Fluvial and Geomorphic Processes
SOME BASIC WATERSHED CONCEPTS

T

he following concepts and ideas are fundamental to the Watershed Science Approach we used in Wildcat Watershed.

1. Channels function to move water, sediment, nutrients, and wood.
2. Channels adjust their widths, depths, and gradients (hydraulic geometry) to accommodate changes in, water, sediment, and grain
size.
3. Hillsides are linked to channels through interactive processes that
supply and remove sediment and water.
4. The distribution, abundance, and physical characteristics of water
and sediment in a channel reflect upstream conditions and processes.
Natural processes of fluvial erosion and mass wasting have been
shaping Wildcat Watershed for ions. Water flowing over the ground
(Horton overland flow) or raindrops hitting the ground surface are primary processes that cause surface erosion. Water flowing subsurface
(ground water) interacts with soils or bedrock. It is the principal cause of
landsliding. It occurs when the soils are already saturated and rainfall
can no longer infiltrate the soils (saturation overland flow). Flow over
the soil surface uphill of channel heads can provide suspended sediment
directly to the channel, especially when uphill soils have sparse vegetative cover. Surface erosion has carved the Canyon and tributary ravines
in Wildcat, while landsliding and other forms of mass wasting have
shaped the hillsides.
Erosion rates change naturally with climate, and they can be accelerated by land use activities. Sediment eroded from the Canyon can be
stored in or along the channel network. Sediment transport to the Alluvial Plain, tidal marsh, tidal flats, or San Pablo Bay can be rapid or very
slow. An understanding of surface erosion and mass wasting is key to
interpretation of landscape response and change.

SURFACE EROSION
RAINDROP IMPACT
Erosion from raindrop impact is greatest where soils are bare. Fine
sediment is knocked into suspension as raindrops hit the bare ground. If
the soil surface has a slight gradient, sediment can be readily transported
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downhill. In Wildcat Watershed, bare soil occurs on dirt roads and trails;
construction sites for homes, roads, and fills for stream crossings; dry or
trampled creek beds; eroding inner-gorge stream banks; areas that have
sparse grass/thatch cover; and often beneath the canopies of large trees.
Raindrops are fewer but larger under tree canopies.
For this study, the amount of surface erosion could be quantified for
road treads, trails, and creek beds. The sediment supplied from bare
soils beneath trees, historical dairy activities, sparse grassland/thatch
cover, and construction sites of homes, reservoirs, golf courses, and road
fills, could not be measured. To the extent that these activities generate
sediment that was caught in reservoirs, some contribution to bedload
can be quantified, but their causes could not be identified. Based upon
our study, we expect that these sources contribute to a very high proportion of the total suspended load. As will be demonstrated in this report,
these sources could not be readily measured as voids.
The rate of new construction in Wildcat Watershed has declined
during the past thirty years compared to the previous 70 years. Erosion
control practices have also improved. Sediment supply from construction related activities should decline if these trends continue.
There are few areas of persistently sparse vegetative cover in Wildcat Watershed that we would consider natural. Pervasive areas of unnaturally sparse grass cover can be found in some grassland areas that
have been grazed continuously for the last 182 years. The persistence
and extent of bare ground can be magnified during droughts. Bare ground
can be temporarily produced by fire, but soils with high clay content,
such as those throughout most of Wildcat, should not have water repellant (hydrophobic) conditions (Booker et al., 1993). Hence, burning practices performed by native peoples would not have generated large quantities of sediment to Wildcat Creek. We have observed other areas of
unnaturally sparse bare ground that are associated with herbicide spraying, or vegetation management practices for fuel break maintenance including goat grazing. Very sparse litter cover also exists beneath the
canopy of some oak/bay forest in areas that are grazed. When these
trees provide the only shade, cattle concentrate beneath the trees. The
rate of surface erosion and sediment supply to the stream accelerates.
This is exacerbated by the fact that the raindrops are larger beneath the
tree canopy, which displaces more soil, and that the leaf litter has been
destroyed by trampling.
Perhaps the areas that may be generating an abundant supply of
suspended sediment from raindrop impact and overland flow are the
bare, exposed inner-gorge banks along the grassland channels. These

sources readily supply suspended sediment to the channel (Photo 8). Bare
inner-gorge slopes have increased in the Wildcat landscape as we will
demonstrate in this report. Channels have incised, eroded headward,
and initiated shallow inner-gorge landslides from increased runoff.

RILL AND GULLY EROSION
When enough rain has fallen to saturate the soils or exceed infiltration rates, runoff may concentrate to cut rills or gullies (Photo 8). Gullies
are defined as incised channels that form on planar slopes where no welldefined channel pre-existed (Schumm, 1984). We would add that their
depth often exceeds twice the height of their maximum discharge (Photo
9). Rills are the smallest natural features formed by channelized runoff.
Rills and gullies tend to form on steep slopes when upstream drainage
area is sufficient to generate runoff. Once a gully has formed, it can extend headward (upslope). Montgomery (1999) describes that headward
erosion of channel heads develops by spalling of partially saturated clumps
of soil from desiccation cracks upslope of headcuts. Pipes or culverts that
artificially concentrate flow and deepen existing channels or natural
downcutting is refered to as “in-situ” erosion.
If a channel has adjusted to its usual supplies of water and sediment, and if either increases, the channel will adjust by widening, incising, or both. The channel gradient adjusts to accommodate increased
sediment load, or changes in grain size that are caused by the adjustments in width or depth.

