, is 37 feet in circumference, although it is 
only 1,500 years old (Schulman, 1958, p. 358).

Living bristlecone pines are rarely overturned. There 
are many standing dead trees, however, and dating of 
the outermost growth rings shows that some died more 
than 1,000 years ago. These trees apparently fall only 
after the supporting roots have decayed or been under­ 
mined by deep erosion. Some long-dead trees, firmly 
rooted in bedrock fractures, have weathered to mere 
stubs. The extent to which dead roots have been pre­ 
served depends on the length of time that they have 
been exposed small branch rootlets are still present on 
roots that have been rapidly and recently uncovered. At 
the other extreme, the root systems of a few long-dead 
trees have been reduced to formless stubs projecting a 
few inches outward from the base of the stem.

The cool semiarid climate and the dense resinous na­ 
ture of the wood seem to be responsible for the unusual 
persistence of the exposed deadwood. The stems and 
branches of standing trees and the roots lying above the 
ground surface are usually sound. Dead roots, fallen 
logs, and branches partly buried in the soil have rotted. 
Conditions seem to be most favorable for decay on the 
relatively moist north-facing slopes, which have denser 
vegetation and are littered with organic debris.

TREE-RING DATING

Precise ages can be asigned to individual growth 
increments in the secondary xylem of bristlecone pines 
in the White Mountains. The dating method involves the 
counting and correlation of annual ring? exposed in 
cross sections or in cores taken with an increment borer. 
The method is based on the number of rings and on year 
to year variations in ring width that are correlative 
among most of the trees in the area.

During the summer growing season, new wood nor­ 
mally forms in a concentric sheath around a root or stem 
axis through activity of the canibial layer, which is 
immediately beneath the bark. Wood formed early in 
the season is light colored and possesses large thin- 
walled cells; wood formed toward the end of the growing 
season is much darker and has small thick-walled cells. 
A distinct annual layer is thereby defined, each layer 
appearing as a ring in transverse section. (See fig. 239.) 
The widths of rings formed in successive years differ. 
Certain years are characterized by narrow rings, not 
only at different points in the same tree, but also in most
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nearby trees. Thus, a common response to some factor 
affecting the total seasonal growth is indicated. In semi- 
arid regions the availability of soil moisture is thought 
to be a determining factor; relatively thin rings may 
represent dry years (Fritts, 1966; Schulman, 1956). 
The "sensitive" growth records of some bristlecone pines 
show large year to year fluctuations in ring width. Trees 
with more uniform growth have "complacent" records. 
Sensitivity is associated with a low average growth rate 
and is characteristic of trees growing on rocky exposed 
sites or near the lower forest border; it is also typical 
of old trees. The relation of site to ring-width variability 
in bristlecone pines in the White Mountains was illus­ 
trated by Fritts (1966).

Locally absent or "missing" rings are also associated 
with slow growth and high sensitivity. Such rings 
occur only locally, if at all, in many trees and may not 
be present in a particular sample. Kings which are 
absent in the growth records of sensitive trees are found 
to correspond to relatively narrow rings in more com­ 
placent records. False rings, representing more than one 
period of growth in a calendar year, can be distinguished 
from true annual rings (Glock, 1937, p. 10) and are 
rare in the White Mountains (Schulman and Ferguson, 
1956, p. 137); they have been noted only in the wood of 
very young trees.

Cross dating (Douglass, 1914) is the correlation of 
distinctive sequences of wide and narrow rings (fig. 
240). Simple ring counting yields precise dates only if 
no rings are missing from the sample, which must be 
from a, living tree and must include the outermost ring 
as a dating control. However ring sequences in a sam­ 
ple can be cross dated with those in a dated sample from 
the same, or from a different, tree. This permits the 
dating of virtually any piece of wood from an area, 
provided that dated samples with overlapping or con­ 
current growth records exist. To utilize the cross-dating 
properties of sensitive growth records, and yet retain 
the precise dating possible with complete, but com­ 
placent, records, a chronology is made. This is a graph 
of the variation of average ring width with time and is 
constructed from the growth records of many trees in 
an area of homogenous ring-width variation.

A chronology for the period from A.D. 300 to A.D. 
1954 was used in this study. It is based on the work 
(largely unpublished) of Edmund Schulman and C. W. 
Ferguson in the White Mountains. The chronology is 
similar to that published by Schulman (1956, p. 52), 
which is reproduced here in figure 239. Less precise con­ 
trol in the period prior to A.D. 300 is provided by sam­ 
ples from specimens with growth records extending 
back to about 2000 B.C. Distinctive sequences in these 
samples were dated by ring count and used to cross-date

old samples that do not overlap the period covered by 
the chronology. Dates prior to A.D. 300 obtained in this 
study are thus subject to an error due to the uncertainty 
in the number of locally absent rings in the control 
specimens. Experience in dating younger samples shows 
that 5-10 percent of the rings may be missing from 
growth records of highly sensitive trees. The older 
specimens can be more precisely dated when an ex­ 
tended chronology becomes available.

Through the use of cross dating and the building of a 
local chronology, the tree-ring dating method can be 
made very precise in terms of the reproducibility of 
the results obtained by independent study. But the va­ 
lidity of the calendar dates assigned to individual rings 
depends on the assumption that the growth increments 
represented in the chronology are annual rings. At least 
one line of evidence suggests that they are. Only one 
ring has been formed each year by most of the bristle- 
cone pines in the 10-year period since the first samples 
were collected by Schulman, as shown by comparison of 
samples collected in 1963 with the published chronology 
(Schulman, 1956, p. 52). In the Keed Flat area the out­ 
ermost rings in some of the bark-covered stumps of cut 
trees have been dated in the mid-1860's by cross dating 
with living trees in the vicinity; this date is corrobo­ 
rated by the fact that bristlecone timbers were used in 
a nearby mine first located in 1862 (Norman and Stew- 
art, 1951). Because the rings formed during this period 
are annual rings and do not differ qualitatively from 
those of earlier periods, it is felt that accurate dates can 
be assigned to growth rings in the wood of bristlecone 
pines.

Although the potential accuracy of the ring-dating 
method is great, definite limitations are inherent in it. 
Some trees, during long periods of extremely slow 
growth, have added only one-half an inch of new wood 
in 100 years. Such intervals are difficult to date because 
the component rings are only a few cells in width. Reso­ 
lution of individual rings is poor, and cross dating is al­ 
most impossible. It is also difficult to cross date samples 
in which numerous rings are locally absent. These prob­ 
lems can be partly overcome by sampling sectors of rel­ 
atively rapid growth within a specimen and by cross 
dating the samples in intervals of maximum growth 
rate.

The dating procedure did not include the actual 
measurement of ring width in wood samples. The razor- 
cut surface of the mounted sample core, daubed with tur­ 
pentine, was first scanned under low magnification for 
distinctive ring patterns of known age. Because the 
main objective was the dating of the specimen itself 
rather than the study of its growth record, the older 
part of a sample or the oldest sample from a given speci-
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annual ring. Chronology for White Mountains after Schulman (1956, p. 52).
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men, was studied first. If no obvious correlation was 
possible and if the sample included the outermost ring 
of a living tree, the sample was approximately dated by 
ring count. Frequently this led to the recognition of 
cross-dating sequences in which one or more rings are 
microscopic or locally absent. If not such outer control 
were present, as with samples from dead trees or logs, 
a skeleton plot was made showing the relative spacing of 
narrow rings (Glock, 1937, p. IT). By comparing the 
skeleton plot with similar plots made from dated 
samples, or with the chronology, cross dates were often 
obtained. Wood samples from nearly 200 specimens 
with an average age of over 1,000 years were dated by 
these methods.

AGE ESTIMATE

Weathering, erosion, and decay have destroyed the 
older wood of the stems and roots of many of the bristle- 
cone pines. Therefore, determination of specimen age 
requires an estimate of the timespan represented by the 
missing wood as well as the dating of that wood which 
is still sound. This estimate is based on the probable 
amount of radial growth missing and on the inferred 
average growth rate during the period.

The original center of secondary growth (stem or 
root axis) can be approximately located by inspection 
of the remaining wood. In the old trees with greatly 
reduced ratio of cambial area to total circumference, 
the growth layers formed after initial cambial reduc­ 
tion are not continuous and are not concentric about 
the axis. However, as shown by well-preserved speci­ 
mens, even these trees grew at a normal rate during an 
early period of up to several hundred years, forming 
an inner core 3-12 inches in diameter. Where portions 
of this early wood are preserved, the stem or root axis 
can be located at the intersection of projected branches 
or branch rootlets or at the intersection of the radii of 
curvature of concentric rings (fig. 240). Thus, the ap­ 
proximate distance from the end of radially directed 
increment core to the axis can be estimated.

Also, the average growth rate during the period rep­ 
resented by the missing wood is a source of uncertainty 
in the age estimate. Samples of sound wood show that 
most of the trees have an early period of relatively rapid 
diametral growth. For example, along one radius at a 
height of 4 feet, the main stem of a 3,000-year-old speci­ 
men added 3 inches of wood in the first 40 years of 
growth, but only 9 more inches in the succeeding 800- 
year period. However, this is an unusually rapid 
growth-rate decrease. The growth rate shown by the 
wood in the inner 1 or 2 inches of a sample was generally 
used to estimate the timespan represented by the miss­ 
ing wood near the axis.

