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ABSTRACT

Gully erosion has been damaging cultural sites in Grand Canyon over the last
several decades, and there is a need to protect these features through monitoring,
mitigating, and continuing to improve our understanding of the erosion. The goals of this
study were to assess the performance of erosion-control structures, to determine the
accuracy and utility of aerial photogrammetry for monitoring gullies, and to build our
geomorphic understanding of the erosion. We performed total-station surveys, obtained
detailed aerial photographs, and collected several types of geomorphic field data in
February and October of 2002 at nine different sites; four in eastern and five in western
Grand Canyon. Study sites included 22 gullies with 113 erosion-control structures and
two ungullied control sites. Data reduction included photogrammetric remote sensing,
survey comparisons and terrain analyses in a geographic information system (GIS), and
statistical analysis of survey and field data.

Results indicate the erosion-control structures are generally successful in slowing
erosion or causing deposition of sediment. Analogous gullies with no treatments
exhibited greater erosion compared to those with rock linings or brush checkdams.
Treatments are more prone to be breached or flanked by flow when they are located in
reaches of relatively high gradient, and damaged erosion-control structures were less
effective than intact structures, apparently increasing erosion in cases. Initial data
suggest brush checkdams are more effective in causing sediment deposition and staying
intact than rock linings.

Aerial photogrammetry was performed on four sites in western Grand Canyon
before and after the summer 2002 monsoon season with 1:1600 scale photographs in
order to assess the accuracy and utility of this remote sensing tool for monitoring gully
erosion. Accuracy of the photogrammetry was assessed by comparing the
photogrammetry data to conventional survey data. Mean vertical error for individual
datasets ranged from 6-10 cm, depending upon the degree of data interpolation, and less
than 50% of gully knickpoints 10-30 cm in relief could be detected. Likewise, with the

compounded error of repeat data collection at sites for successive monitoring, accurracy
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was inadequate to identify most decemeter-scale erosion features. Primary sources of
error include obstruction of aerial photography by vegetative canopy or shadows, and
error across a site also increases with topographic ruggedness and decreases with greater
density of photogrammetric data. Considering spatial variation in topographic
ruggedness, we calculate the density of photogrammetric data needed to minimize error
at sites. Such an optimal data collection in the future could reduce mean error to ~5 cm
for individual datasets at this photographic scale.

Improving our understanding of the geomorphology of gully erosion along the
Colorado River corridor is required in order to indisputably identify its causes. Repeat
ground surveys show that gully erosion is concentrated at knickpoints and that new
knickpoints tend to form in relatively steep reaches. Initial field data suggest soil shear
strength and infiltration capacity vary significantly with sediment texture, vegetation, and
soil crusts. An empirical slope-area erosion threshold for study gullies was successfully
applied in a preliminary GIS-based model to identify locations exceeding this threshold,
which are hypothetically sensitive to gully erosion.

Based on these results, we recommend that the placement, monitoring, and
maintenance of erosion-control structures continue in Grand Canyon as further research
is done to test our initial findings, including that brush checkdams are superior to rock
linings. Though aerial photogrammetry is not yet suitable for monitoring erosion at sites,
it may be at some point in the future with continuing technological advances. In the
meantime, human visitation at sites clearly increases erosion and other remote sensing
tools need to be explored for monitoring. Finally, future GIS numerical modeling
incorporating field-geomorphic data would be a powerful tool for cultural site
management and protection, and it is probably the only way to identify the relative

importance of different controls on the erosion, including baselevel.
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PREFACE

Gullies in Grand Canyon are eroding a series of middle-to-late Holocene alluvial
terraces along the Colorado River corridor and are damaging cultural sites in the process.
Monitoring of these sites indicates that the erosion has increased over the last two
decades, and it has been hypothesized that the operations of Glen Canyon Dam contribute
to this problem (Hereford et al., 1993; Thompson and Potochnik, 2000). Lower-impact
methods of monitoring sites need to be explored, and current efforts to reduce gully
erosion require evaluation. The goals of this research were to assess the effectiveness of
erosion-control structures, test aerial photogrammetry as a tool for monitoring gully
erosion, and continue investigating the geomorphology of the gully erosion. Protection
of cultural sites in Grand Canyon is the overall theme of the three facets of this research.