FLUVIAL EROSION
Fluvial erosion is caused by the action of flowing water in a stream.
Erosion is a natural function of channels as they laterally migrate and
adjust to usual variations in water and sediment supplies. In the present
climatic regime, stable channels (in equilibrium) maintain their form and
function (Leopold, 1994). A stable channel may laterally migrate, yet it
will tend to maintain its average geometry of width, depth, and slope.
Migration occurs in stable streams from lateral erosion at the outside
bends of meanders. Localized instability can occur where large obstructions to flow, such as boulders or debris jams, deflect the flow into the
banks.
An unstable channel (out of equilibrium) is a channel that is either
aggrading or degrading, or has substantially altered its hydraulic geometry (cross-sectional form). Channel networks can be destabilized by
changes in extrinsic controls, such as climate. Stream reaches can become destabilized by local, intrinsic environmental changes, such as landslides, natural blockages of flow, or new instream construction that in-
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terferes with flow. Extrinsic
changes in supplies of water
and sediment can destabilize a
channel. Destabilization can
also occur without changing
either the supply of water or
sediment. For example, an intrinsic change by the removal
of vegetation could also cause
destabilization. When the supply of water exceeds the supply of sediment, incision is
likely. This may cause deposition somewhere downstream.
Conversely when the sediment
supply exceeds the sediment
transport capability of the associated flows, aggradation is
likely.
(Photo 8) Headward extension of a gully on an
active earthflow activates numerous small bank
Local deposition increases
failures with continued incision.
stream gradient which will
force adjustments in width or depth. In extreme cases, the channel will
fill with sediment, and water will cut a new channel (avulsion channel),
or the channel will braid into multiple distributaries. This appears to
have happened at the downstream ends of Wildcat and San Pablo Creek
during the mid 1800s. A sediment supply-limited channel will likely experience an increase in the proportion of larger sediment particles by
becoming armored or there may be more exposed bedrock in the bed. A
high sediment supply stream will tend to have high proportions of finer
sized sediments.
When a channel is flowing full, the water surface is at the floodplain level. The flow rate is defined as bankfull discharge (Leopold, 1994).
Bankfull flow sustains the active floodplain. The floodplain is constructed
of alluvium. Leopold considers that bankfull flows have a recurrence
interval of about 1.3 to 1.7 years. Effective discharge is considered the
flow that moves the most sediment over time. For incised channels, effective discharge is usually greater than bankfull discharge. For channels with well-developed floodplains, these discharges may be nearly
equal. Both may be important for maintaining channel form.
Degrading channels eventually abandon their active floodplain. An
abandoned floodplain is called a terrace. Sets of terraces indicate that a
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stream has undergone several sequences of erosion and stability. A terrace may be floodprone but it is not technically a floodplain unless it
corresponds to the level of bankfull flow. In Wildcat most of the urbanized valley flat is a terrace from an alluvial fan. Portions of it are
floodprone.
Flows within channels that are entrenched into their terraces cannot spread across a broad floodplain. Confined flows in entrenched channels are deeper. They apply more erosive force (shear stress) to the boundaries of the bed and bank when they can no longer spread onto the floodplain. An incising channel can destabilize tributaries by lowering base
level at their confluences. The lowered base level can initiate headward
incision in the tributaries. If degradation stops, a new inner-bench floodplain can be maintained within the entrenched channel, if it has sufficiently widened its banks to create the appropriate sinuosity to transport
usual supplies of water and sediment. Channels in their natural form
dissipate energy by creating vertical roughness through step-pool morphology in steep channels, and horizontal roughness through sinuosity
in low gradient channels.

MASS WASTING
Mass wasting involves many processes that includes landsliding,
wind erosion, and biogenic erosion. Landslides predominate the landscape in Wildcat Canyon. They are classified by mobility, shape, and
material composition. Landslides are often caused by interactions between the soil and bedrock with groundwater. Some slides are triggered
by seismic shaking from earthquakes, others from the removal of lateral
support by stream flow or construction activities. Though there are many
types of landslides, the most relevant to discussions about Wildcat are
debris flows and earthflows. Most of the mass wasting in the Watershed
is associated with earthflow-type slides.

EARTHFLOWS
For the purposes of this report, we have combined a variety of landslides types, from slumps to complex and/or compound earthflows
(Varnes, 1980), into one category called earthflows (Photo 9). In Wildcat
Watershed, earthflows seldom occur on hillsides with less than 13% slopes.
They typically include a slight backward rotation near their crown scarps.
Hummocky topography is common where mobile materials spread at
the landslide toes. Numerous earthflows in Wildcat have sag ponds near
their crowns. Earthflow movement is characterized by both large surges
and gradual creep. Landslide creep is faster and deeper than soil creep.

(Photo 9) Examples of surface erosion (gullies) and mass wasting (landslides) in northern end of
Wildcat Canyon, February 1983.

Earthflows may have long periods of inactivity. The most complex
earthflows have multiple failure surfaces both vertically and horizontally, and compound earthflows may include both rotational and planar
movements. As one part of a complex earthflow becomes active, the
mass balance for the whole earthflow changes, causing other portions to
destabilize. Some slides may be self-perpetuating in this manner. It is
common to see one or several small active flows within the boundaries of
larger, inactive earthflows.
The depth of an earthflow is measured or estimated as the distance
between the ground surface and the deepest failure plane. Wildcat
earthflows depths range from a few feet, for simple slumps, to 80 ft or
more for complex/compound earthflows.
The failure planes of Wildcat earthflows are usually in bedrock that
has high cohesive clay content and soils with low percolation rates.
Earthflow activity is greatest during years of abundant rainfall. For the
larger slides, there is usually a lag time from days to months following
peak rainfall for slippage to occur. The lag time corresponds to the length
of time it takes water to percolate to the failure plane.

DEBRIS FLOWS
Our category of debris flows includes debris slides and debris flows
as defined by Varnes (1980). These slides are more fluid and mobile than
earthflows and they are usually shallower. Debris flows have more entrained water than debris slides. Subsequently they move faster and far-
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ther downslope.
Catastrophic movement of debris flows
and slides is usually
more devastating
than movement by
earthflows. Debris
flows and slides are
associated with
coarse bedrock such
(Photo 10) Exposed root network of a bay tree along the canyon
slopes after landslide failure.
as sandstone, rather
than fine-grained clay and siltstones. Steep sandstone hillsides ordinarily
produce debris flows rather than earthflows because their soils have higher
infiltration rates and low cohesion. Consequently, they can be initiated
during high intensity rainfall. In the Bay Area, debris flows are likely to
occur when precipitation exceeds 1/4 in/hr for more than four hours, and
after there has already been 9 in of seasonal rain (verbal communication,
Ray Wilson, USGS, 1984).
Debris flows are often initiated on very steep slopes and at the
headward ends of small drainage networks. Reneau and Dietrich (1987)
described these locations as colluvium-filled hollows. Colluvium is simply broken rock and soil material that fills bedrock depressions by rolling or falling. Water is not required for transport. These unchannelized
valleys are called zero-order basins above first-order channels. Steep colluvium-filled hollows are source areas for debris flows. Over the longterm, the hollows repetitively fill and evacuate. When a debris flow occurs on a steep slope, it can fail directly into a channel. As it mixes with
channel flow, it become more fluid, and accelerates downstream increasing its bulk by entraining sediment and woody debris stored along the
channel. It then becomes a debris flow torrent that can scour to bedrock.
Where debris flow pathways becomes less steep, coarse load is deposited. Many alluvial fans at the base of steep hillsides are built from layered deposits of fluvial and landslide processes. In some cases the tributary fans are not channelized which means that the sediment and surface water supplies are disconnected from the mainstem channel. In Wildcat, this is not common.