269-085 O-67-3

Bar

Branch

1 FOOT

FIGURE 240. Transverse section of eroded stem showing the geo­ 
metrical basis for age estimation. The pattern of growth layers 
results from reduction of the ratio of cambial to total circum­ 
ference. An early period of concentric diametral growth is indi­ 
cated by the form of the inner rings. Many exposed roots show the 
same general features.

The estimated uncertainty in the age assigned to each 
specimen used in the study is given in tables 2, 3, 4, 
and 5; it averages about 5 percent of the determined 
age and is greatest for very old trees with large amounts 
of wood missing. The uncertainty in the age determina­ 
tions is comparable in magnitude to the uncertainties 
in the other measured quantities used in this work.

ROOT EXPOSURE AND SLOPE DEGRADATION

Exposed roots are direct evidence of degradation; 
unless a tree is overturned, its roots can become exposed 
only through removal of the enclosing soil. However, 
this evidence has been little used to investigate degrada- 
tional rates except where wind erosion is involved. Sey- 
bold (1930) described the exposure of pine roots to a 
depth of 5 feet in 80 years by shifting of dune sand in 
Holland; Hueck (1951) used the exposure of the root 
systems of shrubs to estimate rates of aeolian denuda­ 
tion in Patagonia. Deep root exposure is rarely seen on 
slopes degraded by mass-wasting and through erosion 
by surface runoff. Degradation proceeds too slowly to 
cause significant lowering of the ground surface within 
the relatively short lifetimes of most trees. The un­ 
covering and exposing of root systems, however, affects 
trees of several species in the White Mountains, includ­ 
ing a 1,000-year-old limber pine and a 1,700-year-old 
juniper (Juniperus sp.), as well as the old bristlecone 
pines. Root exposure is the direct consequence of shal­ 
low root development and the great age of these trees.



354 EROSION AND SEDIMENTATION IN A SEMIARID ENVIRONMENT

BOOT SYSTEMS

Bristlecone-pine roots can be seen in excavations and 
on overturned trees as well as exposed along the ground 
surface in the White Mountains. The root systems of 
mature trees are extensive but shallow. Mapping of 
roots exposed on the wall of a pit showed that more 
than Y5 percent are concentrated in the uppermost foot 
of soil (Harold C. Fritts, written commun., 1965). 
Small roots penetrate to depths of several feet, but 
vertical taproot development is rare. In common with 
trees in other areas (Stout, 1956), rapid longitudinal 
growth apparently takes place early in the life of a 
bristlecone pine. Several major roots extend outward 
from a center at the base of the stem. Individual roots 
are largest at the stem junction, and most taper to a 
diameter of less than an inch within 10 feet; but some 
sparsely branched roots were seen that extend 20 feet 
or more with little change in size. The root systems of 
trees growing in coarse rubble or rooted in bedrock 
fractures are less regular.

The close relationship of growing roots to the over­ 
lying ground surface is also demonstrated by exposed 
root systems that parallel the profile of the topography 
that existed at the time of root development. Where 
individual roots crossed preexisting topographic ir- 
regularites, such as those along ridge crests or at the 
edges of cliffs and steep banks, the exposed roots retain 
the original irregular form. Conversely, where local re­ 
lief has developed on a previously smooth slope, as 
adjacent to trees with asymmetrically exposed root sys­ 
tems (described below), the root system shows the 
original planar form.

EFFECTS OF EXPOSURE

The roots of woody plants grow in two ways longi­ 
tudinal extension by activity of the apical meristem is 
soon followed by secondary growth around the primary 
axis through the addition of successive layers of second­ 
ary xylem by the cambium (Esau, 1953). Only the ter­ 
minal parts of the young branch rootlets absorb soil 
water. The sheaths of secondary wood that make up 
most of a mature root serve first for conduction of fluid 
and later as supporting tissue. The structure of mature 
roots is thus very similar to that of the stems and 
branches.

Uncovering of a trunk root near the stem of a bristle- 
cone pine apparently has little immediate effect; how­ 
ever the terminal, water-absorbing parts of the root 
system function only within the soil; they die when ex­ 
posed, as can be seen along roadcuts and in excavations. 
Many of the naturally exposed roots dealt with in this 
study are also dead. The roots on the downhill side of 
a tree are uncovered more rapidly and more completely

than those projecting uphill or to one side. Many of the 
root systems in this downhill sector have not survived 
exposure.

BUTTRESS ROOTS

The development of a buttress form by individual 
lateral roots is a direct result of exposure (LaMarche, 
1963). These roots are high but relatively narrow in 
transverse section. A buttress root is bark covered only 
on the bottom and owes its asymmetrical form to sec­ 
ondary growth radially downward from the root axis. 
Only the narrow strip of bark along the base, with its 
underlying cambium and conductive tissue, connects 
vertical or inclined branch roots with the stem. Initial 
reduction of the cambial area follows the uncovering of 
the upper surface of the root. Continuous concentric 
growth rings can be seen around the axis of a well-pre­ 
served buttress root, but the growth layers that formed 
after cambial reduction are limited to the lower side of 
the root and terminate at the sides. This discontinuity 
in the form of the growth layers marks the approxi­ 
mate time of the initial root exposure.

All stages of buttress root development are seen. The 
degree of asymmetry depends on the diameter of the 
root when it is first exposed and on the period of time 
since its initial exposure, as well as on the average 
growth rate. Uncovering of a shallow root normally 
takes place several hundred years after longitudinal 
growth. This interval is the time required for the re­ 
moval of the overlying soil and is related to the original 
depth of root development and to the local degrada- 
tional rate. Eapid diametral growth is also a factor in 
early exposure of the upper surface of a root. The but­ 
tress form can be developed only by living roots; the 
roots of trees that died before exposure do not show this 
feature (fig. 241).

Uncovering of roots is not a recent phenomenon in 
the White Mountains, as is shown by the existence of 
buttress roots of different ages, stages of development, 
and depths of exposure. Koot exposure and buttress 
root development have been regularly associated with 
increasing tree age during at least the past 3,000 years, 
as it will be shown subsequently.

PROBLEMS OF MEASUREMENT 

CHOICE OF DATUM

Only the axis, or center of radial growth, of an ex­ 
posed root can be validly used to estimate the position 
of the ground surface as it existed at the time of root 
development. The top of a very shallow root may be 
uncovered simply as the result of increase in diameter 
with time. Although most developing roots are buried 
to a certain depth in soil that must be removed before 
the roots are uncovered, this depth is not known for ex­ 
posed roots. For any exposed root, all that is known is
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FIGURE 241. Stump of 350-year-old bristlecone pine that died about 
A.D. 1350. Many such standing snags in the Reed Flat area have been 
cut for poles. Lack of buttress root development shows that root ex­ 
posure has occurred since the tree died.

that- its axis developed within the soil and that the 
position of the root axis marks the minimum possible 
level of the original surface.

The depth of root exposure is the vertical distance 
from the root axis to the underlying ground surface 
(fig. 242). Use of an arbitrary figure representing the 
assumed initial depth of burial might improve the esti­ 
mate of local slope degradation for a single tree, but 
this may be unnecessary in an area where a large num­ 
ber of trees are studied. As shown in a subsequent sec­ 
tion entitled "Degradational Bates," data based on 
measurements of the depth of root exposure can be ex­ 
trapolated to estimate the average depth of root de­ 
velopment. In two separate areas this depth is shown 
to have been about one-half a foot, remarkably similar 
to observed depths of concentration of rootlets.

The point of inflection of the basal flare of a tree 
(fig. 242C) is commonly misidentified as representing 
the original ground level at which root exposure oc­ 
curred. This impression may be fortified by a pro­ 
nounced change in the character of the wood or bark at 
this point. However, this typical feature of mature 
forest trees bears no relation to degradation. Clearly 
the inflection point will migrate upward with respect 
to even a static ground surface as a consequence of in­ 
creasing stem and root diameter. If the inflection point 
is mistakenly used as the datum for measuring degrada­

tion, the degradational rates will be overestimated 
(fig. 243).

ASYMMETRICAL EXPOSURE

Asymmetrical root exposure causes large discrepan­ 
cies between maximum depths of root exposure and 
actual slope degradation. The root systems of most 
bristlecone pines on debris-mantled slopes have not been 
uniformly around each tree. Typically (fig. 244), there

Ground

.Stem

A. ROOTS DEVELOP

surface

Roots

B. ROOTS UNCOVERED

Original   v 0-     _ _z^_____. - -    /   T^CL:    "~  ______

Original

C. ROOTS EXPOSED

Inflection point

ground surface

FIGURE 242. Stages in development and exposure of a root system. 

Top of basal flare         ~2^=5:\       

Original level of      
ground surface

Level of root axis    

FIGURE 243. Cross section of exposed root near stem showing 
relation of root exposure to degradation.
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exists a gently sloping terrace on the uphill side of an 
old tree, and a concave hollow on the downhill side. 
Correspondingly, the roots upslope from the stem may 
be little exposed or may be buried, whereas those on 
the downslope side are deeply exposed. The ground sur­ 
face may drop 6 feet in a horizontal distance of only 
3 feet where the surrounding slope is at an angle of 
35° or less. As shown by the data in table 4, the maxi­ 
mum depth of root exposure is commonly three to four 
times greater than the slope degradation.