Chapter 1 focuses on stone and brush erosion-control structures that have been
placed in gully channels over the last several years. The purpose of these structures is to
reduce flow velocity and stabilize the channel, but their effectiveness in these tasks has
never been formally examined. An analysis of the effectiveness of erosion-control
structures is achieved through total-station surveys and field observations of trends in the
erosion of treated gullies over the 2002 monsoon season.

Chapter 2 is an account of testing aerial photogrammetry as a method to detect
decimeter-scale gully features and to monitor change of these features over time.
Conventional ground surveys are precise and relatively accurate, but require intensive site
visitation with associated damaging effects. Aerial photogrammetry has the potential to
measure detailed topography of an area with minimal impact. We evaluate its success
over two data collections using 1:1600 aerial photography, likely near the maximum
scale feasible in this setting.

Chapter 3 builds upon previous work by exploring aspects of the geomorphology
of gully erosion through a combination of field data collection and GIS topographic
analysis. We show that the terrain models produced from our photogrammetry help
predict gully-prone areas through GIS modeling. In the future, an improved model
parameterized by field data would be a powerful tool for protecting and monitoring

cultural sites and identifying the causes of the erosion.



CHAPTER 1: EROSION-CONTROL STRUCTURES

INTRODUCTION

Erosion due to gullying can be an acute problem, and the search for inexpensive,
durable, low-maintenance techniques to control gully erosion has proven elusive (Heede,
1966; Gellis et al., 1995; Norton et al., 2002). Many cultural sites that lie along the
Colorado River corridor of Grand Canyon National Park are being eroded by gullies
(Hereford et al., 1993; Fairley et al., 1994), and erosion-control structures have been
installed at many sites to reduce or prevent further erosion, but their performance is
uncertain. Our goal has been to provide the first formal evaluation of the effectiveness of
these erosion-control structures in Grand Canyon by evaluating their performance in

slowing erosion and by evaluating the conditions under which they tend to fail.

BACKGROUND
Gully Erosion in Grand Canyon

Most cultural sites are located in deposits Hereford and others (1993,1996) called
the “striped alluvium” and the “alluvium of Pueblo II age”, which date from 2500 BC —
300 AD and 700 — 1200 AD, repectively, and consist of fine-grained fluvial sand locally
interbedded with eolian sand and gravelly colluvium. Gullies in Grand Canyon have also
formed in these same Holocene stream terraces, eolian deposits, and at the toes of
hillslopes along the Colorado River corridor. The study gullies are relatively small,
ranging from ~20-200 m in thalweg length, and from ~0.2-2.5 m in channel width. They
may extend below the older prehistoric terraces associated with cultural sites to younger
prehistoric and historic sandy flood deposits, and may terminate on any of the terraces, in
side-canyon washes, or the Colorado River itself.

Field observations indicate erosion is driven primarily by infiltration-excess
overland flow, is also influenced locally by piping, and is associated with both knickpoint
retreat and channel widening from bank undercutting and failure (Appendix B). These
processes are common in semi-arid to arid landscapes such as Grand Canyon that feature
infrequent, high-intensity precipitation events, low vegetation density, and bedrock

exposure.



Hereford et al. (1993) and Thompson and Potochnik (2000) concluded gully
incision increased dramatically between 1973 and 1984 based on repeat photographs of
sites in both eastern and western Grand Canyon. Hereford et al. (1993) studied changes
in daily precipitation and proposed that a period of more intense precipitation from the
late 1970s through the 1990s has driven accelerated erosion, but these studies also raised
the idea that increased erosion is linked to Glen Canyon Dam. They hypothesized that in
the pre-dam era relatively frequent flood deposition prevented gullies from reaching the
river, and that the lack of flood deposition in post-dam time has allowed some gullies to
reach the Colorado River, reducing their baselevel 3-4 m. These studies document
increased gully erosion, yet its causes are still debated.

