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Abstract 

Since the early 1900s, the cumulative impacts of land-use and river-management practices on 

flow and sediment supply caused incision of a 32-kilometer, lowland portion of the Cosumnes 

River, Central Valley, California.  One consequence of incision was the exhumation and erosion 

of resistant duripan layers in some reaches.  The introduction of this substrate altered 

morphology and channel-forming processes in the affected reaches, transforming morphologic 

and process response to continued incision.  This study presents a comprehensive investigation 

of channel evolution in a stream incising through unconsolidated alluvium into layers of 

consolidated substrate.  Following exposure of resistant bed and bank material, deeper cross 

sections developed, and the mechanism of bank erosion shifted from erosion through fluvial 

entrainment to erosion through cantilever failure.  On the bed, numerous morphologic changes 

occurred and strongly impacted the nature of in-stream habitat.  Erosional bedforms such as 

grooves, potholes, and scour pools replaced depositional bedforms such as riffles and thick bar 

deposits.  Variability of maximum residual pool depth and of pool spacing increased.  Average 

pool spacing lengthened, and gradient evolved to reflect characteristics of the underlying 

resistant material. 
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1. Introduction 

Channel-bed incision in response to river-management practices has long been a concern 

for scientists and engineers alike (Kellerhals, 1982; Galay, 1983; Kesel and Yodis, 1992; 

Bravard et al., 1999).  In alluvial rivers that experience excess sediment transport capacity 

relative to sediment supply, geomorphic response to incision typically follows a certain 

sequence: bed lowering, bank instability, and bank failure followed by widening and aggradation 

(Schumm et al., 1984).  This progression effectively controls the extent of incision by reducing 

depth and thus, transport capacity for a given flow.  In systems where there exist buried 

geomorphic surfaces, however, channel adjustment deviates from the expected sequence.  

Although researchers have recognized that erosional resistance of bed and bank material presents 

a control on channel morphology in incised streams (Wohl and Achyuthan, 2002), no single 

study has documented temporal as well as spatial variation of incision processes in a river with 

variable underlying geology.  Existing literature is primarily concerned with morphology and 

process related to incision of rivers with purely alluvial beds and banks (e.g., Simon, 1989; 

Rinaldi and Simon, 1998; Doyle and Shields, 2000; Kondolf et al., 2002); therefore, information 

is lacking about how more complex systems, which are common in nature, adjust to changing 

flow and sediment-supply conditions.  

 In this field investigation, we detail the effects of geologic variability on incision 

processes and resultant channel morphology in a lowland portion of the Cosumnes River, Central 

Valley, California.  We document the exhumation of bedrock and discontinuous duripan layers 

and the change of a once entirely alluvial portion of the river to a mixed alluvial and resistant-

boundary channel.  We compare incision processes in the alluvial or self-formed segment of the 

study area and in reaches of typical gravel-bed channels with those in the segment dominated by 
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non-alluvial reaches.  Finally, we present a conceptual model of incision in reaches where 

relatively resistant substrate influences geomorphic elements once regulated solely by the 

balance between flow and sediment supply. 

Interest arose in the differences between historical and contemporary geomorphic 

characteristics of the Cosumnes River following a dramatic decline in native salmonid 

populations (The Nature Conservancy, 2000).  As research in other systems has shown, 

geomorphic changes caused by incision frequently have significant negative impacts on aquatic 

habitat (Shields et al., 1994; Bravard et al., 1997).  In the Cosumnes, for example, conversion of 

alluvial reaches to reaches with bare duripan bed surfaces may have impacted salmonid 

populations by reducing the areal extent of alluvial bed cover.  Loss of bed gravels decreases the 

amount of hyporheic habitat for juvenile salmonids, invertebrates, and microorganisms (Bravard 

et al., 1999).  Understanding of channel transformation from alluvial to non-alluvial is therefore 

of interest to a broad audience of ecologists and biologists as well as geomorphologists and 

engineers.  

