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APPENDIX A. HISTORIC VEGETATION CONDITIONS:
INTERVIEWS

The following former and current King County staff interviews were conducted to capture a deeper
understanding regarding river and floodplain management practices and their effects to vegetation
conditions along the Lower Green River:

 Andy Levesque, December 4, 2013

 Steve Bleifuhs, Dec 5, 2013

 Ken Krank, Dec 9, 2013

 John Koon, Dec 9, 2013

 Dave Clark, Dec 12, 2013

Each interviewee was asked the following questions:

1. Please review this timeline of primary Lower Green River floodplain management chapters.

Does this look correct? What is it missing? What are the approximate years (decades, etc.)

associated with primary chapters or info that you suggest adding?

2. During what timeframe were you involved with Green River floodplain management and

levee/revetment vegetation maintenance practices? What was/were your role(s)?

3. Please describe what the levees looked like, along the Lower Green River, during your tenure?

4. More specifically, what type of vegetation was typically found along the Lower Green River

levees (grasses, blackberries, shrubs, trees, specific species types, etc.)? What were the typical

levee vegetation maintenance practices (tree cutting, willow thinning, mowing, brushing)?

Were these levee vegetation management practices applied uniformly to all portions of the

levees, or to specific zones?

5. How often did these maintenance activities occur (e.g., annually, as needed, as requested)?

a. Tree cutting

b. Willow thinning

c. Mowing

6. If mowed, how far down the slopes were the levees mowed? If the entire slope wasn’t mowed,

what was done with blackberry/reed canary grass and the lower end of the slope?

7. Was native woody vegetation left intact or cut? If cut, were rootwads removed?

8. If woody vegetation was removed, was the vegetation removal requested by another agency or

was the decision to remove the vegetation internal to King County?

9. What was the geographical extent of the vegetation maintenance (i.e., only PL84-99 levees,

entire lower Green, River Mile extent, etc.)

10. Is there anyone else we should talk to about historical conditions and vegetation management

practices on the Lower Green?

11. To your knowledge, did levee failure (or damage?) ever occur as a result of the presence of

woody vegetation? Do you have an opinion about whether shrubs, trees, or other woody
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vegetation enhances or degrades (or does not affect) the structural stability of typical levees in

the Lower Green
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APPENDIX B. RIVER BANK REPAIRS CONSTRUCTED BY

KING COUNTY AND THE CORPS FROM 1990 TO 2013.

NOTE: Some projects occurred over several years; these projects are listed one time in the year the toe
installation and planting (if applicable) were completed.
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Agency Repair Name Repair Year Bank D/S RM U/S RM Geogrids Wood Shrubs Trees