Professional archaeologists began studying cultural features in Grand Canyon
National Park in the early 1950s. The first recognition of the erosion of cultural sites
came during increased monitoring immediately after the unexpected July 1983 flood
release from Glen Canyon Dam. A complete archaeological inventory was completed
along a 410-km-long segment of the Colorado River corridor from the base of Glen
Canyon Dam to Separation Canyon in May 1991 (Fairley et al., 1994). One product of
this survey was an evaluation of site conditions and impacts, including gully erosion; and
monitoring indicated that some form of action was necessary to impede destruction of
archaeological sites (Dierker et al., 2002). The Bureau of Reclamation and the NPS
conferred with geologists, geomorphologists, archaeologists, trail crew personnel, and
Native American tribal members, and decided to construct traditional Zuni-style
checkdams of both rock and brush at severely eroding sites. Since September 1995, the
National Park Service and the Zuni Conservation Program have installed, monitored, and
maintained rock and brush linings, checkdams, and water-diversion structures at 29
different sites along the Colorado River corridor (Dierker et al., 2002). Although some of
these structures have remained intact, many need frequent maintenance or have been

destroyed.

Erosion-Control Methods
Many attempts have been made to control gully erosion by building dams of

concrete, stone, or wood (Heede, 1976). The purpose of checkdams from an engineering



perspective is to locally dissipate flow energy and reduce channel gradient (Jaeggi and
Zarn, 1999). Erosion occurs when the driving forces in the flow exceed the resisting
forces of the channel boundary. Reducing channel gradient or flow depth proportionally
decreases the boundary shear stress driving erosion and acting against the weight and
cohesion of sediment in the flow and along the gully channel. The number and height of
checkdams needed for engineered erosion control depends on the stable, equilibrium
gradient of the sediment being transported and deposited upstream of structures.
Checkdams, in effect, are an attempt to adjust the channel gradient to this lower value,
which varies with sediment size and channel hydraulic geometry (e.g. Kaetz and Rich,
1939; Hack, 1957). Studies suggest this lower equilibrium gradient may typically be 0.7
times that of the pre-gullied channel (Woolhiser and Lentz, 1965; Heede, 1976).
Following this, Heede (1976) used a formula to calculate the required spacing of
checkdams:

S =H /K tana cosa (1)

where S is the spacing (meters), H is the dam height (meters), a is the channel gradient,
and K is a constant (0.3 for gradients less than or equal to 0.2, and 0.5 for gradients
greater than 0.2). The lower post-gullying equilibrium gradient causes the influence of
checkdams to extend only a limited distance upstream (Kaetz and Rich, 1939; Leopold
and Bull, 1979). Given time, checkdams are often bypassed or undermined, and it is

important to recognize that they do not remedy the basic cause of gully erosion.

Typical erosion-control methods rely on rigid concrete, stone, or log checkdams.
Brush structures are also used in some places, for example, by the Zuni Indians in the
southwestern United States. These brush structures reduce the erosive power of flows
because the high permeability and roughness of woody debris dissipates the power of
flows and allows greater time for infiltration (Norton et al., 2002). Brush dams are also
cost-effective and take little time to construct. In an assessment on the Zuni Reservation,
Gellis et al. (1995) noted 1/3 fewer repairs needed in brush checkdams compared to stone
checkdams. Norton et al. (2002) also found that traditional Zuni brush structures were
effective, specifically in retarding erosion, reducing scour, and causing deposition of

sediment.



Some of the erosion-control structures in Grand Canyon are wood or stone
checkdams, but the majority are low-profile rock linings. Many of these rock linings
were originally constructed as larger rock and rock-and-brush checkdams, but were
reduced by maintenance to the linings in order to prevent future breaching (Dierker et al.,
2002). These rock linings serve to armor the channel and increase roughness, hopefully
preventing loss of channel and bank material. Fischenich (2001) noted that such
armoring can cause local scour where flow is constricted and of higher velocity between
clasts. Also, the effects of armoring are not expected to influence the area beyond the
structure itself. Unfortunately, little evaluation of rock linings in gullies has been
performed, since brush and stone checkdams are more common, especially in larger

gullies and arroyos.

METHODS

Cultural sites in two reaches of the river corridor were selected for study with the
guidance of National Park Service personnel (Fig. 1.1). All feature one or more gullies,
and a total of 22 gullies with 116 erosion-control structures were studied (Table 1.1).
This represents 47% of all structures in Grand Canyon National Park, and over 90% are
rock linings (Fig. 1.2). Three sites are in eastern Grand Canyon: 60-mile (four gullies),
Palisades (four gullies), and Basalt Cliffs (four gullies). 60-mile and Palisades have a
history of active erosion, whereas the Basalt Cliffs site had no active knickpoints as of the
beginning of this study. Four sites are in western Grand Canyon: Indian Canyon (one
gully), Arroyo Grande (four gullies), Granite Park (one gully), and 223-mile (four
gullies). 60-mile, Palisades, Arroyo Grande, and 223-mile are also “checkdam control
sites,” in that they include one eroding gully without any erosion-control features. The
study sites are representative of a range of geomorphic settings, degrees of erosion, and
erosion-control efforts.