INTERACTIONS OF STREAMS AND
LANDSLIDES
Landslides along channels can be activated by fluvial erosion. Incision and headward erosion of channels effectively removes lateral sup-
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port of adjacent hillsides and contributes to slope failure. Perpetual cycles
of mass wasting and channel incision occur throughout the earthflow
dominated terrain of Wildcat Watershed. Activation of earthflows from
channel incision causes local sediment deposition in the channel. Channel gradient increases, renewing incision along the landslide toe. This
interaction can continue for centuries, especially if tectonic uplift drives
long-term degradation.
If a stream is unable to accommodate the landslide inputs, a temporary dam may form, or the stream may be literally pushed to a new
position. The pattern of channel meanders in plan view may reflect interactions with landslides. If stream flow is sufficient to remove landslide inputs, landslides are located on the outside meander curve. If stream
flow can not remove landslide sediment inputs, then the channel will
bend around the toe of the slide which would be positioned on the inside
curve. Landslides in Wildcat influence streambed composition and recruitment of woody debris.

GEOMORPHIC IMPORTANCE OF VEGETATION
Vegetation strongly affects rates of surface erosion, bank erosion,
and mass wasting. The potential of erosion in any form can be reduced
by vegetation that intercepts
rainfall. A portion of the intercepted rain evaporates from
the surfaces of the plants, and
therefore never reaches the
ground.
Transpiration of water
from plant tissues draws water from the soil, thereby reducing soil moisture. Transpiration
reduces the likelihood and duration of soil saturation, which Two sides of the fence in November 1999
reduces landslide risk. Peren- (Photo 11A) Grassland that hasn’t been grazed
for 43 years, note the lack of bare soil.
nial vegetation that transpires
during the wet season removes soil moisture, unlike annual vegetation.
Low growing brush, dense grasslands, and thick layers of plant litter or
thatch help protect the ground surface from erosive raindrops. These
kinds of vegetation add hydraulic roughness to the ground surface, reducing runoff velocity and inhibiting formation or elongation of rills or
small gullies. Prosser and Dietrich (1995) found that clipping of plants
and removal of plant stems decreased the critical shear stress to generate

erosion in Marin County by three to nine times. They concluded that
changes in critical shear stress, due to grazing, had greater magnitude of
effect on soil erodability than any historical changes in rainfall or soil
transmissivity.
Apparent soil cohesion increases with the density of living roots in
the soil. The higher the density, the greater the resistance to erosion. Large
brush and trees roots increase the shear strength of hillsides to resist
landsliding. Tree trunks buttress soils on steep hillsides. Deep roots can
anchor soils to bedrock, but the ability of vegetation to reduce the risk of
mass wasting decreases with the depth of potential failure planes. Riparian vegetation affects lateral stability of streams primarily by increasing
the apparent cohesion of the banks. When vegetation is removed, bank
erosion proceeds at accelerated rates, destabilizing the channel network.
Roots exposed in the stream flow add roughness to the channel.
They also reduce flow velocity and its erosive force. Wood that falls into
a channel and forms debris jams increases sediment storage, effectively
reducing downstream sediment delivery rates. Woody debris jams in
Wildcat can cause sediment to accumulate hundreds of feet upstream.
Woody debris can increase localized bank erosion when flow is deflected
into channel banks, but the plunging flows of water over woody debris
jams can also increase the number of pools in a stream.
Riparian canopies, exposed roots, and large woody
debris enhance wildlife habitat.
Riparian canopies reduce the
variability and average temperature of water. Overhanging
roots provide cover and diversity for fish and other wildlife.
In Wildcat Creek, some of the
larger pools that are formed by
debris jams provide critical ref(Photo 11B) Grassland continuously
uge during summer drought for
grazed for the last 182 years.
aquatic species and drinking
water for terrestrial wildlife.
Changes in plant community structure have profound effects on
watershed form and function. Reductions in the extent or density of plant
cover causes increased rates and volumes of runoff. In turn, peak heights
and volumes of floods increase. Increases in runoff, as effected by a decrease in extent, density, or seasonality of plant cover, will reduce base
flows and shorten the extent of perennial stream flow.

WILDCAT CREEK — A SCIENTIFIC STUDY

Hydrography
The channel network was mapped by viewing 1996 and 1947 stereo photographs (scale 1:12,000), field mapping, and reviewing storm
drain information on maps for the City of San Pablo (1988) and
Contra Costa County (1985). After the mapping was completed,
the data were entered into a GIS to produce the Hydrography Map
shown here (Figure 33). For the Upper Alluvial Plain Segment and
the Lower Canyon Segment, the map of the mainstem channel was
matched to field measurements of the channel length. A measuring
tape was pulled along the centerline of the mainstem channel from
the Flood Control Segment to Jewel Lake. Distance stations were
noted in the field and marked on the base map at regular intervals.
Locations of culverts, bridges, and tributary confluences were noted
on the map and referenced to the distance stations.
The tributary channels were not mapped in such detail. Firstly,
this was because in most cases, they were steep and straight enough
in plan view to be accurately measured on the base map or by rangefinder in the field. Secondly, the dense vegetation around many of
the tributaries was often impenetrable. The map of tributary channels was spot-checked by field inspection. Corrections were made
when necessary to achieve comparable detail as for the mainstem
channel.
During the stereo photo mapping, we delineated both historical and present-day dirt roads and trails (See Watershed View 1950,
page 25). In the field, we mapped the locations of inboard ditches
along dirt roads because they function as ephemeral channels. We
also mapped culverts and bridges. The length of headward extension of channels was either field measured or determined from stereo photos.
The drainage pattern of Wildcat Creek is dendritic. All of the
natural tributaries occur in Wildcat Canyon. There are only storm
drain channels in the Alluvial Plain and Flood Control Channel
Segments. The drainage network is fifth-order downstream of Havey
Creek. The extent of perennial flow along mainstem Wildcat Creek
in 1999 is shown in Figure 17 (page 13). Natural sinuosity of the
channel is greatest in the downstream portion of the Lower Canyon
Segment. Wildcat Creek has approximately 70 mi of channel. This
measure includes the lengths of rent headward erosion of tributaries, but excludes the tidal sloughs, storm drains, and inboard ditches
along roads that are connected to the creek. Some key characteristics of the channel network are listed in Table 3.