 

2. The study area 

 

2.1. Hydrology and land use 

The Cosumnes River watershed has an area of approximately 3000 km2 and is located on 

the western slopes of the Sierra Nevada in the Central Valley of California (Fig. 1).  The study 

area is a 32-kilometer, low-gradient portion of the river that begins at the base of the foothills at 

35 m elevation and ends near 7 m elevation, upstream of the Sacramento–San Joaquin River 
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delta.  The slope of the valley floor, the pre-anthropogenic (pre-1850) Holocene floodplain 

surface, is approximately 0.1 percent in the study area. 

 The cumulative impacts of watershed activities and river management since 1900 have 

caused meter-scale vertical lowering of the Cosumnes River channel bed in the study area (Vick 

et al., 1997).  Major anthropogenic modifications to the channel include levees, which were 

constructed in the study area beginning in the early 1900s, agricultural diversion structures, 

bank-protection structures, and in-stream mining.  Although in-stream gravel mining has been 

terminated, mining of sand from the channel continues at a location downstream of the study 

area.  At the watershed scale, significant land-use changes since 1900 are primarily conversion to 

agriculture and urbanization.  Despite construction of major flow-regulation dams on nearly all 

rivers draining the Sierra to the Central Valley, no major dam was erected on the Cosumnes 

River, and flow remains unregulated. 

Dominant discharge, discharge with a recurrence interval of 1.5 to 2 years, is 178 to 295 

cms (6290 to 10400 cfs) at the U.S.G.S. Michigan Bar gauge (11335000) located just upstream 

of the study area.  Maximum values of annual peak discharge have increased since 1955, perhaps 

one example of a common hydrologic response to cumulative watershed practices and 

subsequent incision (Shields and Cooper, 1994).  Rain that falls between October and May is the 

chief source of flow in the channel; thus, the river frequently runs dry in downstream reaches of 

the study area during summer months. 

 

2.2. Geomorphic setting 

The geomorphic setting of the study area is composed of dissected terraces of Eocene to 

Pleistocene sandstone, andesitic volcanics, and alluvial fans.  The two alluvial fans in the vicinity 
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of the study area formed during Pliocene-Pleistocene glacial cycles, recording the cycles as 

sequences of incision and valley filling followed by soil development during periods of 

landscape stability (Shlemon, 1972).  After burial, the soils hardened through compaction and 

silica cementation (Tugel, 1993) to form duripan layers, which separate glacial outwash of 

different ages (Piper et al., 1939; Shlemon, 1972).  Ongoing Sierran uplift has tilted the older 

Pliocene fan surface, giving it a dip of approximately 1.1 degrees to the west (Piper et al., 1939).  

The surface of the overlapping Pleistocene fan has a gentler westerly slope of around 0.1 degree 

(Piper et al., 1939; California Department of Water Resources, 1974).  During recession of 

Sierran glaciers at the end of the Pleistocene, the Holocene floodplain of the Cosumnes was 

formed by partial refilling of a valley incised into the younger fan surface. 

 

3. Methods 

 

3.1. Historical analysis 

 Little data are available to help define and quantify the geomorphic conditions that 

existed before channel modifications and incision in the lowland Cosumnes River.  Sources of  

information about pre-anthropogenic and early post-anthropogenic morphology include U.S.G.S. 

topographical maps from 1909 and 1910, one cross-sectional survey of the channel at a location 

downstream of the study area, and qualitative descriptions of channel form from maps published 

before 1909 (see Florsheim and Mount, 2002) and from a 1939 groundwater investigations report 

(Piper et al., 1939).  These resources were used to synthesize a more complete picture of pre-

anthropogenic geomorphology of the Cosumnes River study area than was previously available.  
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This analysis allowed us to make conclusions about how the river has changed since the onset of 

incision. 

 

3.2. Geomorphic survey 

The objective of our field investigation was to characterize the morphology of alluvial 

and non-alluvial reaches using thalweg and cross-section surveys.  These data were used with 

historical data to quantify morphologic changes produced by incision.  The surveys also allowed 

us to detect morphological differences between alluvial and non-alluvial reaches and to show 

how geologic variation produced differences in channel response to incision.  A 32-kilometer 

thalweg and water-surface elevation profile and 27 cross sections were surveyed at low flow.  