The prominent topographic discontinuity is caused 
by the damming effect of the trees and develops where 
the stem and roots impede the downslope movement 
of surficial rock debris. Material accumulates above 
the barrier, forming the terrace. The hollow results 
from the net removal of surficial debris downslope from 
the tree, and in many places bedrock is exposed in the 
hollow. Microrelief features and the orientation of peb­ 
bles in the surficial mantle show that the downslope 
flow lines are divided in the vicinity of such an obstruc­ 
tion and that material moving downslope passes on 
either side of the tree. Such topographic changes are 
not associated with deep root exposure in two situa­ 
tions: (1) where the root system extends only upslope 
or downslope, the exposed roots do not interfere with 
debris movement (fig. 245), and (2) where the roots 
of a tree growing on a ridge crest extend down opposite 
slopes subparallel to the directions of movement and 
show correspondingly symmetrical exposure (fig. 246).

FIGURE 244. Terrace and hollow due to dammtag effect of old tree. 
Maximum depth of root exposure is about 4 feet. Note rock fragments 
spilling over top of root at stem base.

FIGUBE 245. Root system symmetrically exposed because roots ex­ 
tended directly upslope. Centers of roots are alined parallel to slope 
but lie about 2 feet above surface a measure of degradation subse­ 
quent to establishment of tree.

"  "

FIGUEE 246. Root system exposed symmetrically because of location 
on ridge crest. Roots extend down opposite slopes subparallel to direc­ 
tions of movement of rock debris; damming effect is further reduced 
because volume of debris is small.
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Original ground surface

Plane of root development

Present ground surface

E

D

Maximum depth of root exposure 

Minimum slope degradation

FIGDRB 247. Slope profile in the vicinity of a tree with asymmetrically exposed roots. Shows terrace and hollow, approximate location of 
original ground surface, and basis for measurement of minimum slope degradation.

Asymmetrically exposed root systems also can be 
used to estimate slope degradation if the surrounding 
slope is smooth and regular. In a study of two selected 
areas, a downslope profile at a scale of 1 inch equals 10 
feet was made in the vicinity of each tree having an 
asymmetrically exposed root system associated with 
terrace and hollow development. Figure 247 shows that 
a line passing through the axis of the highest exposed 
roots lies above, but is parallel to, the line formed by 
projection of the present surface from points above and 
below the tree. The vertical distance (Z>) between the 
two lines approximates the minimum slope degradation 
(it does not include the original depth of burial) in the 
vicinity of the tree since the development of the root 
system. The vertical distance (E) between the root axis 
and the underlying ground surface is the maximum 
depth of root exposure. This depth is always found in 
the hollow on the downslope side and is always greater 
than the overall depth of degradation.

CALCULATION OF DEGRADATIONAL BATES

The study of an individual tree and its exposed roots 
can yield the maximum depth of root exposure and the

period of time since the tree's initial root develop­ 
ment. A rate of exposure calculated from these data 
generally will not be equal to the local rate of degrada­ 
tion during the same period. One source of error is the 
uncertainty as to the original depth of root develop­ 
ment, for the vertical distance from the axis of an 
exposed root to the present ground surface is only a 
minimum estimate of the total depth of material 
removed. This error is fairly large for young trees that 
have only incipient root exposure; the calculated rate 
of root exposure will be less than the actual rate of 
degradation. Where the root systems of trees growing 
on slopes have been asymmetrically exposed, the max­ 
imum depth of exposure may be much greater than the 
actual slope degradation. The increase in degree of 
asymmetry with size and age of tree introduces a large 
discrepancy between local degradational rates and the 
maximum rates of root exposure of many older trees. 
However, the study of individual old trees will give 
.rates of root exposure that approximate degradational 
rates if the root exposure has been symmetrical and if 
the axes of the highest exposed roots are used. An 
improved estimate of the local degradational rate, as
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indicated by the depth of root exposure of a single tree, 
can also be obtained, if the initial depth of root develop­ 
ment can be inferred.

DEGRADATIONAL RATES 

LOCAL BATES

Evidence of the progressive change in ground-surface 
altitude provided by the exposed roots of bristlecone 
pines was used to estimate rates of degradation in areas 
underlain by the Reed Dolomite. The problems of 
measurement and interpretation initially met with led 
to the refinement of methods used during the rest of 
the investigation. Early work was concentrated in 
1-square-mile area near Reed Flat (fig. 235). Attention

was focused on trees with deeply exposed roots and on 
those occupying special topographic sites.

Either a direct determination of root age or an esti­ 
mate based on stem age was made for each tree. In 
1962, 99 trees were sampled in the Reed Flat area and 
elsewhere in the White Mountains; some of the speci­ 
mens were not dated, and some are on other substrates 
and are not included in the results. The age determina­ 
tion, depth of root exposure, and local slope of the 
ground surface are listed in table 2 for each of the speci­ 
mens, and the results are graphically summarized in 
figure 248. The measured depths of root exposure 
range from 0 to 4.5 feet, and the estimated ages, from 
about 200 to 2,500 years. A general increase in the max­ 
imum depth of exposure with increasing age can be

A Mean values by 500-year age classes 

o Age from root sample 

n Age from stem sample 

  Minimum age estimate

1.5 2.0 
AGE, IN THOUSANDS OF YEARS

FIGURE 248. Relation of root exposure to age and probable range of local degradational rates.
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seen, but there are great differences in the rates of root 
exposure indicated by these data. The differences reflect 
not only different local rates of degradation, but also 
the effects of differences in the symmetry of exposure 
and in the original depth of root development.

TABLE 2. Age, root exposure, and site data for trees in scattered 
localities in southern White Mountains

Specimen
Age estimate (centuries)

Age Uncertainty

Depth of 
root 

exposure 
(feet)

Slope 
(degrees)

Root age from root sample

1   ........ ..... .....
2..    ..............
3          . .

6.  ............... ......
6        - .... .......

7    ....... .... ... ....

9       .....   . .... .
11  ....................
12.   ...................

13            
14..   ................
16.   ................

17..         
19            
20.           ,
22..  .................
23             
24..... ...................
67.... ....................
58             
61         

62........................
63             
64..... ...................
67 _ .... _ ............ .
68..  ...................

69            ..
71.   ..............
73         .

74...... ..................
76........................

78            
79   ...............
80           ..
81    ..............
84          .
91          
97    ..................

& n

3.8
11.7
12.1 
14.0 
14.5 
15.5 
7.5

1 12.1+

A 9

6.2 
25.0
10.0

o e

4.4 
5.3

i B n _i_

Q -I

8.5
1 Q K

5.0
19 ft
9 ft
9.5

1 Q Al

A K

Q A

A A

11 Q
9 A

«7.1
«7.8 

4.5
2 9. 5

6.0

7.0
6.5
8.0 
5.0
7.0

19.5
3 20.0+

5.0
24.0IH.O

0.5.1
.1
.3 
.3
.2 
.5 
.5

.1

.1
9 n
1.5

.1 

.1

0
.4

1.0

9 ft.1
1.0

.5

.2
0
.1
.5
.1

0 
1.0
1.0

.1

.5

.4
1.0

9 ft

1.0
1.5
1.5
1.7 
2.1 
1.3 
2.5 
1 4
9 O

.3
4.5
0 A

1.6 
1.5
.1

1.0

9 n
1.5
1.7
.5

1 Q

1.5
.5

.4

1.1

1 { 

1.5 
1.0

0
.1
.4

1.7
0 Q

1.5
Q 1

9 1

QO

9S
19

12 
12 
12 
12
QO

no

28
rjft

24
24 
17

40

30

20
14
OK

 JO

25
10

1 rt

20
1C

26 
10
20
21

20

6

91

24
00

Qfi

Tree age from stem sample

21..  ....  . ..........
51.        
59-      .... ..........
60   ..............
65   ..............

70.   ...................
76.          -..
95........................
96.            
98    ........ ......  
99          

1.8
8.8

«q fi

6.5
11.5

91 n
17.0

"20.0+
9.2

19 n
2 10. 5

0
0
.5-

1.0
.1

1.0
1.0

0

0.1

1.1
1.0
1.5
Q A

1.5
1.7
1 a

17
5

10
99

OA

QA

00

30
OK

1 Sample incomplete.
* Dead tree. Age based on cross dating.
3 Dead tree. Minimum-age estimate equals total number of rings counted.

SLOPE TRANSECT

The possible effects of topographic position on root 
exposure were studied in trees along a line that extends 
directly up a north-facing slope from the base of the

knoll east of Eeed Flat to the crest of the adjacent ridge. 
Each standing tree within 5 feet of the line was sampled 
for an age determination, and the depth of root exposure 
was observed; the results are listed in table 3. The slope 
profile, tree ages, and root exposure are shown graphi­ 
cally in figure 249.

TABLE 3. Age, root exposure, and site data for trees on slope 
transect, listed in order of increasing distance from, base of slope

[Ages based on stem samples]

Specimen

28               
9Q
30            
31.             
32.   -.. ------------

33               
34          
36               
36             
37..   ---------------

38...  ---------------
39..-.--     -------
40.            
41            
42             

43             
44             
45            
4fi
47           
48               

50... .......... . -..   .-.-
62              
63             

55            
56            

Age estimate (centuries)

Age

4.0 
1.9 
.8 

6.2 
1.5

1.9 
.5 

2.0 
10.2 
5.5

7.5 
6.5 
1.9 
6.5 
5.5

6.0 
7.0 

215.0+ 
12.5 
10.5 
6.1

14.0 
9.0 

10.0 
17.0 
7.0 
6.5

Uncertainty

0.1 
.3

.5 

.4

1.5 
.2

.5 

.1

.5 

.4 

.2

2.0 
.2 
.5 

1.0 
.4 
.3

Depth of 
root 

exposure 
(feet)

0

0.3

.3

.1

.6 

.4

.9

.8

.2 
1.4

.1 

.1

Slope 
(degrees)

7 
11 
3 

10 
18

18 
25 
28 
28 
30

32 
29 
31 
32 
35

34 
36 
36 
34 
33 
30

28 
36 
25 
29 
18 
16

i Indicates no roots exposed.
a Dead tree. Minimum age equals total number of rings counted.