Hydrology
Table 3

FLOOD FREQUENCY

Hydrography Table
Segment

Flood Control Channel
Upper Alluvial Plain
Lower Canyon
Middle Canyon
Upper Canyon
Total Watershed

Drainage Density
mi/sq mi
9.4
5.7
4
10.5
8.6
9.1

ft/acre
76
47
80
87
72
75

% of drainage
network that is
headward
extension
ND*
60
21
30
15
25

% of headward
extension that is
artificial (stormdrains
and culverts)
ND*
100
28
66
80
67

Number of
Number of
bridges and
culverts
box culverts
ND*
48
71
100
46
265

4
11
4
1
1
21

*Not determined

The values for drainage density include the lengths of culverts
and inboard ditches. Drainage density is greatest in the Middle
Canyon, which also has the greatest number of culverts. We consider the drainage density values conservative because they do not
include paved road gutters, which also function as small ephemeral
channels. If they were included, the Upper Alluvial Plain Segment
would probably have the greatest drainage density because of its
dense array of
city streets. If
i n b o a r d
ditches and
culverts are
regarded as a
kind of artificial headward
extension,
then the greatest percent in(Photo 2) Growth of willows on a mid-channel bar deposited upstream of
crease
in
a box culvert along the Upper Alluvial Plain, October 1997.
drainage density in the Canyon is in the Upper Alluvial Plain Segment. This
Segment also has the greatest number of box culverts along the
mainstem channel. The channel network of the Upper Canyon Segment has the lowest percentage of headward extension, but most of
it is not artificial storm drains. Culverts generally occur in two vicinities of the Canyon Section: 1) at every tributary that flows to
the main channel from the east where the channel crosses beneath
the Wildcat Trail (a graded fire and maintenance trail that nearly
parallels the northwest side of the Creek), and 2) along the upper
northeast-facing Berkeley Hills.

We have constructed a flood frequency curve for peak annual flows
as measured and reported by USGS (2000) (Figure 34). The relationship between discharge and its frequency of recurrence is based
upon 32 years of record. Note that the Wildcat Creek flow gage has
been in two different locations, Vale Road, and Richmond. Although
the Vale Road site was upstream of the Richmond site and had a
smaller catchment area, it experienced greater flows. This is because less rainfall occurred in the 1960s and 1970s, while the gage
was at Vale Road. We have plotted a separate line for each gage
site, and a third line for the combined data sets.
Recorded peak annual flows of Wildcat Creek have ranged
from as little as 26 cfs during the record drought of 1976 to as much
as 2,050 cfs during an extreme storm event for the Bay Area in
1982. High year-to-year variability of flows is a characteristic of
Bay Area streams, due in part to the occasional ENSO events and
to the vagaries of the Pacific high pressure zone that controls winter storm tracks (page 9. As for storms in the Coast Ranges, peak
floods in Wildcat Creek are unusually large for the size of its drainage area. We suggest that the frequency of large flashy flows in
Wildcat has increased from urbanization and land use practices
that have increased drainage density and runoff. If the recurrence
interval (RI) for bankfull flow is about 1.3-1.7 yr, bankfull flow for
Vale Gage is estimated to be about 300 cfs. This value agrees well
with field indicators. The mean annual flow is about 530 cfs. Waterways Experiment Statement (USACE, 1999) numerically modeled effective flow as 500 cfs upstream of the Flood Control Project.
This flow has a RI of about 2.2 yr. Other RIs are reported in the
table within the flood frequency graph (Figure 34).

FLOODING
Here we regard flooding to mean stream flow over urbanized
developed land. Wildcat Creek near the baylands has been modified by USACE (1986) and the Contra Costa Flood Control District
to reduce flooding from flows up to 2,300 cfs on the Lower Alluvial
Plain. A map provided by USACE (1986) shows that the 50 yr RI
could cause flooding along Wildcat Creek from upstream of the
flood control channel to slightly upstream of the box culvert at Vale
Road. Based upon interviews with staff of the City of San Pablo
Continued on page 33
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Creek
Headward Extension
Culvert
Inboard Ditch
Rain Gage Site

USGS Flow Gage at Richmond

Scale 1:40,000
0

0.5

1

1.5

miles

USGS Flow Gage at Vale Road

Richmond Rain Gage

Jewel Lake

Table 4

Leopold Rain Gage

Wildcat Creek Rainfall and Runoff Volumes by Storms

Station
Wildcat Creek at Richmond
Wildcat Creek at Richmond
Wildcat Creek at Richmond
Wildcat Creek at Richmond
Wildcat Creek at Vale Rd.
Wildcat Creek at Richmond
Wildcat Creek at Vale Rd.
Wildcat Creek at Vale Rd.
Wildcat Creek at Richmond
Wildcat Creek at Vale Rd.
Source: Leopold 1998

Year
1978
1979
1980
1981
1982
1983
1986
1986
1987
1993

Date
Jan 9 to 19
Jan 7 to 15
Jan 9 to 17
Jan 20 to 30
Jan 1 to 4
Jan 21 to Feb 1
Feb 1 to 11
March 7 to 15
Feb 11 to 16
Jan 6 to 24

Wildcat Creek Richmond
Runoff
Rain Gauge
(inches)*
(inches)**
3.52
6.58
1.16
6.29
3.02
5.49
1.00
5.16
5.69
8.85
3.06
5.20
10.97
8.79
3.79
5.47
1.49
4.15
9.67
0.65

Runoff
Coefficient
0.55
0.18
0.55
0.19
0.64
0.69
1.20 ****
0.69
0.36

Leopold Rain
Gauge
Runoff
(inches)*** Coefficient
5.57
0.63
6.38
0.18
5.53
0.55
7.65
5.59
10.99
7.44
4.02
10.08

Lake Anza

0.74
0.55
0.99 ****
0.51
0.37
0.95 ****

* From USGS Gauge Data
** From Richmond Gauge Data
*** Personal Communication with Luna Leopold
**** These coefficients are too high, indicating much greater rainfall than recorded at gages

FIGURE 33. WILDCAT HYDROGRAPHY MAP

Photo Source: NASA, 1996
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Hydrology
(Adele Ho and Scott Christe) and own observations during recent years, the following six areas
have flooded during flows with RIs as short as 6
yr:
1. from the wooden railroad trestle (old Southern Pacific Railway) upstream to the box
culvert at Rumrill Blvd.;
2. from the box culvert at Rumrill Blvd. upstream to the box culvert at the football field
at Davis Park;
3. from the upstream extent of the box culvert
at the Davis Park football field (about 20th
St.) to about 22nd St.;
4. from slightly downstream of the box culvert
at Van Ness St. to its downstream extent;
5. from the upstream extent of the box culvert
at Van Ness St. to the box culvert at Church
Lane; and
6. for a short distance upstream of the box culvert at Highway 80.
We have observed that many of the engineered stream crossings do not have sufficient
capacity to transmit flows more than 1,000cfs (RI
5.5 yr). In some cases, box culverts have been
placed at angles to flow direction. In other cases,
woody debris tends to be caught at inlets. Several culverts have been partially filled with sediment before and after high flows (Photo 12, page
31). Water flowing at an angle to the culvert, or
into a culvert that is undersized or partially filled
with sediment or woody debris, creates backwater floods that slow water velocity, superelevate
the flow, and force more sediment deposition.
Flooding in the Canyon has also been associated with culverts or other engineered crossings.
Localized flooding during peak storm events occurs when maintenance activities cannot be per-
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formed on tributaries that pass beneath dirt roads
in the Regional Parklands. Flooding upstream of
Rifle Range Bridge near the confluence of Havey
Creek and upstream of Jewel Lake is common.
Many of the culverts placed beneath the dirt road
that parallels Wildcat Creek choke with sediment
or clog with woody debris. Hence, runoff frequently floods across the road tread, cuts gullies
through the road fill, washes out and carries the
sediment to Wildcat Creek.