While surveying the profile, readings were taken at all breaks in slope (i.e., upstream and 

downstream ends of riffles, deepest points of pools) or otherwise spaced a minimum of 40 m 

apart.  Cross sections were spaced an average of 1 km apart and were surveyed across gravel 

bars.  Bankfull or dominant stage was determined at each site.  Bankfull stage in self-formed 

alluvial rivers often matches the elevation of the active floodplain surface (Wolman and Leopold, 

1957); however, in incised reaches of the study area, the two elevations are different.  Hence, 

estimates of bankfull stage at cross sections were made using other field indicators, such as 

changes in bank slope, tops of point bars, and elevations of undercut banks (Harrelson et al., 

1994).  Multiple bankfull estimates based on different indicators were made at numerous cross 

sections.  At each site with multiple bankfull estimates, the resulting bankfull widths and depths 

were averaged to find the mean width-to-depth ratio.  Where modifications of the channel by 

landowners produced anomalously high bankfull width-to-depth ratios, cross-sectional survey 

data were eliminated from the analyses. 
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Reach-averaged bed gradient was determined at each cross-section site and at four 

additional sites by fitting a line through elevation data collected ten channel widths upstream and 

downstream of the given location.  Bed gradient was estimated for the range of reach types 

present in the study area: alluvial, depositional duripan, and non-depositional duripan.  Extensive 

outcrops of duripan in the bed or banks are the defining elements of duripan reaches.  In contrast 

to non-depositional reaches, depositional duripan reaches are characterized by a gravel veneer or 

thin gravel deposits organized on bars. 

Residual water depth, or the depth of standing water that would exist in the channel if 

discharge ceased (Lisle, 1987), was determined along the upstream, gravel-bedded 30 km of the 

profile in order to determine maximum residual pool depth and pool-to-pool spacing.  

Downstream of 30 km, the channel was dry, and pools were filled with sand at the time of the 

survey; therefore, pools were indistinguishable.  Residual depth was calculated by finding the 

difference between the elevation of the downstream riffle crest and that of the bed surface 

upstream (Lisle, 1987; Madej, 1999) (Fig. 2).  The riffle crest is defined here as the upstream 

limit of a riffle where residual water depth is zero.  In some reaches, vertical steps in duripan or 

diversion structures take the place of riffles, and the tops of these features were used as proxies 

for riffle crests to define residual water-surface elevation.  In other reaches, namely those with 

irregular duripan bed surfaces, differentiation of pools and riffles was less clear.  Therefore, the 

critierion was used that, under low-flow conditions, pools are indicated by slow-moving water 

with a horizontal surface and riffles are recognized by fast-moving, shallow water with a more 

steeply sloping surface. 

Pool spacing was determined by evaluating the distance between consecutive locations of 

maximum residual pool depth.  In order to compare spacing trends with those found in other 
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gravel-bed river studies, pool spacing measurements were normalized by segment-averaged 

channel bottom width.  Average widths were used because channel bottom width measurements 

were made at cross-section sites only rather than at each pool.  Since the cross-section locations 

were objectively chosen, average channel bottom width is a reasonable representation of the 

range of widths that exists in a given segment of the river, although it may under- or 

overestimate actual width at some pools. 

 

4. Results and Interpretation 

 

4.1. Historical fluvial setting and geomorphic change 

The earliest reliably surveyed topographic maps were completed in 1909 and 1910 

(U.S.G.S., 1909a, b, c, 1910), after the start of levee construction on the Cosumnes and the 

conversion of surrounding floodplain for agricultural use.  Deer Creek, which flows parallel to 

the Cosumnes and shares its floodplain in the study area, remained less altered by levees and 

agriculture.  Previous examination of historical maps showed that prior to human intervention, 

the Cosumnes River was anastomosing with multiple channels and seasonal marshes (Florsheim 

and Mount, 2002).  In contrast to the Cosumnes River, Deer Creek retained much of its 

anastomosing character through 1910.  If the two were part of the same anastomosing floodplain 

system in the past, inferences can be made about anthropogenically induced change of the 