Field data collection occurred in February and October 2002 to bracket the
erosional changes associated with the 2002 monsoon precipitation season. Visual
assessment and repeat photography of damage to structures from runoff was undertaken,
as well as conventional topographic surveys to measure thalweg profiles, channel

gradients, planview areas of structures, and drainage areas of entire gullies and areas



above individual erosion-control structures. These survey data were used to compare
normalized channel longitudinal profiles for both February and October datasets to
determine if treatments trapped sediment or prevented erosion and to explore relations
between the condition of erosion-control structures, local channel gradient (gradient <2 m
upstream of each erosion treatment), and contributing drainage area. In addition to these
surveys, several types of field data were collected to gain an understanding of the
catchment properties influencing erosion, including vegetation transects, soil

descriptions, geomorphic descriptions, and soil strength and permeability tests.

Summer 2002 Rainfall

Grand Canyon receives ~50% of its yearly rainfall in relatively short, intense
thunderstorms during the monsoon season, which generally spans from mid-June until
mid-September (Western Regional Climate Center, 2003). These thunderstorms can be
highly localized. For example, the largest storm during the study was on September 8§,
when rangers at Lees Ferry reported 4.6 cm of rainfall in 35 minutes, while the Phantom
Ranch weather station recorded only 0.18 cm of precipitation in 24 hours (Table 1.2).
Runoff and erosion during the study period was relatively intense at the eastern study
sites compared to western sites (Appendix G), and thus eastern sites provide much of the

data in our assessment of erosion-control treatments.

RESULTS
Integrity of Erosion-Control Structures

Of the 116 erosion-control structures assessed, 51 (45%) were damaged by
erosion at the time of the second data collection in October of 2002. Based on all sites
but Palisades (incomplete data), 23% of these damaged structures were intact at the
beginning of the research in February of 2002 (Appendix D). Most of those that were
already damaged at the beginning of this research underwent further erosion during the
study. Of the damaged erosion-control structures, 47% were flanked (eroded at its side;
Fig. 1.3), 22% were breached (damaged in the middle; Fig. 1.4), and 31% were both
flanked and breached.



The majority of this erosion and damage is interpreted as caused by infiltration-
excess overland flow discharging through gully channels. Piping caused measurable
headcutting and channel widening over the study period at only the Palisades study site,
where it undermined structures and caused bank collapse (Fig. 1.5). A salt pan
comprising much of the upper catchment of the Palisades gully system generates high
runoff due to its unusually low infiltration capacity (Appendix E), and also encourages
piping due to its sodium-rich (dispersive), silty sediment and the macroporosity provided

by its desiccation-cracked surface (Appendix B).

Morphometric data of gradient and contributing drainage area immediately above each of
the 116 erosion-control structures can be analyzed for correlations to the damage of
treatments. Drainage area is a common surrogate for discharge that is especially
appropriate in infiltration-excess-dominated settings, and gradient controls the shear
stress applied by a given depth of flow from this discharge. Mean gradients of reaches
within 2 m of intact structures are 0.11, in contrast to 0.17 for damaged structures (Fig.
1.6A), which is significantly different at o = 0.1. Damaged structures exhibit a greater
variance in both gradient and contributing area than intact structures (Fig. 1.6). The large
variance in contributing drainage area for damaged structures skews the mean to higher
values, whereas medians between intact and damaged structures are relatively similar in
value, and the drainage area dataset fails a Mann-Whitney U-test for significance (data
fail a Kolmogorov-Smirnov normality test). Despite differences in drainage area not
being strictly significant, a plot of gradient-drainage area product shows distinct trends
between damaged and intact structures (Fig. 1.7). Slope-area product is commonly used
as a simple erosivity index because of its similarity to stream power. The trend line
representing damaged structures is higher and both trend lines have a negative slope,
indicating that structure damage is associated to some degree with both higher gradients

and larger contributing drainage areas.