RUNOFF COEFFICIENTS
Runoff coefficients represent stream discharge as a percent of rainfall. Leopold (1998)
computed runoff coefficients for ten different
storm episodes occurring from 1978 to 1993 (Table
4, page 32). The coefficients are computed for two
rain gages, one at the Richmond Weather Station and the other at a private residence (Leopold
station). The locations of the two rain gages are
shown on the Figure 33. The values for discharge
used to compute runoff were taken from the two
USGS stream gages.
We have used the two rain gages to demonstrate the variability of rainfall and runoff in
Wildcat Watershed, and the difficulty of their
interpretation. For example, for the storms of 1
February 1986 and 6 January 1983, the data indicate that runoff was too great for the amount
of rainfall. Discounting these outlying values, the
coefficients for the eight storms range from 0.18
to 0.74. The higher range is representative of
catchments that have 25% impervious area
(Dunne and Leopold, 1978). We have estimated
that the watershed upstream of the Flood Control Project is 11% impervious, but if just the
Upper Alluvial Plain is considered, it is 57% impervious (Table 17, page 73).
Runoff coefficients also increase with steepness of the land and reduced plant cover density.
Antecedent soil moisture contributes to the vari-

Figure 34
WILDCAT CREEK
Flood Frequency from Peak Annual Flows
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ability of the coefficients. For the data sets used
here, antecedent moisture is most important, because the other sources of variability were unchanging for the time of record. The data show
that the amount of rain that contributes to discharge increases from storm to storm within a
wet season, as the ground gets wetter.

RESERVOIRS
The construction of Wildcat Creek Dam (now
called Jewel Lake) was completed in 1922 The
dam for Lake Anza was completed in 1938. Jewel
Lake was created for domestic water supply for
the City of Berkeley. Lake Anza was created by
the EBRPD for recreation in Tilden Regional Park
and to supply irrigation to the Tilden Golf Course.
No water has been diverted from either reservoir

for many years. Neither reservoir was created for
flood control and both are considered too small to
provide significant protection from floods (FEMA,
1993). Their capacity has decreased over time (Figure 51, page 48). Jewel lake flow is not regulated.
During the dry season, flashboards are placed
across the floor of the Lake Anza spillway to increase water elevation for swimming and fishing.
The California State Office of Dam Safety requires
removal of the flashboards before the wet season.
During the dry season, a trickle flows from the
spillway of each dam. Before the turn of the century there was a small boating dam in the Alvarado
Park area, but it was washed-out after a few years
of operation (verbal communication, Jerry Kent,
EBRPD).
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he Geologic Map (Figure 35) is based upon recently released
data from the USGS (Graymer, 2000). Bedrock types are
described in detail in the map legend (page 35). In general,
the Lower Canyon of Wildcat Watershed is comprised mainly of
nonmarine, fine sedimentary rocks of the Orinda Formation. This
formation is rich in clays, especially montmorillinte, which have
high shrink/swell capacities. An unnamed, nonmarine sedimentary
group exists to the east of the Orinda Formation. It has a minor
component of volcanic rocks that we only observed at a few small
outcroppings in the lower Havey Creek Subwatershed. Bedrock
structure within the nonmarine sedimentary units is folded into
synclines that truncate at the Moraga Volcanics, which are located
in the Middle and Upper Canyon Segments. A small band of
Franciscan Melange occurs along the upper eastern boundary of
the Canyon. The Upper Canyon Segment is almost entirely volcanic rocks of the Moraga and Bald Peak Formations. The Middle
Canyon Segment has all of these Formations except the Bald Peak
Volcanics.
The Alluvial Plain consists of Holocene-aged alluvial deposits
along the ancient courses of Wildcat Creek, and older Pleistoceneaged deposits at the apex of the alluvial fan. The Creek left the
Holocene deposits as it migrated back and forth across its fan.
Graymer (2000) discusses that Tertiary strata (Orinda Formation and Moraga Volcanics in Wildcat) rest with a fault contact upon
two highly deformed Mesozoic rock complexes (Figure A CrossSection). One is made up of Coast Range ophiolite (keratophyre
and serpentinite) and the other consists of Franciscan complex rocks
(Franciscan melange rock types and serpentinite). The Franciscan
complex was subducted beneath the Coast Range ophiolite during
late Cretaceous time. Therefore, its contact is everywhere faulted.
Paleocene and younger rocks overlie the Tertiary rocks. Graymer
considers that they may also be unconformable. Many of the faultbound groupings of rocks, called assemblages, are next to other assemblages that have significantly different stratigraphies. This indicates that they have been formed in vastly different depositional
environments, and have since been juxtaposed by large offsets on
the bounding faults (Jones & Curtis, 1991). In Wildcat Canyon the
Hayward fault system separates the Franciscan Assemblage from
the Miocene-aged Assemblage.

_ ?

BEDROCK
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Bedrock types within Wildcat Watershed
(Af) Artificial Fill - Man-made deposit of various materials and ages.
(Qhaf) Alluvial Fan and Fluvial Deposits - Medium dense to dense, gravelly sand or sandy
gravel that grades upwards to sandy or silty clay. Near distal fan edges, the fluvial deposits
fine upwards to sandy or silty clay.
(Qhb) Basin Deposits (Holocene) - Very fine silty clay to clay deposits occupying flat-floored
basins at the distal edge of alluvial fans adjacent to the bay mud.
(Qhl) Natural Levee Deposits (Holocene) - Loose, moderately to well-sorted sandy or clayey
silt grading to sandy or silty clay. These deposits are porous and permeable and provide
conduits for transport of groundwater. Levee deposits border stream channels, usually both
banks, and slope away to flatter floodplains and basins.
(Qhsc) Stream Channel Deposits (Holocene) - Poorly to well-sorted sand, silt, silty sand, or
sandy gravel with minor cobbles. Cobbles are more common in the mountainous valleys.
Straightened stream channels are labeled Qhasc.
(Qpaf) Alluvial Fans and Fluvial Deposits (Pleistocene) - Dense gravelly and clayey sand or
clayey gravel that fines upwards to sandy clay. Various sorting is displayed, but all can be
related to modern stream courses. They are distinguished from younger alluvial fans and
fluvial deposits by higher topographic position, greater degree of dissection, and stronger
soil profile development. They are less permeable than Holocene deposits and locally
contain fresh water mollusks, and extinct late Pleistocene vertebrate fossils. They are
overlain by Holocene deposits on the alluvial plain, and incised by channels that are partly
filled with Holocene Alluvium on higher parts of the alluvial plain. Maximum thickness is
unknown but at least 164 feet.