The lower part of the slope, extending about 500 feet 
to the base of the main slope, is gently rolling; the aver­ 
age slope is about 10°. The line of profile crosses two 
depressions marking incised channels. The trees in this 
area are widely spaced, and the ground cover is rela­ 
tively dense. The main slope, rising 300 feet in a hori­ 
zontal distance of 500 feet, has a nearly linear profile 
with a slope of 30°. The surface of the ground is smooth, 
but the coarse soil is loose and readily dislodged. Litter, 
including th© stems of fallen trees, is abundant. The 
upper slope is distinctively convex in profile. Its ground 
surface is much rougher than that of the main slope 
below. Numerous outcrops and small cliffs protrude 
through the thin patchy veneer of surficial debris.

A striking relationship between tree age and location 
is shown in figure 249. The 6 trees on the lower slope 
have a mean age of 220 years; the 10 trees on the main 
slope, 520 years; and the 11 trees on the rocky upper 
slope, near the ridge crest, more than 1,000 years.

Comparison of tree age with depth of exposure shows 
that the roots of trees less than 500 years old have not 
yet been exposed, owing to either slow degradation or to
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FIGDEB 249. Slope profile, tree age, and depth of root exposure along slope transect.

great depth of development. Incipient exposure, where 
the roots on the downhill side are partly uncovered, is 
characteristic of trees in the 500- to 1,000-year age range. 
Only the fairly old trees have deeply exposed roots; 
however, the oldest trees do not show the greatest expo­ 
sure. Boots of two of the oldest trees, 1,400 and 1,700 
years old, respectively, are not now exposed. These spec­ 
imens, which are in the area of irregular topography 
immediately below the ridge crest, have been partly 
buried by lobate rock streams.

Although local rates of degradation, suggested by the 
depth and symmetry of root exposure, are apparently 
greatest on the upper slope, the conclusions that can be 
drawn from observation of an individual specimen are 
valid only for the limited area around that tree. Fur­

ther, the restricted distribution of trees old enough to 
show significant root exposure precludes strict compari­ 
son of degradational rates at different points along the 
transect. The average rate of degradation on this slope 
is probably less than half a foot per 1,000 years.

SELECTED AREAS

The initial reconnaissance study of individual bristle- 
cone pines showed that deep root exposure is generally 
associated with great age. It suggested that the rate of 
exposure is proportional to the local degradational rate 
but also depends on the depth of root development and 
the degree of symmetry of exposure. The great range in 
rates of exposure seems to be related to differences in 
degradational rates in different parts of the landscape.
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Inconsistencies in the results of study of nearby trees 
showed, however, that bias in specimen choice could lead 
to results that are not representative of an area much 
larger than that included within the root system of a 
single tree.

The purposes of the second phase of the study were 
to convert measurements of root exposure to estimates 
of slope degradation, to characterize local topographic 
environment closely, and to obtain unbiased samples of 
the trees in selected areas as a basis for generalization 
of the results. The approach used included the large- 
scale planetable mapping of two areas that represent 
contrasting slope types. The maps (plates 10 and 11) 
show the general outlines of exposed roots and of fallen 
trees, in addition to the topography. All the standing 
trees in one area and a large random sample in the other 
were studied. Each of the areas was selected because it 
has old bristlecone pines; the average age of 71 trees in 
the two areas is 1,100 years.

A third area, significant because it is incised by 
closely spaced drainage channels, was mapped at a 
smaller scale. The exposed root systems of six trees on 
low steeply sloping interfluvial ridges were mapped in 
great detail. These specimens were selected because they 
have deeply exposed roots; the trees have a mean age of 
1,450 years.

AREA 1

This area of about 2 acres is one-half a mile north­ 
west of Blanco Mountain (fig. 235) and lies at an alti­ 
tude of 10,500 feet. It is the west end of a hill of Eeed 
Dolomite that rises abruptly from a gentle sagebrush-

FIGURB 250. Area 1, as viewed from the west; B^an^u fountain is in 
background. Note abrupt change in type of soil and vegetation at base 
of triangular slope.

covered slope (fig. 250). A broad swale at the base of 
the hill slopes to the south, where it deepens and con­ 
tains a first-order drainage channel. The center of this 
topographic depression is also marked by a strong con­ 
trast in both vegetation and soils: on one side of the de­ 
pression is the dolomite slope with its sparse ground 
cover and scattered bristlecone pines, whereas on the 
other side is an unforested flat whose soil is composed 
of sandstone and shale from the slopes of County Line 
Hill, to the west.

The mapped area (pi. 10) includes the western slope 
of the hill and a broad north-sloping shoulder. The lin­ 
ear rocky crest is 100 feet above the base of the slope. 
Below the irregular cliffs along the crestline, the slope 
has a fairly smooth concave profile and an average slope 
of 20°. The ground surface of the hillcrest and of the 
subsidiary spurs is dolomite bedrock that has local ac­ 
cumulations of coarse rubble. Rock outcrops are nu­ 
merous, and the mantle is thin over large areas of the 
shoulder and the upper slopes. The mantle is thicker 
and more continuous on the lower slopes.

The mantle is fairly coarse textured and contains 
pebble- to cobble-sized angular dolomite fragments. 
The average surface-particle size, measured along each 
of four downslope transects, ranges from 14 mm, on a 
10° slope on the shoulder in the northern part of the 
area, to 33 mm, on a 22° slope extending down from the 
main hillcrest (fig. 251). There is an irregular decrease 
of grain size in the swale at the base of the slope, where 
the soil is a dolomitic sandy loam with few pebbles.

The surface of the debris mantle on the slopes is un­ 
even. The steeper part of the west-facing slope has 
poorly sorted stone-banked terraces, presumably re­ 
lated to frost action, but there are no miniature pat­ 
terned-ground features. Terrace and hollow develop­ 
ment is locally prominent adjacent to standing trees and 
to some of the large wood fragments that litter the 
slopes.

Three main groups of bristlecone pines can be dis­ 
tinguished. One group grows on the north-facing slope 
on the shoulder of the hill; the second group grows on 
the west-facing slope; and the third group, which in­ 
cludes the oldest trees in the area, grows on or immedi­ 
ately below the cliffs west of the hillcrest. There are 49 
standing trees in the area mapped. Stem core samples 
were taken from all specimens, and dating provided at 
least a minimum age estimate for all but four trees. The 
trees range in age from about 10 to 2,700 years and 
average nearly 1,000 years.

The root systems of most of the trees are uncovered 
or are at least partly exposed. The deep symmetrical ex­ 
posure of the roots of trees along the hillcrest (fig. 252) 
is especially striking. The minimum local slope deg-
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PARTICLE SIZE, IN MILLIMETERS 
29 15 30 24 8 98 13 5 1

21 3824 152727 6 27 6 5 1

PROFILE 2

125 40 35 4114 34 69 39 23
46

PROFILE 3

24523222 70 27 58
n=120 
Mean 32 mm

50 415043 21 7 18 16 14 12 19 14 3 1

n=100 
Mean 33 mm 

19 20 13 41 16 32

FIGURE 251. Slope profiles and results of particle-size measure­ 
ments. Each number represents mean of five measurements of 
intermediate dimension of rock fragments made at 2-foot intervals 
along line.

radation represented by the root exposure was meas­ 
ured directly where root systems were symmetrically 
exposed. It was obtained from the individually con­ 
structed downslope profiles for those specimens show­ 
ing asymmetrical exposure. These data, together with 
age determinations, are listed in table 4.

The minimum local slope degradation is plotted 
against specimen age in figure 253. The points are scat­ 
tered around a straight line representing a slope of 1.2 
feet per thousand years, the average degradational 
rate. The extrapolated average depth of exposure at 
zero age, based on a least-squares analysis of data from 
33 specimens, is one-half foot and represents the aver­ 
age initial depth of development of the roots. The

FIGURE 252. Exposed root of specimen 110. Depth of root exposure 
shown by comparison with 18-inch hammer. Exposed bedrock is 
broken up. Note symmetrical exposure of root of this 2,500-year-old 
tree.

analysis did not include data from 10 younger trees 
with no root exposure nor data from 6 specimens which 
were not reliably dated. Even though the trees are not 
distributed uniformly over the entire area, the results 
are thought to be representative of at least the crest and 
the upper slope areas.

TABLE 4. Data for trees in two selected areas 
[Ages from stem samples]

Specimen

Age data 
(centuries)

Age Uncertainty

E
Maximum 
depth of 

root expo­ 
sure (feet)

D
Minimum 
local slope 

degradation 
(feet)

Areal

101..
102.. 
103-
104..
105..

106.
107.
108.
109.
110.

111..
112.. 
113-.
114..
115..

116.
117.
118.
119.
120.