Van Warden 1990 Left 13.70 13.80 N 0 0 0

78th Avenue South 1991 Left 24.86 24.87 N 0 0 0

NC Machinery/Liston 1991 Right 13.70 13.77 N 0 0 0

Nursing Home 1991 Right 26.10 27.10 N 0 0 0

Christiansen Trail 1992 Left 14.15 14.21 Y 0 1800 0

Lone's 3rd Addition 1992 Left 30.80 30.90 Y 6 960 0

Brannon 1993 Left 30.30 30.30 N 0 0 0

Okimoto 1993 Right 21.90 22.00 Y 0 3210 0

Dykstra/Lone's Addition 1994 Left 30.50 30.90 Y 24 1440 0

Hamakami 1994 Right 35.62 35.67 Y 80 3284 45

Plemmons U/S 1994 Right 25.28 25.32 Y 10 700 0

Segale Riverward Levee 1995 Left 15.20 15.40 Y 6 3600 0

42nd Ave S 1996 Right 7.30 8.00 Y 30 2025 0

Boeing RM 17.80 1996 Right 17.74 17.75 Y 8 625 0

Plemmons 1996 Right 25.00 25.60 Y 12 600 0

Signature Pointe Lower 1996 Right 22.19 22.28 Y 11 1600 0

Russell Road Lowest 1997 Right 17.95 18.97 Y 14 900 0

Signature Point Upper 1997 Right 22.60 22.80 Y 32 2650 0

Boeing RM 17.62 1998 Right 17.65 17.68 Y 8 369 60

Christian Brothers 1998 Right 17.02 17.12 Y 25 3165 340

Russell Road 1998 Right 17.90 17.92 N 0 400 0

Russell Road Lower 1998 Right 18.76 19.50 Y 40 3530 225

Russell Road Upper 1998 Right 20.31 20.39 Y 21 2303 170

White Swan (Southcenter Trail) 2001 Left 12.25 12.27 Y 0 526 93

Desimone Levee 2002 Right 15.10 15.50 Y 48 6330 680

Pipeline Levee 2002 Right 21.80 21.90 Y 21 1960 50

Narita Levee 2003 Right 21.80 21.90 Y 63 3700 320

Segale Levee 2003 Left 15.16 15.20 Y 20 1397 0

Fenster Revetment Repair 2004 Left 31.98 32.03 Y 49 2450 355

Strander Bridge Outfall Bank Stabilization 2005 Left 13.02 13.02 Y 2 250 0

Breda/Horseshoe Bend 205 Levee Setback 2006 Right 24.50 25.10 N 0 0 0

Somes-Dolan 2006 Right 19.60 19.60 N 0 0 0

Frager Road Upper 2007 Left 19.20 19.20 Y 18 >200 UNK

Fenster Levee Setback and Floodplain

Restoration 2008 Left 31.80 32.00 Y 93 3019 982

Foster Golf Course FEMA 2008 Left 9.90 9.90 Y 0 30 10

42nd Ave South Repair 2009 Right 7.60 N 30 1785 40

Briscoe School Levee Repair 2009 Left 16.33 16.44 Y 50 >4772 0

Stoneway Lower Repair 2009 Left 19.60 19.70 Y 71 4400 440

Reddington Levee Setback 2013 Left 28.20 29.50 Y 410 7000 4200

Ratolo 1990 Left 15.10 15.20 N 0 0 0

Home Depot (Tuk. 205) 1996 Left 14.21 14.26 Y 3 1200 0

McCoy Breda 1996 Right 24.40 24.80 Y 0 7200 0

Nursing Home 1996 Right 25.60 26.60 Y 4 800 0

Galli's Section 2008 Left 29.50 29.70 Y 28 4400 0

Kent Shops -- Narita Levee 2008 Right 20.40 21.08 Y 154 >1400 UNK

Myer's Golf Levee 2008 Right 21.50 21.80 Y 63 >1400 UNK

PL 87-99 Levee Rehabitilitation, Dykstra 2008 Left 30.02 30.14 Y 0 1940 0

Tukwila 3 (U/S from S. 180th St.) 2008 Left 14.37 14.57 Y 42 >1700 UNK

Tukwila 5 (part of Segale) 2008 Left 14.90 15.10 Y 35 >1300 UNK

Horseshoe Bend Site 1 2009 Right 25.80 26.00 Y 10 4560 0

Horseshoe Bend Site 2 2009 Right 25.50 25.60 N 0 640 0

Horseshoe Bend Site 3 2009 Right 25.20 25.22 N 0 400 0

Horseshoe Bend Site 4 2009 Right 24.80 25.00 Y 35 4160 0

Horseshoe Bend Site 5 2009 Right 25.60 25.70 N 0 600 0

KC

COE
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APPENDIX C: RETROSPECTIVE ANALYSIS OF

BIOENGINEERED FLOOD FACILITY REPAIR PROJECTS

1. Introduction

The King County River and Floodplain Management Section conducted a post-treatment analysis to test
the assumption that bioengineered levees and revetments provide better habitat than traditional
riprap-armored banks. The purpose of this pilot study conducted in 2013 and 2014 is to determine
whether bioengineering has a significant effect on vegetative cover and riparian and in-channel habitat
in the Lower Green River. The results will also inform the Lower Green River shoreline vegetation
mapping effort (see previous section) being completed in support of the Green River SWIF.

Levees and revetments were built in the Lower Green River valley as flood and erosion protection
facilities in the 1960s so that development could take place within the floodplain. Native gravels and
soils were formed into a prism along the channel edge and covered with angular rock riprap at a steep
grade, often with slopes exceeding 2:1. These levees and revetments were not planted with vegetation
and were inhospitable to naturalized native plant growth because the riprap surface obscures or
replaces mineral soils needed for seed germination and moisture retention. The over-steepened
hardened banks created a highly degraded riparian area that does not provide many of the functions of
a riparian area, but especially limits LWD recruitment, instream cover and shade. The levees and
revetments also degrade the aquatic environment by disrupting natural channel migration, which
creates a variety of habitats for fish and wildlife. When banks failed, repairs typically involved placing
additional riprap.

King County began using bioengineering in bank stabilization repairs in the 1990s, with much success.
Bioengineered banks are thought to provide better riparian and in-channel habitat than riprap-armored
banks. Bioengineered bank stabilization techniques may vary slightly with the specific hydraulic
conditions of a project site, but in the Lower Green River typically include large wood inserted in the
facility toe that interacts with the wetted channel, willow plantings in the lower portions of the slope,
and native mesic and upland plant communities planted on the middle and upper slopes, usually within
geogrids.

In order to test the assumption that bioengineered banks with native vegetation incorporated into the
design provide better habitat than riprap-armored banks, King County compared the habitat value of
modern flood control facilities and traditional facilities by conducting a retrospective (i.e., post-
treatment) analysis that included a characterization of riparian vegetation. Extensive post-treatment
analyses have been shown to be an effective approach for examining the influence of project-driven
modifications on salmon habitat (Grant et al., 1986; Roni et al., 2005). In this study modern
bioengineered facilities were compared to older rock-armored facilities, and unarmored banks with
established naturalized vegetation. Key questions were:

 Does total cover of native vegetation differ among bioengineered, rock-armored, and
naturalized banks?