Effectiveness of Erosion-Control Structures
Overall Trends

We tested the effectiveness of structures in trapping sediment and reducing

erosion by comparing thalweg longitudinal profiles measured in February and October



2002 at sites in eastern Grand Canyon that underwent measurable erosion during the
study period. One “control” gully or reach with no erosion control was included at each
site. Relative to the overall gully channel, ~60% of the areas at and immediately above
rock linings and brush checkdams were associated with lower denudation or even
deposition (Appendix D, summary in Table 1.3). Most of the control gullies denuded
more than adjacent, treated gullies or reaches. The exception is the 70-mile site, where
the high denudation of the east gully was associated with the failure of five of its six
stone linings during the course of this study (Table 1.3). Intact structures were
sometimes associated with deposition (Fig. 1.8). In contrast, structures damaged before
or during the study denuded more than intact structures at all sites, and they were
associated with greater local denudation than the mean of their overall channel (Appendix
D). These data are normally distributed, and a t-test indicates that denudation at intact vs.
damaged structures is significantly different at the 95% level. Thus, intact erosion-
control structures reduce erosion and promote deposition, but when damaged they appear

to enhance erosion locally.

60-mile

A tributary gully at the 60-mile site with no erosion-control structures incised, on
average, more than either of the two gullies with treatments (Fig. 1.9, Table 1.3). The
main gully aggraded slightly in the central, treated reach of the channel, despite this reach
being relatively steep. Most of the denudation of the main channel was located in the

untreated upper reaches or downstream, not upstream, of erosion-control treatments.

Palisades

The Palisades site is the most complex to assess. Its drainage area and gully
dimensions are an order of magnitude larger than most other study sites, and, as
mentioned above, its catchment has a very low permeability compared to the other sites
and piping is an active process in the upper catchment (Appendix E). In general, the
channels of treated gullies at Palisades underwent incision comparable to the other treated
gullies at the 60-mile and Basalt Cliffs sites (2—5 cm; Figs. 1.10, 1.11). Two exceptions

were a tributary of the south-main Palisades arroyo, with an average incision of ~10 cm



(Fig. 1.10C), and the mouth of the south-main gully (Fig. 1.10A). The incision of the
south-main Palisades gully was associated with the headward advance of an existing
knickpoint and the formation of another in the steep reach near the gully mouth. This
gully also had distinct erosion patterns above and below its confluence with a major
tributary (Fig. 1.10A). Only three of the nine erosion-control structures upstream of the
confluence with a large tributary were in need of repair, whereas six of the seven
structures downstream of the confluence were damaged or obliterated. Average incision
upstream of the confluence was less than 4 cm; downstream of the confluence it was
nearly 13 cm. Average gradient upstream of the confluence is 0.015, but downstream it
is 0.04, and drainage area increases from 61,000 m? to 85,000 m” at the confluence. The

greatest erosion in the north tributary gully is also in its lower, steeper reach (Fig 1.11B).

Basalt Cliffs

All four gullies at the Basalt Cliffs site have similar gradients and drainage areas,
but differ in erosion treatment. Brush checkdams at the Basalt Cliffs site were relatively
effective at staying intact and in trapping sediment (Figs. 1.12C,D and see Fig. 1.14).
The benefits of these structures are localized, however, and most denudation was
associated with knickpoints formed between and downstream of the checkdams,
especially rock linings. The rock linings that remained intact were successful to a lesser
degree in stabilizing the channel (Figs. 1.12A,B), but were not associated with deposition
as much as the brush checkdams were (Fig. 1.12C,D). Like the 60-mile and Palisades
sites, the treated parts of the Basalt Cliffs gullies fared better than the untreated segments.
For example, a gully with only one checkdam aggraded an average of 3 cm upstream of
the structure, but eroded an average of 4 cm on the untreated reach downstream of the

dam (Fig. 1.12D).