Blocks range in size from pebbles to several hundred yards in length. Only the largest
blocks are shown on the map.

FAULTING

(KJfsp) Serpentinite (late Jurassic to late Cretaceous) - A unit within the Franciscan
Melange. In places pervasively altered to silica carbonate rock (sc).

he Hayward Fault is a branch of the San Andreas Fault
System. It is part of a complex tectonic plate boundary.
The Hayward fault zone extends at least 1-5 miles to either side of the active fault trace. Graymer (2000) describes the bedrock structures in this zone as being dominated by closely spaced,
east dipping, northwest trending faults. Many traces comprise the
Hayward Fault. Its active trace has a right-lateral creep rate 0.4 in/
yr (1 cm/yr) (Williams, 1991)
and 0.04 in/yr (1mm/yr) active
uplift on its east side (Gilmore,
1992). Graymer (1999) suggests
that the pervasive tight folding
and imbricate faulting (Figure
36) is due to the significant comCreeping Trace
pressive stresses that Jones et
al (1994) have reported to be
perpendicular to the San
Andreas Fault. The maximum
amount of horizontal offset
within the fault zone may be as
much 59 mi (Graymer, 2000).
Along the presently creeping
strand, there may be as little as
1.8 mi of right-lateral offset
(Graymer et al. 1995).
(Photo 13) Left stepping en echelon cracks along
Other faults, such as Wildthe creeping Hayward Fault, Alvarado Park, 1988.
cat Fault also occur within the
Hayward Fault zone. Wildcat Fault nearly parallels Wildcat Creek
to the east and splays into the Hayward Fault south of the watershed boundary. Portions of the Wildcat Fault have been shown as
active on the Alquist Priola Special Studies Maps (Cal. Div. Mines
and Geology, 1982). Graymer and others (1995) suggest that Wildcat Fault has Quaternary offset (meaning that the offset has occurred during the last 2 million years). Surveys performed during
1919, 1969, and 1978 by the East Bay Municipal Water District
(EBMUD) inside their water tunnel, which crosses about 200 ft
beneath Wildcat Creek, showed measurable vertical (0.07 in/yr) and
horizontal (0.02 in/yr) offset at the intersection of the Wildcat Fault
(Lennert and Assoc., 1985). Measurements of displacement made

(Jsv) Keratophyre and Quartz Keratophyre (late Jurassic) - Highly altered intermediate and
silicic volcanic and hypabyssal rocks. These rocks are probably the remnants of a volcanic
arc deposited on ophiolite.
(sp) Serpentinite (Jurassic) - A unit within the Coast Range Ophiolite, the serpentinite is
mainly sheared, but it also includes massive serpentinized harzburgite.
(H2O) Water feature.

Bedrock types not in watershed boundary
(Qhbm) Bay Mud (Pleistocene and Holocene)
(Qls) Landslide Deposit (Pleistocene or Holocene) - Only a few large slides mapped.
(Qmt) Marine Terrace Deposits (Pleistocene) - Marine terrace.
(Tt) Tice Shale (Middle Miocene) - Brown silicious shale.
(Tcgl) Conglomerate, Sandstone, Siltstone (Miocene, Pliocene)
(KJk) Knoxville Formation (Late Cretaceous) - Dark, greenish grey silt or clay shale.

(Qpoaf) Older Alluvial Fan Deposits (Pleistocene) - Dense gravelly and clayey sand or
clayey gravel that fines upward to sandy clay. These deposits display various sorting
qualities, all of which can be related to modern streams. They are distinguished from
younger alluvial fan and fluvial deposits by higher topographic position, greater degree of
dissection, and stronger profile development. They are less permeable than younger
deposits, and locally contain fresh water mollusks and extinct Pleistocene vertebrate fossils.
(Tbp) Bald Peak Basalt (Late Miocene) - Massive basalt flows with Ar/Ar ages of 8.37+0.2
and 8.46+0.2 Ma have been obtained from rocks of this unit (Curtis, 1989).

(Kfn) Sandstone of the Novato Quarry Terrane (Late Cretaceous) - Fine- to coarse-grained,
mica bearing, lithic wacke.
(KJfa) Sandstone of Alcatraz Terrane of Blake and Others (1984) (Cretaceous) - Coarsegrained, biotite and shale-chip bearing lithic wacke.
(KJfy) Strongly foliated, coarse grained, shale-chip bearing lithic wacke.

(Tst) Siesta Formation (Late Miocene) - Non-marine siltstone, claystone, sandstone, and
minor limestone.

Fault Types in watershed
(Tmb) Moraga Formation (Late Miocene) - Basalt and Andesite flows, minor rhyolite tuff .
Ar/Ar ages obtained from rocks of this unit range from 9.0+0.3 to 10.2+0.5 Ma (Curtis,
1989).
(Tor) Orinda Formation (Late Miocene) - Distinctly to indistinctly bedded, non-marine,
pebble to boulder conglomerate, conglomerate sandstone, coarse- to medium-grained lithic
sandstone, and green and red siltstone and mudstone. Conglomerate clasts are subangular to well rounded, and contain a high percentage of detritus derived from the
Franciscan complex.
(Tcc) Claremont Chert (Middle to Late Miocene) - Laminated and bedded chert, minor
brown shale and white sandstone. Chert occurs as distinct, massive to laminated, gray or
brown beds as much as 4" thick with thin shale partings.
(Tus) Unnamed Sedimentary and Volcanic Rocks (Late Miocene) - Includes conglomerate,
sandstone, siltstone, as well as basalt and limestone.
(KJfm) Franciscan Melange (Late Jurassic to Late Cretaceous) - Sheared black argillite,
graywacke, sandstone, and minor green tuff, containing blocks and lenses of metagreywacke (fs), chert, shale, metachert (fc), serpentinite, greenstone (fg), amphibolite, tuff
eclogite, quartz schist, greenschist, basalt, marble, conglomerate, and glaucophane schist.
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Fault, normal or strike slip fault, approximately located.
Fault, normal or strike slip fault, certain.
Fault, normal or strike slip fault, concealed