13. 0+ 
8.5 
4.8 
7.4

18.7
8.1
3.7
6.5

26.0

27.0 
7.6 
7.6 
9.5 
7.5

7.0 
4.5 
4.5 
7.5 
4.8

0.2 
.1 
.1

.5 

.2 

.1 

.2 
2.0

2.0 
.1 
.1

1.0 
.3

.2 

.4 

.3 

.1

.2

1.6 
1.2 
.4 

1.2 
1.8

2.0 
.8 
.8 
.1

3.2

3.2 
.8 
.6 
.8 
.4

.5

1.4
.7 
.1 
.4 

1.8

1.5 
.4 

0 
0 
3.0

3.2
.6
.3
.7

-.1

0

.5

See footnotes at end of table.
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TABLE 4. Data for trees in two selected areas Continued 

[Ages from stem samples]

Specimen

Age data 
(centuries)

Age Uncertainty

E 
Maximum 
depth of 

root expo­ 
sure (feet)

D
Minimum 
local slope 

degradation 
(feet)

Area 1 Continued

Area 2

121..... ..................
122.....    ..............
123..            
124..... ..... .......    
125..            

126.....     .... . .......
127.             
128..     .         
129...              
130......   ............

131....... ...... .... ......
132..    ....... ........
133.   .         
134..-....    ....... ....
135..           

136..        ..    -
137   .          
138.            
139              
140..   .          .

141..  ..................
142......      ........
143           
144....             
145..           

146             
147.....     ..... ......
148..            
149.....          ...

1.0
20.0
91 A

9 A

18.0

19.0+
20.0
15.5

.1
6.5

7.0
7.1

i 22. 5+
6.0

(2)

5.0
4.5

13.0
.1

9.0

.4
5.0

W
13.5
17.0

.6
(*)

.1

.2

.0
1.0
1.0
2 n

9 n

3 fi
9 n
0
.5

.5

.1

1.0

.5

.3
9 n
0
4 ft

0
.1

1.0
1.0

0

0
.1

(3)
1.7

.5
1.0

1.0
2.6
1.7

(3)
.7

1.5

2.2
.4

1.3

.8

.4
1.3

(3)
9 9

(3)
.6

1 9

2.5

(3)

3)
3)

1.7

.5
1.0

1.0
2.3
1.7

.7

i i

1.5
.4

1.3

0
-.1

.9

1 9

.3

1.1
1.3

150......................
151........ ....... ........
152.......................
153.......................
154.......................

155................ .......
156.......................
157...... .......... .......
158.......................
159  ....................

160.......................
161.......................
162.......................
163.... ...... .............
164.... ................ ...

165.......................
166.... ...................
167.......................
168......................
169.... ...... ..-..   .-. ..

170.......................
171..             .
172.... .   ..      ......
173.......    .......... .
174...... ................ .

175...... ............... ..
176...    ...    ...... ...
177  ................... .

5.5
5.0
5.5
2.5

17.0

4.0
420.0+

6.0
.8

11.0

122.0+
9 n

18.0
31.0

UO.O+

30.0
8.1

«30.0
20.0
17.0

8.5
18.0
10.6
IQ n
7.5

18.0
(2)

1.4

0.5
.4
.2
.1

2.0

0
2 0

.5
9 n
1.0

o n
.1

4 n
9 n
2.0

1.5
9 (\

.5
1.0
.5

9 n

0

(3)

/3\

(*1
0 a

(3)

5.4
.5

(')
1.6

(3)
1 ft

3 9
(3)

4.0

5.4
1 9
4 9

4.6
4.0

(3)
4.6
.8

1.0
1 9

9 A
.5w

0.7

1 9

0

1.1

.4

1 i

1.7
0
9 A
1 3
1 9

1 9

.4

.5

.1

1.1

1 Dead tree. Age based on cross dating.
2 Age not determined.
a No exposed roots.
4 Dead tree. Minimum age equals total ring count.

Systematic deviations from the average degrada- 
tional rate might be expected owing to the topographic 
inhomogeneity of the area. Figure 254 shows the esti­ 
mated rates of degradation, in feet per 1,000 years, at 
each sampling point. These values were obtained graph­ 
ically from the scatter plot of tree age and minimum

slope degradation (fig. 254). Through the point repre­ 
senting a given specimen, a line was drawn to the  0.5- 
foot mark on the ordinate (the approximate initial 
depth of root development). This line intersects the 
vertical line representing 1,000 years of elapsed time at 
some value, Z>, of minimum slope degradation. The ver­ 
tical distance between this point and the  0.5-foot 
point represents the degradation taking place in 1,000 
years at each point. Most of the values are within the 
range from 1.0 to 1.4 feet, regardless of specimen loca­ 
tion. The highest values are at points along the rocky 
crest and upper slope; there is some suggestion of a 
downslope decrease in degradational rate on the west- 
facing slope. However, because the estimated degrada­ 
tional rates vary widely from point to point and 
because these variations are not clearly related to topo­ 
graphic position, the author has concluded that no sig­ 
nificant trends in slope development can be inferred 
from these data.

AREA 2

Area 2 is a strip extending from a stream channel in 
a narrow alluvial flat to the crest of the adjacent ridge. 
This 1-acre area is representative of the steep side slopes 
of major canyons incised into the Keed Dolomite. It is 1 
mile east of Keed Flat in a canyon tributary to the South 
Fork of Birch Creek (fig. 255). The narrow alluvial 
flat is at an altitude of about 9,700 feet. The crest, 350 
feet above the base of the slope, is the end of a long 
dolomite ridge. There are no shrubs and only a few 
herbaceous ground cover plants on the slope. The only 
other vegetation is an open stand of old stunted bristle- 
cone pines (fig. 256 and pi. 11). The canyon has a "V- 
in-V" cross profile in this area, and the lower slopes are 
about 5° steeper than those above. The slopes are nearly 
linear in cross profile except at the narrow rounded 
crest.

Coarse soil forms a continuous mantle over the lower 
two-thirds of the slope. Bedrock is locally exposed on 
the upper slope and almost continuously along the crest. 
The surface consists mainly of large angular dolomite 
fragments (fig. 257) which have been sorted into rock 
streams or less regular elongate patches of contrasting 
textures. No measurements of particle size were made, 
but the surface material is noticeably coarser than in 
area 1 and is very unstable.

The slope surface has moderate local relief. On the 
lower part of the slope, microrelief features apparently 
reflect differences in the thickness of the mantle rather 
than bedrock irregularities. Upslope terraces and down- 
slope hollows have developed adjacent to many of the 
older bristlecone pines (fig. 244). The large maximum 
depths of root exposure (table 4) are related to this 
extreme asymmetry.
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  Tree living

o Tree dead age from cross dating

o- Tree dead minimum age from ring count

AGE (H, IN THOUSANDS OF YEARS

FIGURE 253. Age and minimum slope degradation for area 1. Average age of 10 trees with no exposed roots is about 125 years. Line 
fitted by least squares gives average degradational rate of about 1.2 feet per 1,000 years; intercept with vertical axis at T=0 gives 
average depth of root development of about one-half foot.

All trees on the slope and the alluvial flat were in­ 
cluded in the mapping. From a total of 80 standing 
trees, 28 (including 2 on the flat) were selected for de­ 
tailed study by means of an overlay of randomly plot­ 
ted points. A minimum-age estimate was obtained for 
26 trees; they range from 80 to 3,100 years in age. 
Measurements of the maximum depth of root exposure, 
estimated local degradation, and estimated tree age are 
given in table 3.

The relation of local slope degradation to tree age 
is shown in figure 258; six trees with a mean age of only 
380 years show no root exposure, and two are incom­ 
pletely dated. A straight line fitted to the rest of the 
plotted points indicates an average degradational rate

on the slope of about 0.8 foot per 1,000 years and an 
average depth of root development of one-half a foot. 

The distribution of estimated values of local degrada­ 
tional rates was plotted and mapped for areas 2 and 3, 
which lie on opposite slopes of the same canyon (fig. 
259). Most of the values for the local degradational rate 
at points in area 2 ranged from 0.5 to 1.0 foot per 
1,000 years. Neither the crest nor the lower part of the 
slope are well represented by points, partly reflecting 
the actual distribution of old trees and partly owing 
to the random sampling method used. (Compare with 
fig. 256.) A stratified sampling procedure would have 
been a more effective method of study. Little evidence 
was found to suggest a systematic downslope change
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AREA 1

100 FEET

FIGURE 254. Distribution of values of estimated local degradational 
rates, in feet per 1,000 years, in area 1.

FIGURE 255. Valley tributary to the South Fork of Birch Creek. View 
is toward the south. Area 2 extends from channel in -center of photo­ 
graph up the light-colored slope to the ridge crest at left; area 3 is 
on lower part of opposite slope.

FIGURE 256. Upper part of area 2, View is toward the southeast. Low 
density of trees and absence of ground cover are typical of stands of 
old bristlecone pines.

FIGURE 257. Surficial mantle in area 2. Scale shown by 6-inch rule. 
Beneath surface, angular dolomitic rubble has matrix of finer soil.
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FIGURE 258. Age and minimum slope degradation for area 2. Average age of six trees with no exposed roots is about 375 years; data for 
two trees on alluvial flat at base of slope are not included. Line fitted by least squares gives average degradational rate of about 0.8 
foot per 1,000 years; intercept with vertical axis at T   0 gives average depth of root development of about one-half a foot.

FIGCBB 259. Distribution of values of estimated local degradational rates, in feet per 1,000 years, in areas 2 and 3, and slope profile of
area 2.
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in degradational rate in the upper two-thirds of the 
area. Three specimens in the lower third give relatively 
low values of local degradational rates, perhaps indicat­ 
ing that the rates have been lowest in the lower part of 
the area, above the slightly oversteepened slope at the 
base.

AREA 3

Area 3 is distinctly different from those previously 
discussed. Although it is nearly opposite area 2, on the 
southeast-facing slope of the same canyon, area 3 does 
not have the same smooth to irregularly hummocked 
appearance. Instead, it appears to be corrugated be­ 
cause it is incised by steep straight drainage channels 
(fig. 260) in smoothly rounded miniature valleys. The 
channels head higher up on the slope, about 200 feet 
from the ridge crest. A map of a 2-acre area on the lower 
slope, with an average slope of 28°, is shown in figure 
261.