 Does the proportion of native to invasive plants differ among bioengineered, rock-armored, and
naturalized banks?
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 Does total cover of vegetation in the tree strata differ among bioengineered, rock-armored, and
naturalized banks?

The study will continue in 2014 with analyses of additional vegetation metrics derived from a fall 2013
Lidar acquisition, as well as measurements of slow water edge habitat, fish use, and overhanging
vegetative cover to determine whether bioengineering has had a significant effect on fish habitat and
fish use in the Lower Green River. Results of the full fish habitat and fish use analysis will be presented in
a separate King County report which is targeted for completion in December 2014.

2. Methods

We compared riparian vegetation communities on bioengineered levee repairs (treatment sites), 1960s-
era rock facilities (control sites) and unarmored natural banks (reference sites). We conducted the
riparian vegetation sampling in 2013 to determine the effect of bioengineering on native and invasive
vegetation cover, and to inform (or “ground-truth”) the SWIF land-cover mapping effort.

3. Site selection

We compiled Green River levee and revetment repair records from 1983 to present to be inclusive of all
bioengineered bank treatments. The records include repair name, original construction year (if known),
repair year, river mile extent, bank (left or right when facing downstream), agency responsible for design
and construction, and principle design features such as toe construction type, amount of large wood
installed, use of vegetation for bank stability (geogrids), and number of planted trees and shrubs.

We then selected study sites from the list of repair records to obtain a minimum of 15 treatment sites to
sample. Treatments included bank repair projects that had wood installed at the toe and native
vegetation planted on the bank. We grouped each treatment site with a control site that was located
nearby. The control site has the same river alignment (inside bend, outside bend, or straight) as the
treatment site wherever possible. We also selected a reference site, where possible, so we could
compare flood control facilities with unarmored stream banks that have naturalized vegetation.
Although few sites in the highly modified Lower Green River valley remain unaltered by human activities
such as logging or agriculture, we tried to select reference sites that had no known current or historic
rock armoring on the bank.

We sampled a total of 22 treatment-control pairs for vegetative cover. Of these 22 sites, 15 also had a
reference (natural bank) site associated with them. Among the 59 sites selected, 30 were within PL 84-
99 Levee Systems (Table C-1). Because this study design was developed to test the differences among
treatment types as opposed to among Levee Systems, not all Systems were sampled proportionally.
Levee Systems 1 and 2 were sampled more heavily than 3, 4, and 5 because they have a greater total
proportion of the total levee systems length. Additionally Levee Systems 3, 4, and 5 did not have
reference reaches that met the criteria described above. We sampled 3-4% of the total length of
Systems 1 and 2 which cover 62% of the total length of all PL84-99 systems, and 1-4% of the length of
Systems 3, 4, and 5 which cover 38% of the total levee systems length (Table C-1).
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Table C-1. Number of sample sites located within and outside of PL 84-99 Levee Systems.

PL 84-99 Levee Systems Control Reference Treatment Total

1: Left Bank, RM 12.44-16.7 5 1 4 10

2: Right Bank, RM 14.5-22.04 3 1 8 12

3: Right Bank, RM 22.77-23.18 1 1

4: Right Bank, RM 24.25-26.09 2 3 5

5: Left Bank, RM 28.6-30.79 2 2

Non PL 84-99 Facilities 11 13 5 29

Total 22 15 22 59

4. Vegetation transects

We used the “point intercept along transects” method for sampling vegetative cover (Elzinga et al.
1998). We selected one 25-meter long transect for each distinct plant community at a site. The number
of transects per site therefore varied because some sites were a monoculture (one transect) whereas
others had distinct vegetation communities at different locations on the bank (up to five transects: toe,
lower slope, bench, midslope, upper slope). Transects consisted of a tape measure placed parallel to the
river flow; data were collected at 25 evenly-spaced points along the tape measure proceeding in the
downstream direction of flow. The starting point of each transect was in the same lateral location as we
moved up the slope. We used the following guidelines to select transect locations:

 Treatment sites: the middle of the best representative section of the installed vegetation.

 Control sites: a transect starting point randomly selected using GIS software.

 Reference sites: the middle of the most homogeneous and representative naturalized banks
close to treatment and control sites.

We recorded the species of plant foliage intersecting the vertical plane extending from the ground
surface through the canopy at points located at one-meter intervals along the tape measure transect,
starting at a randomly generated number between 0.0 and 1.0 (25 points per transect). We used a
plumb bob to sample plants below waist height and a GRS Densitometer to sample plants above waist
height. A “hit” for a particular plant species was recorded each time the plumb bob contacted a piece of
foliage and each time the densitometer crosshairs intercepted foliage.