Cosumnes River by examining changes in Deer Creek shown in subsequent surveys.  Two lines 

of evidence suggest that the Cosumnes River and Deer Creek were at one time part of the same 

system.  Cross sections published by the USGS (Guay et al., 1998) show that no topographic 

highs other than artificial levees separate the Cosumnes River from Deer Creek and that the 
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floodplain slopes in the direction of Deer Creek.  During a large flood event in 1997, a 

Cosumnes levee breach in the study area demonstrated that if flow were able to overtop the 

banks of the river, floodwaters from the two channels would converge on the connecting 

floodplain.  An account written by Piper et al. in 1939 confirms that the Cosumnes system was a 

network of sinuous channels.  They describe the channels as alluvial, about 1.5 to 2.5 m deep, 

and connected by a floodplain that was inundated during moderate flows.  The slope of the 

floodplain, the intermingling of floodwaters, and the historical account by Piper et al. (1939) all 

suggest that the Cosumnes River and Deer Creek were components of the same low-gradient, 

anastomosing, alluvial system.   

Deer Creek retained its anabranching character longer than the Cosumnes, and thus, 

documented morphologic changes in Deer Creek may be used as proxies for estimating the 

extent of changes that probably occurred in the Cosumnes since modification of the floodplain 

and channel by humans began.  Between about 1910 (U.S.G.S., 1909a, b, c, 1910) and 1980 

(U.S.G.S., 1968a, b, c), a 33-kilometer portion of Deer Creek, a portion analogous to the study 

area in terms of elevation and gradient, experienced a 48 percent loss of total channel length as a 

result of reduction in the number of channel segments as the stream was increasingly confined to 

its main channel.  A similar reduction in total channel length available to convey flow likely 

occurred when land neighboring the contemporary Cosumnes River main stem was converted for 

agricultural use and levees were constructed to restrict water to the main channel.  Concentration 

of flow, shown to have caused channel-bed lowering in other systems (Galay, 1983), was likely 

the main contributor to incision in the study area. 

 

4.2. Incision and geologic heterogeneity 
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Since 1910, the elevation of the channel bed in the study area has lowered by 2 to 4 m 

(Fig. 3).  Early descriptions of the Cosumnes River refer to its channels as alluvial (Piper et al. 

1939); therefore, the primary effect of incision was to introduce geologic heterogeneity.  

Heterogeneity then led to alteration of channel form and to change in the governing processes of 

profile and cross-sectional evolution.  In the study area, the contemporary Cosumnes River is 

divided into two segments based on bed and bank material.  Segment A (0 to 10.2 km) is 

geologically homogeneous, with a bed and banks composed entirely of alluvium.  In contrast, 

segment B (10.2 to 32 km) is heterogeneous, with alluvial and duripan reaches and one bedrock 

reach. 

 

4.3. Profile form and the links to geologic variation 

 As alluvial deposits were scoured away and bedrock and duripan exhumed in some 

reaches in segment B, predominance of cohesionless bedforms gave way to relatively more 

stable bedforms formed by erosion of cohesive material.  In reaches with bedrock or bare duripan 

bed surfaces, longitudinal grooves and potholes are commonplace.  Vertical bed steps on the 

order of 10 cm in height are features consistently associated with reaches with bare duripan bed 

surfaces.  Two of the steps are visible and labeled on the 2000 profile in Figure 3.  A larger-scale 

feature, also labeled on the profile, is the 350-meter-long, 2.4-meter-relief knickzone developed 

in bedrock at the divide between segments A and B.  The Tertiary-aged tuff and coarse lithic 

arenite outcrop acts as a local base-level control, influencing upstream gradient and supporting 

upstream aggradation (Constantine et al., 2003). 

In addition to more stable bedforms, longitudinal discontinuity of alluvial deposits is a 

characteristic of resistant-boundary channels (Miller, 1991; Wohl, 1993) that evolved in duripan 
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reaches of segment B.  The bed surface in duripan reaches is neither consistently bare (non-

depositional) nor entirely covered with alluvial veneer (depositional) but alternates between the 

two conditions.  A plausible explanation for irregular alluvial deposition is downstream transport 

of alluvium in pulses (Wohl and Ikeda, 1998). 