Bristlecone pines and a sparse cover of shrubs and 
smaller plants grow on the slope. Some of the older trees 
growing on low, rounded interfluvial ridges show deep 
and extensive root exposure (fig. 262). The root systems 
of six of these trees, which range from 1,100 to 1,900 
years in age (table 5), were mapped in detail (fig. 263), 
and the depth of root exposure was measured at many 
points on each. The average and maximum depths of 
exposure and the estimated ages are given in table 5.

TABLE 5.   Age and root-exposure data for trees in area 3

Specimen

183        
184 .       
185..................
186.......   ......
187         
188         

Age data (centuries)

Age

13.5 
19.3 
11.0 
13.3 
13.0 
17.5

Uncertainty

0.5 
.3 

2.0 
.5 

1.0 
.5

Root exposure

Number of 
measure­ 

ments

14 
14 
9 

16 
17 
15

Mean 
(ft)

0.9 
1.3 
.8 

1.1 
1.2 
1.2

Maximum 
(ft)

1.9 
2.5 
1.7 
2.3 
2.4 
2.4

FIGURE 260. Part of area 3, viewed upslope. Shallow swales and 
rounded interfluvial ridges give slope a corrugated appearance. 
Trail in foreground.

The exposed root systems generally parallel the pres­ 
ent ground surface; thus, the valley-and-ridge topog­ 
raphy must have existed as much as 1,900 years ago, 
when the root system of specimen 184 was developing. 
The symmetry of exposure, however, is different from 
that shown by trees on unchanneled slopes. The depth of 
exposure here varies radially from the base of the stem, 
reflecting the bilateral symmetry in the directions of 
movement of material away from the sloping miniature 
crest. The depth of exposure is least immediately up­ 
slope from the stem, where a narrow terrace exists; it is 
greatest on the downslope side. The results are sum­ 
marized graphically in figure 264. For each specimen, 
the maximum depth of exposure is about twice the 
average depth of exposure, reflecting the asymmetry dis­ 
cussed above. The average depth of root exposure is a 
fair measure of the local degradation of the crest in the 
vicinity of each tree. As shown in figure 264, a trend line 
through paried values of age and average depth of ex­ 
posure for these trees is flatter than one originating at 
zero time and zero exposure. This trend suggests that 
the degradation of this slope has not proceeded uniform­ 
ly with time.

COMPARISON

Measurements of root exposure, minimum slope de­ 
gradation, and elapsed time obtained by the same meth­ 
ods and based on comparable samples can be directly 
compared for areas 1 and 2. The results have previously 
been reduced to estimates of local degradational rates 
for each area (figs. 254,259). The frequency distribution 
of this measure of degradational rate in the two areas 
is shown in figure 265. The modal value for area 1 is 
clearly greater than that for area 2, corresponding to 
the average degradational rates (obtained by least- 
squares analysis) of 1.2 and 0.8 feet per 1,000 years, 
respectively.

The rocky crestal areas and relatively short gentle 
slopes of area 1 are being degraded at a significantly 
greater rate than the long steep valley side slope rep­ 
resented by area 2. Confidence intervals can be com­ 
puted (Wal-lis and Eoberts, 1956) for the regression 
lines fitted to data from each area. In figure 266, the 95- 
percent confidence bands for the lines do not overlap
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EXPLANATION

Location only

183

Mapped in 
detail

Bristlecone pine

Planetable map by V. C. LaMarche 
and 0. F. Huffman, August 1963

CONTOUR INTERVAL 5 FEET 
DATUM ASSUMED

TOPOGRAPHIC MAP

SLOPE PROFILE

CROSS-SLOPE PROFILE

160'-

120'-

180

FIGURE 261. Location of trees studied In area 3, and profiles of area 3.
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FIGURE 262. Specimen 184 in area 3. Depth of exposure of root in fore­ 
ground is about 2.5 feet, shown by comparison with stadia rod. Tree, 
which is 1,900 years old, is on crest of low ridge that extends down 
the main slope.

except near their point of convergence, at low values 
of the variables.

RELATION TO TOPOGRAPHY

Differences in the long-term degradational rate from 
place to place within an area underlain by a homogen­ 
eous formation are clearly related to differences in to­ 
pography and reflect variations in the intensity of 
degradational processes. The local rate of degration is 
not solely dependent on the slope of the ground surface 
but is also related to the geomorphic setting of the point 
of observation. Comparison of data obtained in two 
areas showed that a gently sloping knoll may be de­ 
graded more rapidly than a long steep slope (table 6). 
Grouping of many local estimates of degrational rates 
by slope and site classes (table 7) substantiates these 
results. In general, rocky ridge crests, upper slopes, and 
steeply inclined spurs are being degraded more rapidly 
than the long valley side slopes. Furthermore, where 
degradational rates in crestal areas apparently increase 
with increase in slope angle, the main slopes are de­ 
graded at fairly constant rates that do not vary system­ 
atically with slope angle.

TABLE 6. Summary of degradational rates and topographic 
characteristics in three selected areas

Area

1
2
3

Number of 
specimens 

dated

43
26
6

Sampling 
method

Total....-...-.

Average 1 
slope 

(degrees)

20
38
28

Degrada­ 
tional rate 

(ft per 
1,000 yr)

21.2
3.8

Topographic 
character

Gullied slope.

1 Mean of measurements, vicinity each specimen.
2 From least-squares analysis of data from 33 trees, 
s From least-squares analysis of data from 15 trees. 
* Estimated from mean 1,000-year degradation.

TABLE 7. Degradational rates for slope classes in crestal areas 
and on main slopes

[Rates estimated from mean values of age and root exposure for specimens listed in 
tables 1 and 2]

Slope Number of 
observations

Age (thou­ 
sands of 
years)

Exposure 
(ft)

Estimated 
degradational 
rate (ft per 

1,000 yr)

Crestal Areas

Very steep __ __ __

9

16

13

2

0.65

1.00

1.13

1.70

0.2

1.0

1.5

2.8

0.3

1.0

1.3

1.6

Main slopes

13

6

0.87

.86

0.7

.4

0.8

.5

The dolomite areas being degraded most slowly, if at 
all, are the gentle, lower slopes of high ridges, illus­ 
trated in figure 249. Direct evidence of degradational 
rates in this topographic setting cannot be cited, be­ 
cause the maximum ages of trees at these sites are low. 
The trees apparently do not survive long enough to 
show significant root exposure, although several bristle- 
cone pines on gently slopes (<10°) have attained ages 
of about 1,000 years. Low rates of slope degradation 
can also be inferred from the development of a soil 
profile in the surficial mantle of these areas.

Of special geomorphic interest is the evidence of the 
breakdown of bedrock in progressive and relatively 
rapid degradation of the ridge-crest areas. The crests of 
high ridges on Reed Dolomite range in character from 
angular and irregular to gently rounded and fairly 
smooth. Bedrock outcrops are abundant, and the soil 
is coarse and patchy. Small cliffs steep bedrock faces 
as much as 10 feet high and 50 feet long have formed 
on the upper slopes of most ridges and along the crests 
of steeply inclined spurs. The shape and the appearance 
of such cliffs are controlled by the spacing and orienta­ 
tion of joints. Overturning of trees has accompanied
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FIGURE 264. Comparison of average and maximum depths of root 
exposure of trees in area 3. Average values approximate slope 
degradation.

the dislodgement of bedrock masses, showing that large- 
scale mass movement is occurring locally. Less cata­ 
strophic cliff retreat also takes place at a rate similar to 
that of debris-mantled slopes. The roots of a tree near 
upper tree line, 12 miles north of Eeed Flat, extend 20 
feet down a 45° cliff. These roots, which apparently 
followed fractures, have well-developed buttress forms 
and are exposed to a depth of 1.5 feet. A talus slope with 
fragments as much as a foot in diameter mantles the 
foot of this low bedrock face. The buttress root of an­ 
other tree, about 800 years old, is exposed to a depth of 
1 foot along a 40° bedrock surface above a high talus 
slope. Root exposure is seen above steeply inclined but 
thinly mantled bedrock surfaces and gently sloping out­ 
crops, as well as along cliffs. The trees are firmly rooted 
and cannot have been elevated relative to the under­ 
lying rock. The surfaces are too steep, in many places, to 
have had a thick veneer of soil or rubble at the time 
of root development. Thus, root exposure must be due 
to the breakdown and removal of bedrock.

The steep embankments bordering the channels in­ 
cised into the alluvial and colluvial valley fill are re­ 
treating more rapidly than valley side slopes of com­ 
parable steepness. The roots of two trees (specimens 2, 
17) growing along the edges of embankments in the

AREA 1

20

10

AREA 2

I
0.5 1.0 1.5 2.0 

LOCAL DEGRADATIONAL RATE, IN FEET PER 1000 YEARS
2.5

FIGURE 265. Comparison of degradatlonal rates in areas 1 and 2, 
as indicated by frequency distributions of local values of degrada- 
tional rates.