DISCUSSION
Erosion-Control Structure Failure and Maintenance
Our data indicate erosion-control structures worked to slow erosion or, in some
cases, cause deposition in comparison to untreated areas over the course of the 2002

monsoon season. But our observations also indicate that structures in relatively steep



gully reaches tend to fail and require maintenance, especially at reach gradients over
~0.2. These damaged features, in turn, exacerbate erosion. Of course, erosion-control
structures in Grand Canyon have been placed over steep knickpoints in order to slow
erosion, but these structures are then susceptible to damage due to this high gradient.
Rock linings seem to be particularly vulnerable, probably because their relatively
immobile clasts deflect and concentrate the flow, causing local scour. The key point
based the data thus far is that the current erosion-control efforts seem to work to slow
erosion, if maintained. Without sustained monitoring and maintenance, structures in
high-gradient locations will eventually fail and contribute to the erosion. Installation of
checkdams and then their maintenance are two necessary components to erosion control,
and existing research suggests low-impact treatments inherently require maintenance
(e.g. Norton et al., 2002). Likewise, these efforts can only be expected to slow down the
pace or temporarily stop longer-term cycles of gully erosion.

Continued monitoring is also valuable because of the possibility of building a
record and tracking these gullies through predictable erosional changes. A discontinuous
gully’s geometry at a single location can be expected to go through a sequence of
changes in form, including initial knickpoint incision, then widening, and finally
deposition ahead of the next migrating knickpoint (e.g. Gellis et al., 1991; Elliot et al.,
1999). Erosion-control structures should be prone to breaching or flanking if the local
channel is in the stage of active deepening or widening, and the lower reach of the
Palisades south-main arroyo is a current example of this, which may be particularly
difficult to mitigate.

It is well established that, for a given contributing drainage area, there is a
threshold topographic gradient associated with gully erosion (Schumm and Hadley, 1957,
Patton and Schumm, 1975). Our data in Grand Canyon are consistent with this,
indicating that local channel gradient and, to a lesser degree, contributing drainage area
are effective in predicting where knickpoints form, where erosion happens, and where
erosion-control structures will fail. The relatively poor correlation of drainage area to
structure failure is probably due to the fact that ephemeral drainages commonly do not
increase with drainage area because of infiltration into the streambed (Leopold and Bull,

1979). Also, lower reaches of gullies have higher width-to-depth ratios (Fig. 1.13), and

10



therefore discharge in the lower catchment may not be deeper (higher in shear stress) than
in upper gully reaches. But with more data, the area-slope relation illustrated in figure

1.7 could potentially be used to define a failure threshold for erosion-control structures.
This could be used to identify existing structures that are vulnerable to damage, but
variation will exist in this due to details of construction and maintenance, as indicated by

the scatter in this plot.

Brush Checkdams versus Rock Linings

The Basalt Cliffs site has five erosion-control structures made of woody debris
along with stone structures and untreated areas, all in a setting with uniform geomorphic
characteristics, which allows for comparison of treatment types. Brush dams fared better
than the neighboring rock linings in terms of both damage and erosion control. Repeat
observations indicated that all of the brush structures stayed intact and were not
associated with local scour (Fig. 1.14). Over half of the rock structures in similar gullies
at the same site were destroyed by runoff during the study period (Appendix D).
Logically, the more-uniform permeability of brush checkdams slow flow but still let
water through without concentrating it, causing deposition and creating a more resilient
dam. Our initial observations indicate that, unlike a stone structure, brush structures that
are damaged tend to stay somewhat intact or remain effective roughness elements after
washing some distance down the channel.

Several studies suggest that woody debris is effective in causing sedimentation
and reducing erosion. The majority of these studies were performed in larger, perennial
streams in wetter settings than the small gullies studied here, but the general hydraulic
qualities of woody debris may be applicable. The fraction of a flow’s energy available to
move sediment is a function of total channel roughness, which includes in-channel
obstructions such as woody debris (Montgomery and Buffington, 1993; Fetherston et al.,
1995). Manga and Kirchner (2000) determined that woody debris accounted for nearly
50% of the total flow resistance in a spring-dominated stream in the central Oregon
Cascades, despite covering less than 2% of the total streambed, and Fetherston et al.
(1995) found that woody debris was responsible for up to 87% of sediment storage in a

New Hampshire stream.
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Our observations that brush erosion-control structures may be superior to stone
are also supported by studies from the region. In New Mexico, Gellis (1996) observed 23
brush structures, only five of which were damaged, compared to our 50% of stone
structures and 0% of our five brush checkdams. Norton et al. (2002) found that the Zuni-
made brush piles and checkdams in larger gullies and arroyos successfully endured flows
up to the magnitude of the 25-year recurrence interval. Larger floods tended to move and
redeposit the material in a large debris jam down the channel, which was still beneficial.
The intact structures caused large amounts of deposition, and the washed-out structures
coalesced to form debris jams, causing upstream deposition. Traditional Zuni approaches
simply place as much material as possible in the channels with little reinforcement,
negating the hydraulics and scour sometimes attributed to rigid, relatively impermeable
rock structures (Norton et al., 2002). Extensive lengths of channel could be treated in
such a way rapidly and efficiently.