Introduced geologic heterogeneity as well as irregular alluvial cover is a cause of 

fluctuating reach bed gradient in segment B.  Based on the results of one-tailed student’s t-tests, 

gradient measured in a number of non-depositional duripan reaches is statistically higher than 

gradient measured in alluvial and depositional duripan reaches (alpha = 0.01).  Alternation of 

these reach types, therefore, produces longitudinal variation of gradient.  Causes of variation are 

not restricted to the geologic, however.  Four agricultural diversion structures in segment B 

influence local hydraulics, generating deposition upstream and erosion downstream, both 

processes that lead to decreased local gradient. 

Longitudinal differences in reach-scale patterns of scour (i.e., patterns of maximum 

residual pool depth and pool spacing) suggest variation of the controls and processes of pool 

formation as a result of geologic heterogeneity in the study area (Fig. 4A, B).  Mean maximum 

residual pool depths in segments A and B are nearly equivalent, approximately 1.2 m; however, 

variability of maximum depth, given by the standard deviation, is 12 percent higher in segment B 

than in segment A.  Further differentiating the segments is the predominance of pools with 

intermediate maximum residual depths (1 to 1.5 m) in segment A and pools with shallow 

maximum residual depths (0 to 0.5 m depth) in segment B.  The numerous shallow residual pools 

in segment B occur primarily in reaches with relatively high bed gradients and bare duripan bed 

surfaces.  Despite the predominance of shallow pools, some deep pools do occur in non-

depositional reaches.  Of the 5 pools in segment B with maximum residual depths greater than 
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2.5 m, two are located in non-depositional duripan reaches between 18 and 30 km.  A third deep 

pool is forced by scour upstream of an island around which the channel splits and rejoins 

downstream.  The remaining two pools are plunge pools downstream of diversion structures.  In 

segment A, the only pool with a maximum residual depth of greater than 2.5 m is found 

immediately upstream of the bedrock knickzone.  Turbulence forming upstream of the knickzone 

obstruction readily scours the relatively less resistant alluvial bed. 

Spatial variation of maximum residual pool depth has previously been attributed to 

differences in gradient (i.e., stream power) (Wohl et al., 1993) and related to whether a channel 

is aggrading or degrading (i.e., ratio of sediment supply to transport capacity) (Lisle, 1982).  In 

the study area, however, gradient is the weakest predictor of maximum residual pool depth.  For 

example, both the shallowest and deepest pools measured were located in relatively steep non-

depositional duripan reaches.  Lisle (1982) found that pools are shallower in aggraded than in 

degraded alluvial channels because aggradation attenuates the elevational differences between 

riffles and pools.  In the study area, segment A is suspected to be aggradational and B 

degradational (Constantine et al., 2003); however, mean maximum residual pool depths in the 

segments are nearly equal, and degradational segment B has more shallow pools than does 

aggradational segment A.  By elimination of all other potential explanations, variation of 

maximum residual pool depth must therefore be linked to geologic heterogeneity.  Differences in 

substrate between the segments suggest that different mechanisms control the formation of pools 

in the segments.  These mechanisms are discussed in the next section. 

Examination of pool spacing offers an additional perspective on how geology and 

channel manipulation affect profile evolution in the study area (Fig.4C).  The overall frequency 

of pools in alluvial segment A is 2.9 per kilometer, and pools are spaced an average of 342 m or 
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6.3 channel widths apart.  In segment B, which is generally narrower than segment A, overall 

pool frequency drops to 2.1 per kilometer.  Average pool spacing in segment B is 427 m or 12.8 

channel widths, more than twice the value of 6.3 for segment A.  Four incidences of spacing 

greater than 29 channel widths correspond with pooling upstream of two diversion structures 

between 10.2 and 30 km and with reaches with bare duripan beds.  In segment A, pooling 

upstream of the knickzone accounts for the sole incidence of spacing greater than 29 channel 

widths.  The single occurrence of spacing less than 1 channel width is the result of pool 

formation directly upstream and downstream of a diversion structure.  With the exception of this 

occurrence, the common effect of diversion structures is to lengthen the distance between 

adjacent pools.  Thus, it could be postulated that the presence of more diversion structures in 

segment B accounts for the greater pool spacing in that segment.  Elimination of the data for pool 

spacing immediately upstream and downstream of diversion structures, however, has a minimal 

effect on average pool spacing in segment B, with spacing decreasing only 7 percent to 12.0 

channel widths.  In light of these results, differences in boundary resistance provide the 

remaining explanation for differences in pool spacing between segments A and B. 