. ? . Fault, concealed, queried
Fault, normal or strike slip fault, inferred

_ ? Fault, inferred, queried
Reverse or thrust fault, approximately located
Reverse or thrust fault, certain
Reverse or thrust fault, concealed
Thrust fault, inferred
Possible faults in Wildcat Watershed (this study)
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Sources: CNSS (Council of the National Seismic
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At the top of the Geologic CrossSection (Figure 36) we have noted recent estimates and distribution of local tectonic uplift and downdrop (verbal communication Russ Graymer,
..
USGS; Gilmore, 1992). Wildcat Can? ..
? .
yon to the east of the Hayward Fault
is rising relative to the lands to the
west. The complex faulting on either Richter Magnitude
n 0.3 - 1
side of the main trace of the Hayward
Fault complicates any detailed assessn 1.1 - 2
ment of uplift rates. However, regional
2.1 - 3
experts generally agree that the aver3.1 - 4
age rate of rise of the east side relative
Faults-see
to the west is about 0.04 in/yr (1mm/
legend on
4.1 - 5.1
pg. 35
yr). However, as Figure 36 indicates,
the lands west of the Fault may actuScale 1:55,000
ally be dropping down. This means 0
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TECTONIC UPLIFT AND
POTENTIAL RATES OF EROSION

If we assume that erosion lowers the landscape at the same rate that the landscape is uplifted, average rates of vertical displacement along

nn

. ?

Wildcat Watershed experiences frequent
small earthquakes, as shown in our Seismicity
Map (Figure 37). Some of these earthquakes are
associated with small faults within the Hayward
Fault zone. In 1868, a large earthquake of at least
magnitude 7 occurred on the southern portion of
the Hayward Fault (USGS, 1997). It may have
caused significant shaking and landsliding in the
Watershed. Its epicenter was near Hayward. Up
to 6.5 ft of right-lateral offset was measured by
Lawson and others (1908). Until recently, the very

n

that the actual rate of uplift on the east side may
be only about 0.02 in/yr (0.5 mm/yr), if the west
side is dropping at the same rate.

rag

SEISMICITY

large quake of 1836 was believed to have occurred
along the northern traces of the Hayward Fault.
This quake is now considered to have been centered near Monterey (USGS, 1997). A
major quake has not occurred on the
northern part of the Hayward Fault
since about 1770, almost 220 years ago
(Berkeley Seismology Lab, 2000).
Earthquake epicenters along the Berkeley Hills occur in clusters that are
generally spaced at 6.2 mi and are
separated by seismically quiet gaps
(Berkeley Seismology Lab, 2000). Two
clusters are indicated on our Seismicity Map (Figure 37), one in the
Kensington Hills and the other in
Strawberry Canyon. These clusters
correspond to the active trace of the
Hayward Fault.

Mo

at such depths may not agree with measurements
made at the ground surface. Based upon field evidence and geomorphic interpretations of stereo
air photos, we propose that Wildcat Fault trends
northwestward from Lake Anza, as indicated by
the labeled orange line shown on the Geology
Map. We further discuss the influence of this fault
on page 37.
The Moraga Fault is also in the watershed.
It is shown as an east-vergent thrust fault. It is
not considered active within Holocene time and
active uplift ends at its eastern side (verbal communication Graymer, 2000). Based upon surveys
of EBMUD’s water tunnel (Lennert Assoc., 1985),
we propose that another thrust fault, to the east
of the Moraga Fault that runs through Havey
Creek may be active. It has both right-lateral and
vertical components of displacement indicated by
1968 and 1971 surveys done in the EBMUD water tunnel. We refer to it as Havey Fault.
Graymer and others (1995) suggest that other
active fault traces exist within the Hayward Fault
zone. Other faults tend to parallel the Hayward
Fault or splay into it. They project beneath or
through the alluvium along the base of the Berkeley Hills and at both the eastern and western
sides of the Richmond Potrero.
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In the geologic past, Wildcat Creek has
moved back and forth across the Alluvial Plain.
Ancient creek channels are indicated in the Geologic Map by their Holocene alluvial deposits. As
in most alluvial fans, coarsest sediments are found
near the apex of the fan, or fan head. Longitudinal sorting causes the fan to grade from coarse
gravels at the fan head to finer sediments downstream toward the toe of the fan.
The Geologic Map shows that Older Pleistocene gravels were deposited by Wildcat Creek
near the fan apex west of the Hayward Fault.
These gravels would have been deposited where
the Creek leaves the Canyon, but the gravels have
been truncated and laterally shifted northward
by the Hayward Fault. Observe that the Qpoaf
and Qpaf sediments have been dragged north of
the Canyon mouth. The amount of horizontal
displacement of these gravels (see points A to B
on the Alluvial Plain Map, Figure 38) is about
0.5 mi. If the rate of creep along the Hayward
Fault has stayed at about 0.4 in/yr, then the displacement of the gravels could have started about
80,000 years ago. This is well within the range of
age of the Pleistocene gravels.

ek
S an Pablo C re

40

OFFSET OF THE ALLUVIAL FAN

The topography near Point A at the fan head
might indicate that Wildcat Creek was tributary
to San Pablo Creek in the ancient past. West of
the tributary at point A, there is even an older
trace of the Wildcat Creek channel. The ancient
channel at Point B is younger than the channel
at Point A because it lacks the older Pleistocene
gravels. At Point C, we show a former channel
along the southern edge of the alluvial fan. This
channel appears truncated at another probable
fault shown in dashed lines. This ancient channel may be a displaced remnant of Cerrito Creek
or some other channel to the south. At Point D,
the northward bend in Wildcat Creek may indicate further evidence of right-lateral displacement
of Wildcat Creek. This possible fault may also
be offsetting the Qpaf gravels to the north. At
points E and F, the map shows other ancient
channels of Wildcat Creek. The ancient channels
to the south of mainstem Wildcat do not appear
to have ever been as deeply entrenched as the
present day channel. Wildcat Creek is presently
entrenched more than 26 ft near its fan head. It
is probable that some of this entrenchment existed before the last 200 years.
Consequent to the entrenchment of the head
of the alluvial fan, coarse sediments are reworked
and transported downstream to lower portions
of the fan. The shear size of the fan indicates that
most of the coarse sediment from the Canyon has
been stored within the Alluvial Plain, rather than
being transferred to San Pablo and San Francisco
Bays. The surface of the fan has eroded little. The
total area of the fan is about 9 sq mi, similar to
the drainage area of Wildcat Canyon. The general lack of extensive valley fill within the canyon explains why so much has accumulated in
the fan and why it tends to have a steeper gradient than other alluvial fans that emanate from
hills along the East Bay.

20

the Hayward Fault can be used to estimate a
maximum rate of overall erosion in Wildcat Canyon. The overall rate of erosion is not expected
to be equal to the rate of uplift, or uplift would
not be apparent. Later in this report we subtract
this estimate of erosion from our estimate of total erosion in an effort to compare natural versus
land use-related sediment supply. To make a conservative estimate of land-use related erosion, we
computed the equivalent rate of erosion that
would be driven by the expected tectonic uplift
of 0.02 in/yr. An equivalent erosion rate would
12,845 cu yd/yr.