Reed Flat area were studied in detail. The root systems 
have been differentially exposed the roots projecting 
down the steep bank have been deeply exposed, but 
those projecting upslope have not yet been uncovered. 
Although youthful in appearance, these steep-walled 
inner valleys (which locally form a ramifying gully 
network) are not recent features of the landscape. Not 
only do 800-year-old roots parallel the banks, but trees 
1,000 years old or more grow within the local areas of 
erosional topography. On the basis of present rates of 
development, however, channel cutting in the headwater 
areas of the White Mountains probably began less than 
10,000 years ago.
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FIGURE 266. Comparison of degradational rates in areas 1 and 2. 
Heavy lines represent least squares fit to scattered data. Shaded 
areas represent 95-percent confidence bands for lines.

DEGRADATIONAL PROCESSES AND EVIDENCE 
OF MOVEMENT

The land surface at some places in areas underlain 
by the Reed Dolomite has been lowered a few inches to 
several feet in the past 3,000 years; consequently, a 
large volume of rock debris must have been removed 
from these areas to account for the calculated slope deg­ 
radation. The significance of mechanical weathering in 
the breakdown of bedrock can be inferred from the 
texture and mineralogy of the surficial mantle. Textural 
and microrelief features of the mantle suggest that 
downslope movement was rapid. Also, evidence indi­ 
cates that large volumes of sediment are moved in 
stream channels during rare floods. In most of the area 
the movement of rock particles must take place at or 
near the surface of the mantle of surficial debris that 
overlies the dolomite bedrock. The massive, competent 
character of the rock and the absence of a mechanically 
weak, chemically weathered upper bedrock zone pre­ 
clude bedrock creep and large-scale slumping. Neither 
chemical solution, whose action is minimal under the 
cool dry conditions, nor wind erosion seem to be signifi­ 
cant mechanisms. The shallow mass-wasting and rapid 
erosion that occur during infrequent cloudbursts ap­ 
parently cause most of the degradation.

Evidence of movement of weathering products on 
the dolomite slopes is abundant, but the effects of ero­ 
sion and mass-wasting are difficult to distinguish. 
Movement of rock debris by flowing water concentrated 
in channels may be more significant in the long-term 
degradation of the Reed-Dolomite slopes than is indi­ 
cated by the low drainage density of about 6 miles per

square mile. In a few local areas there are numerous 
closely spaced drainage lines. Runoff from infrequent 
intense storms possibly causes the headward extension 
of existing streams and the development of gullies on 
previously smooth slopes. Because the recurrence in­ 
terval of flood-producing rainfall at any given point in 
the White Mountains seems to be about 50-100 years, 
according to historical evidence, such gullies would be 
healed by mass movement and slope wash in the inter­ 
vening periods.

DEBRIS DAMMING

The terraces and hollows adjacent to old bristlecone 
pines are evidence that differential downslope move­ 
ment of material has taken place. Similar features are 
the terraces that extend upslope from the trunks of 
fallen trees that lie across the slope and act as debris 
dams (fig. 267). The terrace surface is nearly horizon­ 
tal, even where the surrounding area slopes steeply; and 
at many places, soil seems to be spilling over the top of 
the obstruction. An attempt was made to date such 
logs in order to estimate rates of accumulation; how­ 
ever, this was found to be impractical because the trees 
commonly remain standing several hundred years after 
they die. The date of the outermost ring in a log is a 
poor guide to the length of time that the log has been on 
the ground. The fact that such ephemeral features as 
logs do act as temporary barriers to downslope move­ 
ment shows that the movement is frequent or continuous

to*1  
-".-«. Js _ «*..-,. ! 

*"<*^- W,«r ..-^^-*

FIGURE 267. Log that forms debris dam on slope; longitudinal view. 
Ground surface drops about 1 foot across this barrier to downslope 
movement of rock debris.
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and that it is shallow; there is no evidence that debris 
is moving beneath these logs, and only on the steepest 
slopes do the fallen trunks appear to be moving down- 
slope. The material composing the terraces could thus 
have been transported by shallow mass-wasting or by 
surface runoff or both.

ASYMMETRICAL BOOT EXPOSURE

The maximum depth of root exposure in the hollow 
below an old bristlecone pine is a measure of the rate of 
movement of rock debris on the slope. The results of 
measurements of the maximum depth of exposure for 
trees with asymmetrically exposed roots are given in 
table 3. The rate of root exposure was calculated for 
each area by least-squares analysis of these data. Al­ 
though the degradational rate is greater in area 1 than 
in area 2, the maximum rates of root exposure are about 
1.0 and 1.7 feet per 1,000 years, respectively; these rates 
reflect the extreme asymmetry of root exposure in area 
2. Although the significance of the results is not im­ 
mediately clear, the differences must be related to the 
differences in the slope gradient in the two areas; the 
average slope angle, measured in the vicinity of each 
of the specimens on which the results are based, is only 
20° in area 1 but is 38° in area 2. Another notable dif­ 
ference is the distance downslope from the ridge crest 
to the points at which the measurements were made; 
this averages 200 feet in area 2 but only about 100 feet 
in area 1. However, within each area, there is no dis­ 
cernible tendency for the rate of root exposure to in­ 
crease either with increasing slope of the local ground 
surface or with distance downslope.

A possible interpretation is that different processes 
are dominant in the two areas. Thus, it may be that the 
terrace and hollow can result only from mass movement 
and that the effect of the transport of sediment by water 
flowing over the ground surface would be to erase this 
topographic inhomogeneity. The degree of asymmetry 
of root exposure would then depend on the balance 
between the opposing processes. This is an attractive 
alternative because of the surface characteristics of the 
surficial mantle in the two areas. Although there are 
large rock fragments on the slopes of area 1, there is no 
continuous veneer of very coarse debris; large areas of 
the ground surface are silty in texture. Further, the 
presence of silty dolomitic sediment in the swale at 
the base of the slope shows that selective transport of 
debris is taking place on the slope, probably by surface 
runoff carrying only the smaller particles. In contrast, 
the upper 2-10 inches of the mantle in area 2 is com­ 
posed exclusively of relatively large fragments that are 
very loosely packed and have a large interstitial vol­

ume. A rainfall intense enough to produce runoff on 
the surface of the compacted, relatively fine grained 
soil of area 1 could be expected to flow downslope 
within the veneer of rubble mantling the slope in area 
2 without attaining great velocity or significant above- 
surface depth. Such interstitial water could, however, 
be expected to cause downslope movement of saturated 
debris masses. The slope material is at the angle of 
repose (35°-40°) when dry; the lubricating and buoy­ 
ant effects of water might cause the material to move.

DEBRIS LOBES AND FANS

Evidence for recent movement of rock debris in 
ephemeral stream channels is widespread in the White 
Mountains. Much of the sediment produced by drainage 
basins in the range reaches the alluvial fans along the 
margins of the range in the form of dense mudflows 
(Kesseli and Beaty, 1959; Lustig, 1965). Smaller 
alluvial fans extend from the mouths of tributaries into 
the channels of streams within the range. The lobate 
form, the unsorted nature of the sediment, and the large 
size of some fragments suggest that these alluvial fans 
are formed by similar flows. Direct evidence for the 
occurrence of mudflows was found in area 3, where a 
debris lobe has completely filled one of the steep minia­ 
ture valleys for a distance of 40 feet (between specimens 
186 and 187, fig. 263). About 30 feet in maximum width 
and 4 feet deep, this deposit is composed of an un- 
stratified mixture of silt, pebbles, and cobbles. A tangle 
of wood debris bounds the steep lower margin. This is 
clearly a mudflow that stopped before reaching the main 
canyon bottom. Although the channel slope at this lo­ 
cality is about 25°, it is even greater (30°) immediately 
upslope; the change in gradient may explain the loss of 
mobility.

Much larger piles of rock and wood debris choke 
the channelway in a narrow canyon west of Blanco 
Mountain. One of the largest of these (fig. 268) is a 
deposit of cobbles and boulders, up to 3 feet in diameter, 
behind a tangle of large logs; it fills the 50-foot-wide 
canyon floor to a depth of 10 feet.

Several other debris jams of similar size are located 
downstream, and all were probably produced at the 
same time by a flood of catastrophic proportions. There 
is evidence that this flood occurred within the past 300 
years. Tree-ring dating of a standing tree deeply buried 
by the debris shows that it died in A.D. 1640; it was 
probably already dead at the time of burial. One of 
the best preserved logs in another pile represents a tree 
that died about A.D. 1600, establishing the earliest 
possible date of the event.
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FIGURE 268. Large debris pile in canyon tributary to Wyman Creek, 
as viewed upstream. This tangle of logs and large boulders was ap­ 
parently produced by a single flood.

SUMMARY AND CONCLUSIONS

Degradation is the decrease in altitude of the land 
surface that results from gradual removal of surficial 
rock debris. Slope degradation in dolomite areas of the 
White Mountains, Calif., has resulted in the uncovering 
and progressive exposure of the initially shallow root 
systems of many bristlecone pines. Root exposure has 
occurred in a variety of topographic sites from cliffs 
and steep talus slopes to rounded ridge crests and gently 
sloping valley bottoms. The extensively exposed root 
systems of certain individual trees, as well as the deeply 
exposed roots of large numbers of old trees in large 
tracts, show that material has been uniformly removed 
from large areas. At many sites, the roots of young trees 
have not yet been uncovered, whereas older trees show 
depths of root exposure proportional to their ages. Thus, 
root exposure is the result of degradational processes 
operating uniformly over large areas for long periods 
of time.