Previous work has noted the influence of boundary resistance on pool spacing.  Although 

Keller and Melhorn (1978) found sufficient overlap between the distributions of pool spacing in 

alluvial and bedrock streams, their data, if segregated by channel type, indicates greater mean 

spacing in bedrock or resistant-boundary channels (Roy and Abrahams, 1980).  Potential 

explanations for greater spacing in channels with more resistant boundaries, like those in 

segment B compared with those in segment A, are 1) differences in the flow regimes forming 

resistant-boundary and alluvial channels (Tinkler, 1971) and 2) proportionality of pool spacing to 

the size of material in transport (Roy and Abrahams, 1980).  Neither of these hypotheses, 
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however, is valid in the Cosumnes because flow frequency and magnitude are equivalent in 

segments A and B, and grain size decreases rather than increases downstream from A to B 

(Constantine et al., 2003).  The implication is that differences in pool spacing between segments 

A and B must be related to differences in the processes of pool formation in reaches developed in 

alluvium and in those with duripan beds. 

 In order to form some hypotheses about how the river has evolved from its pre-incision 

state, we compared our contemporary pool-spacing estimates with average measurements from 

various low-gradient streams.  Our assumption is that the morphology of the pre-incision 

Cosumnes was that of a low-gradient, gravel-bed stream.  Pool spacing frequently averages 5 to 

7 channel widths in gravel-bed rivers (Leopold and Wolman, 1964; Keller and Melhorn, 1978).  

While pool spacing in segment A follows this general rule, spacing in segment B has a greater 

mean and shows much greater variability than reported by Keller and Melhorn (1978).  These 

observations suggest that pool spacing in segment B became more variable as a result of incision, 

subsequent introduction of geologic heterogeneity, and installation of diversion structures.  

Association of anomalously long pool-spacing estimates with duripan reaches and diversion 

structures offers validity to this hypothesis. 

 

4.4. Processes of profile evolution 

The orientation and outcrop locations of the duripan layers appear to affect overall profile 

form in segment B by controlling bed gradient.  The stratigraphic position of the layers and the 

lithology and cement of the intervening gravel lenses indicate that the layers are Quaternary in 

age and part of the younger alluvial fan.  The fan and included duripan layers have a slope of 

0.0017 to the west (Piper et al., 1939; California Department of Water Resources, 1974), 



 15

resulting in an apparent dip of 0.0011 in the direction of flow S40ºW.  The bed gradient in non-

depositional duripan reaches averages 0.0015, which is high compared with the overall average 

bed gradient of 0.0008 for the entire study area.  The coincidence of duripan orientation and non-

depositional duripan reach gradient suggests that active abrasion of duripan is occurring along 

bedding planes.  This pattern of erosion, found where strata dip at angles greater than channel 

gradient, has also been documented in bedrock rivers (Miller, 1991). 

Channel-bed erosion through abrasion represents a process introduced to the system by 

incision and the exhumation of duripan.  Currently, channel-bed erosion in duripan reaches 

occurs through abrasion by bedload and knickpoint retreat rather than through fluvial 

entrainment of particles, the typical erosion process in gravel-bed streams.  Potholes and grooves 

in non-depositional duripan reaches offer evidence of channel-bed abrasion by bedload, the 

intensity of which depends on the caliber and amount of sediment available for transport.  Self-

enhancement of potholes or depressions in duripan may aid in the formation of deep pools 

(Wohl, 1998) in segment B.  Once scour is initiated, resultant vortices entrain particles that 

continue to abrade the walls of the depression.  Between 18 and 30 km in segment B, the channel 

is relatively narrow; thus, flow depth and stream power are relatively high.  In the absence of bed 

material for transport, more stream power is available for scouring the bed and deepening pools.  

Spatial patterns of duripan erosion depend on the presence of fractures, the orientation of 

bedding, and the distribution of alluvial cover, which may protect the underlying duripan from 

abrasion.  Large variability of pool depth in segment B may be related to how long the bed has 

been exposed to overhead flow, or the time since the initiation of erosion. 