More study is needed to test this initial finding that brush checkdams may be a
better mitigation strategy than stone linings. But if slowing erosion and the destruction of
cultural features is the goal, this first round of data indicate that consistently maintained

checkdams of woody debris are the best low-impact option.
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CHAPTER 1

FIGURES AND TABLES
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Figure 1.1. Locations of erosion-control study sites.
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TABLE 1.1.

EROSION-CONTROL STUDY SITE DESCRIPTIONS

Geomorphic Setting® Gully Drainage
Site Name Mitigation Gradient Area (ha)
60-mile 13 rock linings Bright Angel shale in upper catchment to eolian sand B1 0.22 0.05
to termination in side canyon B2 0.22 0.04
B3 024 0.02
B4 0.23 NA
Palisades 42 rock linings; low-relief, large distal debris fan/"playa" catchment to C1 0.03 8.28
2 rock checkdams ap2 terrace to termination near Colorado River C2 0.03 0.95
C3 0.06 0.89
C4 0.04 0.35
Basalt Cliffs 9 rock linings; large alluvial fan catchment; drains across toe of fan D1  0.09 0.36
5 brush checkdams to termination on ap terrace D2 0.08 0.26
D3  0.08 0.37
D4 0.08 NA
Indian Canyon 5 rock linings talus catchment to eolian, ap, and termination on F1 0.19 0.05
pda’® sand
Arroyo Grande 9 rock linings basement rock and debris fan catchment to Gl 0.12 0.18
termination on ap/eolian sand G2 0.10 0.04
G3 0.20 0.05
G4 0.28 0.02
Granite Park 15 rock linings; Bright Angel bedrock catchment to eolian, slopewash, H1 0.06 0.16
1 rock checkdam  and Pleistocene gravel pile to termination on debris fan
223-mile 15 rock linings talus/debris fan catchment to eolian/ap sand to 11 0.26 0.08
termination in side canyon or on terrace 12 0.27 0.06
13 0.40 <0.01
14 0.24 <0.01

! Describes up to downslope catchment characteristics

2 Alluvium of Pueblo Il Age (Hereford et al.

® Pre-Dam Alluvium (Hereford et al., 1996)

, 1996)
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Figure 1.2. Rock lining erosion-control structures typical of treatments in Grand

Canyon.

TABLE 1.2. MAJOR PRECIPITATION EVENTS'

Date Lee's Ferry2 Phantom Ranch2
7/18/2002 2.57 0.00
7/19/2002 0.00 0.08
8/4/2002 1.50 0.25

9/7/2002 0.33 1.32
9/8/2002 4,57 0.18
9/9/2002 0.13 0.25
9/10/2002 0.00 1.27

! Units are cm
2See Fig. 1.2 for station locations
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Figure 1.3. Example of a flanked rock lining at Palisades site.
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Figure 1.4. Rock lining at Basalt Cliffs sites undercut by knickpoint and close to being
fully breached. A) February, at the start of research; B) October, at end of study period.
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Figure 1.5. Piping along channel side with rock lining at Palisades.
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Figure 1.6. Box-and-whisker plots of intact and damaged structures for A) gradient, and
B) contributing drainage area. Boxes show 1% (25%), 2™ (median), and 3™ (75%)
quartiles, whiskers show outliers at 90%, and dots show outliers at 95%.
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Figure 1.7. Local gradient vs. contributing drainage area for intact and damaged
structures. 90% confidence intervals shown by dotted lines.