The Precambrian Reed Dolomite is a massive homoge­ 
neous unit that underlies a fluvially eroded terrain of 
moderate to high relief. The dolomite bedrock is cov­ 
ered by a mantle of surficial rock debris except along 
ridge crests, spurs, and rocky knolls. Ranging in texture 
from pebbly silt loam to coarse rubble, the debris is 
produced by the mechanical breakdown of the closely 
jointed dolomite. Frost shattering appears to be the 
dominant weathering process. Miniature patterned- 
ground features suggest that the approximately 220

diurnal freeze-thaw cycles per year, indicated by 
weather records, are also effective in sorting and caus­ 
ing downslope creep of the surficial debris.

Bristlecone pines dominate the subalpine coniferous 
forest that is almost entirely limited to dolomite ter- 
rane in the White Mountains. Although noted for their 
great age, few bristlecone pines have attained an age 
of more than 4,000 years. Only trees less than about 3,000 
years old are relatively abundant. Typically, the oldest 
trees in a given area are restricted to the crests of high 
ridges and to rocky subsidiary spurs. Although the 
older trees might reliably indicate long-term degrada­ 
tional rates, selective study of trees of great age neces­ 
sarily introduces a bias toward a particular kind of 
topographic situation. Because degradational rates ap­ 
pear to be a function of topography, such results may 
not be representative. Total or random samples of 
bristlecone pines in two areas, even though the stands 
were chosen because of the great apparent ages of many 
individual trees, give average ages of about 1,000 years 
and maximum ages of about 3,000 years.

Counting and correlation of annual growth rings 
form the basis for reliable age determinations of bristle- 
cone pines. The most significant source of uncertainty in 
estimates of the time of establishment of a tree and its 
root system is the frequent loss of the oldest wood 
through weathering and decay. The absence of certain 
growth rings from a sample results in age estimates 
that are systematically too young if dating is based on 
a simple ring count. Cross dating of distinctive ring 
patterns in such a sample and in the complete growth 
record of another tree will increase the accuracy of the 
age estimate. The cross-dating techniques may also be 
used to estimate the age of a log or stump, but large 
error can be introduced by erroneous correlations in 
the absence of the approximate dating control provided 
by a ring count based on the outermost ring of a living 
tree.

The basis for relating root exposure to slope degrada­ 
tion is the shallow depth of initial root development that 
characterizes certain conifers. Root systems of many 
bristlecone pines and of a few old trees of other species 
in the White Mountains have been uncovered and ex­ 
posed as a consequence of increasing age on sites subject 
to degradation. The axis of a root, which must have 
been within the soil at the time of longitudinal growth, 
is the only unequivocal datum for the measurement of 
root exposure. The top of a shallow root may become 
exposed through diametral increase alone. The sharp 
inflection of the basal flare, low on the stem of a tree, 
bears no relation to degradation, but is a normal 
feature of mature forest trees.
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Local degradational rates can be calculated by com­ 
bining a measure of root exposure with an estimate of 
tree age for each of a number of individual trees. How­ 
ever, the depth of root exposure, measured vertically 
from the root axis to the underlying ground surface, 
will be less than the actual degradation by an amount 
equal to the original depth of root burial. This factor 
would thus lead to underestimation of individually cal­ 
culated degradational rates; it would affect the results 
from study of younger trees with little root exposure 
much more than those from older trees with roots 
exposed to depths of several feet.

A much more significant source of error is related to 
the asymmetrical exposure of root systems. The maxi­ 
mum depth of root exposure may be several times the 
actual slope degradation, and the disparity will tend 
to increase with time. An upslope terrace and downslope 
hollow are microrelief features associated with old trees 
on sloping terrain. These features reflect the damming 
effect of the tree itself the stem and roots impede the 
direct downslope movement of surficial debris. The 
result is deep exposure of roots that extend downslope 
but little exposure or actual burial of roots directed up­ 
slope. The depth of root exposure can be averaged over 
the affected area to give a more reliable estimate of local 
degradation. When this procedure was followed on a 
steep (38°) slope (area 2), a sample of 14 trees showed 
that the maximum depth of exposure increased about 
twice as rapidly as the degradation of the surrounding 
area. These problems of measurement, combined with 
the possibility of bias in selective sampling, cast doubt 
on the significance of degradational rates calculated 
only from observations of age and maximum root ex­ 
posure of individual trees.

Even casual observation of deeply exposed roots can 
indicate the order of magnitude of degradational rates. 
More accurate estimates must be based on careful meas­ 
urements related to a valid index of both present and 
preexisting ground levels. The inferences that can be 
drawn from examination of exposed roots depend on 
observations of the relationships of developing root sys­ 
tems to the contemporary land surface. Furthermore, 
study of the response of the roots to uncovering and ex­ 
posure may provide additional information on the local 
topographic history. Finally, the trees themselves are 
static features in a changing landscape, and they can in­ 
duce pronounced local topographic changes that must 
be considered in quantitatively relating exposed roots to 
degradation.

Despite the problems of measurement, the grouping 
of the scattered observations of tree or root age and un-

corrected depth of root exposure by topographic char­ 
acter of the individual sites gives at least a rough com­ 
parative estimate of degradational rates. The numbers 
obtained are probably significant only in their relative 
magnitudes. Degradational rates are greatest, perhaps 
3-4 feet per 1,000 years, where the landscape is changing 
most rapidly on the steep banks adjacent to channels 
now being incised into alluvium and colluvium that fills 
the valleys. The undissected surface of this fill repre­ 
sents the gentle (< 10°) lower slopes of the flanking 
ridges. Here, degradational rates are too low to be di­ 
rectly measured but must be less than about 0.5 foot 
per 1,000 years. In contrast, there is much evidence for 
rapid degradation of rocky ridge crests and upper 
slopes. Furthermore, the degradational rate seems to in­ 
crease with increasing slope, from about 0.3 foot per 
1,000 years (slope < 10°) to about 1.6 feet per 1,000 
years (slope > 30°). Because root exposure tends to be 
symmetrical in crestal areas, this result probably reflects 
real differences in degradational rates rather than the 
effect of slope angle in increasing the asymmetry of ex­ 
posure. The long comparatively steep (30°-40°) slopes 
that extend from the valley floors to the crests of the 
main ridges are apparently being degraded more slowly 
(0.4-0.8 ft. per 1,000 yr.) than the crestal areas (1.2 ft. 
per 1,000 yr.). Because such slopes make up a major 
part of the terrain underlain by the Eeed Dolomite, the 
average degradational rate for the entire area must 
also be less than 1 foot per 1,000 years.

The most accurate estimate of the long-term rate of 
slope degradation based on study of exposed roots is 
obtained through unbiased (total or random) sampling 
of a fairly large number of specimens within a small 
area. Measurements of root exposure are reduced to 
estimates of minimum slope degradation by correcting 
for the local topographic changes induced by the pres­ 
ence of the tree itself. Eesults of study of two con­ 
trasting areas, using this approach, reinforce conclu­ 
sions based on analysis of data from individual trees 
scattered over a large area. A rocky knoll, representa­ 
tive of crestal and upper slope areas, has been degraded 
at the average rate of 1.2 feet per 1,000 years during 
the past 2,500 years. Study of trees in a long narrow 
strip extending from a canyon bottom to the adjacent 
ridge crest showed that it has been degraded at a rate 
of only 0.8 foot per 1,000 years in the same period.

The extent of slope degradation indicated by the wide­ 
spread exposure of root systems of trees in the White 
Mountains requires the movement of large volumes of 
rock debris from the slopes to the stream channels. The 
accumulation of material behind logs and the pro-
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nounced damming effect of standing trees show that 
such movement does take place. Eelatively rapid move­ 
ment is suggested by the fact that the appearance of an 
obstruction is reflected in the microtopography within 
a few hundred years.

Eemoval of the debris produced from individual 
slopes, and perhaps a significant amount of slope ero­ 
sion, may take place at infrequent intervals. Historical 
evidence shows that cloudbursts in White Mountain 
watersheds have generated floods that appeared as mud- 
flows on alluvial fans flanking the range. Small debris 
lobes and alluvial fans and large bouldery deposits in 
channels within the study area illustrate that large 
volumes of coarse dolomitic debris can be transported 
in single flood events. However, from the straight-line 
variation of degradation with time in each of two areas 
and from evidence from scattered observations of grad­ 
ual and progressive root exposure provided by many 
buttress roots, it appears that degradational rates have 
not fluctuated greatly within the past 3,000 years. The 
landscape seems to be roughly adjusted to the nearly 
steady transportation of the products of rock weather­ 
ing on this scale in time, even though major erosional 
events may recur only infrequently. A summary of the 
kind and scope of processes that are inferred to be sig­ 
nificant in the degradation of the Reed Dolomite terrane 
in the White Mountains is given in table 8.

TABLE 8. Qualitative summary of major transport mechanisms

Process

Erosion. ....

Frequency

Occasional..

Scope

and 
slopes.

Slopes and 
channels.

Rate of 
movement

Rapid..

Associated 
features

stream.

ground.

Debris piles.

Associated 
events

perature 
change and 
freeze-thaw 
cycles.

Snowmelt and 
cloudburst 
runoff.

The magnitude of degradational rates in the White 
Mountains generally corresponds to the results of cal­ 
culations based on indirect evidence of degradational 
rates in comparable areas. From data on sediment and 
dissolved loads of 17 streams draining mountain basins 
in semiarid and subalpine regions, Corbel (1959) calcu­ 
lated an average denudational rate of 0.3 mm per year, 
or about 1 foot per 1,000 years. Schumm (1963), in a 
recent review of rates of denudation of small drainage 
basins, suggested a maximum long-term denudational 
rate of 3 feet per 1,000 years in the early stages of the 
erosion cycle in semiarid areas underlain mostly by 
sedimentary rocks.
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