The presence of a knickzone and bed steps indicates that knickpoint retreat is an active 

process of profile development.  Retreat and breaching of the knickzone in particular have 
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important implications for upstream channel evolution because the knickzone currently supports 

upstream aggradation (Constantine, 2003).  In the Bluff Hills of Mississippi, an area where 

paleosols outcrop frequently in channel beds to form knickpoints, engineers have documented 

accelerated upstream channel incision as a result of breaching of the knickpoints (Rainey et al., 

1982). 

 

4.5. Cross-sectional form and the links to geologic variation 

 Channel incision into duripan in segment B resulted in a transition from generally 

shallow to deep and narrow cross-sectional form.  This change is evidenced by a comparison of a 

cross section surveyed in 1896 with one surveyed 100 years later at approximately the same 

location (Fig. 5).  Although the survey was completed a few kilometers downstream of the study 

area, the change shown by Figure 5 can be used to represent the trend of change that occurred 

throughout segment B, where levees are extensive and banks are frequently composed of 

duripan.  The width-to-depth ratio of the 1896 cross section is 40.  Since 1896, channel depth 

increased and channel width either decreased or remained approximately the same, depending on 

how closely the locations of the two cross sections match.  In the contemporary channel, the 

width-to-depth ratios of cross sections in the alluvial reaches of segment A are most similar to 

the ratio from the 1896 survey (Fig. 6).  The mean width-to-depth ratio in segment A is 36.3, and 

all ratios are within 25 percent of the 1896 value.  The alluvial, and often coarse, nature of the 

banks in segment A coupled with the near absence of levees allowed the river to respond to 

incision through widening and aggradation.  Through these processes, the channel reestablished a 

relatively wide and shallow cross-sectional form similar to that of the 1896 channel (Fig. 7).  In 

contrast, the mean width-to-depth ratio in segment B is 15.6, indicating relatively deep and 
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narrow cross sections (Fig. 8).  Cross sections in duripan reaches generally have the lowest 

width-to-depth ratios, and the ratio 14.2 is the approximate divide between the lower ratios 

measured in duripan reaches and the higher ratios measured in alluvial reaches.  At alluvial cross 

sections in segment B with width-to-depth ratios lower than 14.2, bank stability is enhanced by 

large, woody vegetation and bank-protection structures.  Measurements of channel bottom width 

at cross sections provide additional evidence that channel form is narrower in duripan reaches 

than in alluvial reaches.   Channel bottom width is a useful indicator of channel form because its 

measurement, unlike that of the width-to-depth ratio, is independent of field-based bankfull 

estimates, which include some uncertainty.  In alluvial reaches, average channel bottom width is 

48.2 m compared with 26.5 m in duripan reaches.  Thus, the cross-sectional form of the river is 

narrower where the channel is incising into duripan. 

 

4.6. Processes of cross-sectional evolution 

 The introduction of erosionally resistant bank material and the change in cross-sectional 

morphology in segment B caused changes in processes of bank erosion and sediment transport.  

Bank erosion in alluvial rivers occurs through a combination of fluvial erosion and mass failure, 

depending on the nature of the bank material.  In duripan reaches of the Cosumnes, the process 

of bank erosion is reduced exclusively to undercutting through fluvial erosion of underlying, less 

resistant alluvium or through abrasion of the slope toe by bedload and subsequent cantilever 

failure of the overhanging blocks (Fig. 9). 

Because discharge changes little with distance downstream, the shift from wide and 

shallow cross-sectional form in segment A to deep and narrow cross-sectional form in most of 

segment B had a profound effect on the relationship between transport capacity and sediment 
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supply.  Average bankfull bed shear stress in segment A is near the threshold required for motion 

of the median surface grain size (Constantine et al., 2003), a condition inherent to self-formed 

streams with alluvial beds and banks (Parker, 1979).  In most of segment B, concentration of 

flow in a narrower channel results in bed shear stress values that are high relative to the size of 

material on the bed (Constantine et al., 2003).  Therefore, all grain sizes are mobilized at 

moderate flows, and the channel bed is frequently scoured.  Gravel transport rates in this portion 

of segment B have increased through time as a result of incision into duripan. 