TABLE 1.3. LOCAL EFFECTS OF EROSION-CONTROL STRUCTURES

% Channel Structure Overall Gully

Gully n Intact Denudation (m)*-* Denudation (m)** Gradient
60 (west) 2 50 0.014 -0.008 0.211
60 (main) 10 40 -0.020 -0.038 0.212
60 (w trib)? 0 0 0.049 na 0.236
palisades (s main) 16 44 0.079 0.030 0.027
palisades (n main) 7 71 0.048 0.045 0.062
palisades (s trib) 8 13 0.045 0.055 0.029
palisades (n trib) 10 80 0.030 0.034 0.054
palisades (small trib)? 0 0 0.100 na 0.066
70 (east) 6 17 0.061 0.034 0.070
70 (e most) 3 67 0.032 0.058 0.073
70 (W most) 1 100 0.018 -0.044 0.087
70 (west) 4 100 0.034 -0.006 0.061
70 (untreated reach)? 0 0 0.038 na

! positive numbers represent denudation, negative numbers represent deposition
2 Control gullies

3 Mean denudation of the entire channel

*Mean denudation within and ~1 m above the erosion control structures
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Figure 1.8. Box-and-whisker plot depicting differences in denudation for intact and
damaged structures during the study period. Dotted lines show mean, dots show outliers

at 5 and 95%. In many, but not all, cases, damaged structures can promote increased
local denudation.
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60-mile: Main gully normalized profiles
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Figure 1.9. February and October normalized longitudinal profiles of 60-mile gullies. A
and B contain erosion-control structures and aggraded slightly in places between the two

surveys, whereas C has no structures and incised between the two surveys. Squares

represent failed structures, triangles represent intact structures.
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Palisades: North-main gully normalized profile
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Figure 1.11. February and October normalized longitudinal profiles of north-Palisades
gullies. Squares represent failed structures, triangles represent intact structures. Note
erosion spikes at damaged structures in A.



Basalt Cliffs: East gully normalized profiles

Basalt Cliffs: East-most gully normalized profiles
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Figure 1.12. February and October normalized longitudinal profiles of Basalt Cliffs
gullies. Squares represent failed structures, triangles represent intact structures. Note
higher erosion of untreated reach in D. A and B are gullies with only rock linings,
whereas C and D feature only brush checkdams.
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Figure 1.13. Log-log relation between channel width-to-depth ratio and drainage area.
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Figure 1.14. Repeat photographs of brush checkdams at the Basalt Cliffs site. A)
February, 2002; B) October, 2002, filled in with sediment. Notebook for scale.
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CHAPTER 2: UTILITY OF PHOTOGRAMMETRY IN MONITORING

INTRODUCTION

Gully erosion along the Colorado River corridor in Grand Canyon National Park
has increased in magnitude and frequency in the last few decades, and cultural sites are
being damaged as a consequence (Hereford et al., 1993; Fairley et al., 1994; Thompson
and Potochnik, 2000). Monitoring erosion at cultural sites is essential, but traditional
total-station surveys can further risk resources through human trampling and disturbance.
Aerial photogrammetry, which derives topography through analysis of stereo
photographs, is a promising remote sensing technology that could be used to monitor
erosion without ground disturbance. The purpose of this study is to determine the
accuracy and the change-detection utility of the current technology in high-resolution
aerial photogrammetry as applied in this setting.

Accuracy and detail of photogrammetry are partly controlled by photographic
scale. 1:1600 photographs were taken for this research, and this scale is likely near the
limit of what is possible in Grand Canyon National Park, considering the impact of low-
flying aircraft. Two key elements of our research design are: 1) accuracy of
photogrammetry was determined through comparison to conventional ground survey; and
2) separate data collections took place before and after the 2002 summer monsoon
runoff-and-erosion season in order evaluate photogrammetry’s ability to detect

decimeter-scale topographic change.

BACKGROUND
Previous Work
Photogrammetry is a method of measurement using photographic images that was
invented in 1851 and is still widely used to model topography. The development of
digital photogrammetry has revolutionized the method over the past decade, making it
possible to process higher-resolution imagery faster and at a lower cost (Baldi et al.,

2002; Heipke, 1995). Several recent studies have applied photogrammetry in
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geomorphic and monitoring studies, such as detecting erosion and deposition in
mountainous terrain (Oka, 1998; Baldi et al., 2002), shorelines (Hapke and Richmond,
2000; Adams and Chandler, 2002), and stream channels and floodplains (Heritage et al.,
1998; O’Brien et al., 2000).

The most recent studies that compare aerial photogra