Direction of Movement
Previous Channel of Wildcat
Creek
Contour interval 5 feet

FIGURE 38. WILDCAT ALLUVIAL PLAIN MAP
Scale 1:35,000
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Landslides

T

he Landslide Map (Figure 39) shows both
active and inactive landslides in Wildcat
Canyon. The simple classification of active and inactive was used for our purposed of
identifying sediment sources. The slides were
mapped from 1996 stereo photos, scale 1:12,000,
and entered into a GIS base map. Stereo aerial
photos from 1939, 1947, 1971 and a limited number from 1999 were examined to help determine
activity status of landslides. The quality of the

quadrangles that were too generalized to compare
to our maps.
There are many landslides of varying size and
complexity in Wildcat Canyon. Our landslide
maps reveal two main patterns of landslide distribution and activity. One pattern indicates that
geology controls landslide potential. The other pattern shows that within areas where landslides are
likely, their frequency of activity is exacerbated by
channel incision by increased runoff from urban
settings and grazed grasslands. Vegetation does not
seem to be influencing landslide distribution. Conversely, landslides seem to influencing the distri-

(Photo 14) Example of a slump, note the cattle for scale and the
displacement of the road tread. Also observe that no sediment is
transported to a channel.

1939 photos was not adequate for landslide mapping. The 1947 photos provided the earliest comprehensive view of landsliding. Although the base
map was constructed from photos dated 1996, the
geomorphic mapping represents 1999 field conditions. Landslides that have not shown evidence of
movement since 1947 are considered inactive for
this study. Field surveys were performed to measure the amount of sediment input from landslides
to the channels, to verify stereo photo mapping,
and to discover new landslides that could not be
observed on the 1999 photos. Since both 1997 and
1998 were wet years, we mapped a number of new
slides that were not previously apparent. Nilsen
(1975) mapped earlier landslides on USGS 7.5’
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(Photo 15) Example of a deep-seated earthflow that failed into
Wildcat Creek, note the surface erosion as well.

bution of some plant communities, especially on
the northeast-facing slopes. Many active
earthflows are defined by blackberry, poison oak,
and willows that can tolerate high landslide creep
rates. The stable soils support oak/bay woodlands.
On west-facing grasslands, brush takes hold on
landslide scars that cattle avoid.

GEOLOGIC CONTROLS
Most of the landslides in Wildcat Canyon are
earthflow type. The abundance of these large active earthflows is greatest in the Orinda Forma-

tion on the relatively wet northeast aspects of the
Berkeley Hills, which support mixed hardwood
forest and north coastal scrub plant communities.
A similar magnitude and density of earthflows
exists on drier southwest aspects of the Orinda
Formation at the extreme northern boundary of
the watershed (Point A, Figure 39), where grasses
dominate the plant community. Sag ponds are
common near the scarps of these slides. Some areas of the Unnamed Sedimentary Formation (Geology Map, page 34) also have many earthflows
because the bedrock is very similar to Orinda Formation. Locations with well-cemented sandstones
and coarser grained sedimentary units (Point D,
Figure 39) have fewer earthflows and more debris
slides. This area also has a small faulted wedge of
Claremont Chert.
The spatial relationship between landsliding
and geology indicates that landslides are more
abundant in areas of clay-rich bedrock than in
areas of sandier bedrock, and are least abundant
in the volcanic terrain. One large landslide in the
Moraga Volcanics (Point F, Figure 39) is a stable,
ancient bedrock slide. It is unique in the Watershed. The Orinda Formation is most slide-prone
geologic formation in Wildcat Canyon, especially
in the steeper and wetter northeast aspects.
Table 5. Percent Area of Slides
Segment

% Area of
Active Slides

% Area of
Stable Slides

% Area of Combined
Active & Stable
Slides
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Lower Canyon

13

24

Middle Canyon

4

18

22

Upper Can yon

0.3

10

10

GRAZING EFFECTS
There are direct impacts that can be easily
observed from cattle that include trampling of
streambeds and banks, terracettes and trail development, and destruction of riparian vegetation.
Much more difficult to measure are the indirect

(Photo 16) Example of a debris flow.

pervasive effects on mass wasting. These effects
are caused by diffuse changes in vegetation and
soils that reduce the resistance of hillsides to
landsliding and that increase runoff, which promotes incision, headward extension, and removal
of lateral hillslope support.
Based upon the analysis of historical aerial
photos, records of grazing, and field inspections,
we hypothesize that the pattern of landsliding on
the southwest aspects of the Orinda Formation
relate at least in part to past and present cattle
grazing activities. There are fewer active landslides in the areas that have had the longest time
period since cattle were removed. For example, a
portion of the Middle Canyon Segment that has
not been grazed since 1936 (between D and E, Figure 39) has the same sedimentary geology as a portion of the Lower Canyon Segment (between
Points B and C) that is still actively grazed, but it
has much less landsliding. The eastern area of the
Lower Canyon Segment that has not been grazed
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Landslides

since 1956 (between Points C and D) has less
landsliding than the currently grazed areas of the
Lower Canyon. The western urban area between
Points G and H has a similar density of active
earthflows as the currently grazed areas, but it receives abundant runoff from residential development and it has been highly altered for fuel break
maintenance. The Upper Canyon is not comparable to the other Canyon segments because of its
volcanic geology.
Geomorphic evidence of past overgrazing is
apparent from gully formation south of Point A.
This area not been grazed since it was acquired
by the EBRPD in 1978. It had been severely overgrazed before that time (verbal communication
Neil Havlik, EBRPD). Three large gullies evolved
during the grazing period (Photo 9, page 29). During recent wet seasons, these gullies have incised
enough to destabilize the entire hillslope between
two of the gullies and activate a large earthflow.
The reconstructed history at this site suggests that
the problems of gullies created by cattle grazing
can continue long after the grazing has stopped.
Montgomery (1999) concluded in his analysis of
cattle effects in Marin County that drainage network extension will likely continue there for another century or two because of previous grazing.
Numerous inner-gully or inner-gorge slumps
and debris slides were observed along incising
channels on grazed hillsides in Wildcat Canyon.
Some areas of the Middle and Upper Canyon Segments have started a recovery process from cattle
grazing that stopped nearly 60 years ago. There is
abundant thatch on the hillsides, small woody debris jams are starting to retard incision and store
sediment in the steep tributaries, and more vegetation grows on the inner banks indicating less
scouring by high flows.
Two pairs of photo maps of two different areas have been prepared to illustrate some of the
possible local effects of sediment supply from
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FIGURE 39. WILDCAT LANDSLIDES MAP
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