 

5. Summary 

 This study demonstrates that incision of an alluvial river into relatively resistant substrate 

will result in changes in cross-sectional and longitudinal morphology and processes of evolution.  

For the Cosumnes River, these changes can be summarized as follows.  Where newly exposed 

bank material is relatively more resistant, cross-sectional form becomes progressively deeper, 

with bed erosion exacerbated by increasing transport capacity relative to sediment supply.  

Eventually, some threshold of bank height or stability of undercut banks is surpassed, and 

cantilever failure occurs.  It appears that this evolution is slow enough that the sediment-

transport regime of the channel is strongly affected on timescales of at least years to decades.  

The transition from an alluvial to a more resistant channel-bed boundary gives rise to the 

appearance of erosional bedforms and irregular alluvial cover.  Profile adjustment involves 

changes in bed gradient in response to preferential erosion along bedding planes or changes 

related to different stream power requirements for erosion of the bed surface.  As alluvium is 

stripped away, variability of pool depth and of pool spacing increases through the development 

of  more shallow and deep pools and longer pool spacing. 
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Figure 1. Location map of the study area in the Cosumnes River watershed, Central Valley, 

California. 
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Figure 2. Illustration of residual pool and maximum residual pool depth (rmax).  Modified from 

Wohl (2000) p. 159. 
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Figure 3. 1909 - 1910 and 2000 channel profiles.  The geology of the bed surface mapped in 

2000 is alluvium (dotted), duripan (gray), bedrock (black), or alternating alluvium and 

duripan (striped).  Also shown are the bedrock knickzone (k), diversion structures (d), 

and bed steps in duripan reaches (s).  The 1909 - 1910 profile was determined from 

topographical maps (U.S.G.S., 1909a, b, c, 1910), and elevations were corrected for the 

difference between the 1910 datum and the 1929 datum referenced for the 2000 profile.  

Contours on the 1910 and 1909 maps are 10 m and 5 m.  The 2000 profile is a smoothed 

curve fit by eye to surveyed thalweg data. 
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Figure 4. (A) Residual water depth with distance downstream and bank-material type for 

segments A (0 to 10.2 km) and B (10.2 to 32 km).  The locations of diversion structures 

(d), bridges (b), artificial riffles made of large cobbles (r), duripan bed steps (s), and the 

knickzone (k) are shown.  (B) Frequency of maximum residual pool depths in segments 
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A and B normalized by length of segment.  The pool associated with the knickzone is 

labeled (k).  (C) Frequency of pool spacing measurements for segments A and B 

normalized by length of segment.  Channel width is defined as the segment-averaged 

channel bottom width.  The majority of the unusually low and high pool spacing 

measurements are associated with diversion structures (d) and the knickzone (k). 
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Figure 5. Comparison of 1896 and 1996 cross sections completed near Highway 99, 2 km 

downstream of the study area.  Channel centerlines and elevations of adjacent valley flats 

were used to align the plots.  Although only the approximate location of the 1896 survey 

is known, the plots illustrate the scale of incision that occurred in the study area.  Data 

from 1996 (ref. #1448) was supplied by Philip Williams & Associates, San Francisco.  

The cross section from 1896 was surveyed by J.C. Boyd. 
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Figure 6.  Average width-to-depth ratios for contemporary cross sections and the 1896 cross 

section in Figure 5.  Error bars depict one standard deviation about the mean for sites 

with multiple bankfull estimates.  Bars smaller than the size of the marker were excluded.  

The ratio 14.2 describes the approximate boundary between width-to-depth ratios of 

duripan and alluvial cross sections. 
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Figure 7. Photograph of an alluvial reach in segment A (0.83 km).  The coarse and 

unconsolidated nature of the banks allow for channel widening through fluvial transport. 
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Figure 8. Photograph of a characteristically narrow duripan reach in segment B (15.7 km). 
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Figure 9. Photograph of a deep pool in a duripan reach in segment B (18.4 km).  The undercut 

banks are collapsing in blocks. 

 