Species, stratum, and type were recorded for each “hit”. Strata were forb, shrub (<10 cm diameter at
breast height [dbh] and <5 m high), and tree (≥10 cm dbh and ≥5 m high); types were native, invasive, 
and ornamental. Pasture and erosion control grasses were lumped together as “unknown grass” and
willows were not identified to species but merely as Salix sp. We recorded all “hits” regardless of
overlap. One species could be present more than once at a single point only if that species was
observed in more than one stratum (i.e., willow as a shrub and a tree); a species was only counted once
per stratum per point.

We measured the width of each plant community by running a tape vertically up the slope and marking
the start and end points of each community type. We used the width measurement to quantify the
relative importance of each plant community because we combined the data from multiple transects at
a site.

Some sample sites were inaccessible because they were too steep or dangerous to walk on, and others
had vegetation that was too thick to reasonably run transects. At these facilities, we ran a transect at
the top of the bank (or along the opposite bank if visibility was better) and used binoculars and best
professional judgment to estimate vegetation cover at each point along the transect.
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5. Data Analysis

Plant species were assigned one cover value per site. Species “hits” at each point were combined along
transects and data from multiple transects were weighted and combined using the following equation:

Percent cover of a plant species = (H/25*100)*WF

where H (hits) is the number of times the species was sampled along the transect, 25 is the number of
sample points, and WF is the weighting factor, which was obtained by dividing the width of the
vegetation community containing the species by the sum of the widths of all of the vegetation
communities at the site.

Because the data were normally distributed, we used a randomized block design ANOVA to compare
vegetation metrics among treatment, control, and reference sites (Zar 2010). Blocks consisted of
treatment-control-reference triplicates (or treatment-control pairs when reference sites were
unavailable) located in close proximity. The purpose of the randomized block design was to account for
bias that may result from the location of sites on the Lower Green River, regardless of site type. For
example, a change in soil type along the river may influence vegetation and lead to mistakes in data
interpretation if unaccounted for. The Tukey post hoc test was used to identify the source of significant
differences (Zar 2010).

The following vegetation metrics were compared: total vegetative cover, the ratio of native to invasive
vegetative cover, and total native tree cover. We could not include “time since treatment” in the
analysis as a covariate because this information was unavailable for control and reference sites. We
used an independent samples t-test to compare percent vegetative cover between treatment sites that
are and are not enrolled in the PL84-99 program, and between treatment site repairs constructed by
King County and those constructed by the Corps.

6. Results

We calculated metrics for each PL84-99 levee system and segment sampled (Table C-2), as well as the
complete set of Lower Green River sites sampled. Results for PL84-99 Levee Systems, only, are
presented below with results for the entire set of study sites presented in subsequent sections.

7. PL 84-99 Levee Systems

Levee systems in the Lower Green River showed consistent vegetation quality patterns, with control
sites having substantially less total native vegetation and tree cover than reference and treatment sites
(Table C-2) and substantially more invasive vegetation than treatment sites. Control sites typically had
no native tree cover, with a maximum cover of 6.8%. Invasive vegetation cover on control sites ranged
from 73.4% to 203% with the rocky slopes dominated by blackberries with reed canary grass at the toe
of the slopes. In contrast, the two reference sites measured had high native tree cover along with high
invasive cover in the understory, again typically blackberries and reed canary grass. Treatment sites had
a range of native tree cover, with about half of the sites averaging greater than 25% cover; treatment
sites on average had less invasive vegetation than control or reference sites. Because this study design
was developed to evaluate differences among treatment types for the length of the Lower Green River
as opposed to among levee segments, there are not enough sample sites within the PL 84-99 Levee
Segments to draw statistically supported conclusions about these patterns. The patterns for these sites
do, however, appear to be consistent with the patterns for the Lower Green River as a whole, which are
described in subsequent sections.
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Table C-2. Percent native, invasive, grass, ornamental and no vegetation cover at PL 84-99 Levee
System Segments.

% System Measured = proportion measured relative to total system length
% of All Systems = proportion of levee system length to total length of all levee systems combined

8. Levee System 1

Levee System 1 includes a suite of levee segments on the left bank looking downstream, collectively
known as Tukwila 205, that protect roughly 4.25 river miles of primarily industrial and commercial land
in the city of Tukwila. Native tree cover is relatively low in this system due to steep rock-lined banks, a
substantial amount of tree cutting and willow thinning over the past decade in order to meet vegetation
performance standards of the PL84-99 program, and two relatively new repairs (Table C-2). The tree
cover that does exist on bioengineered sites is predominantly willow and other aggressive native plants
that can tolerate repeated cutting (Figure C-1). Control sites in this reach are largely dominated by
blackberry on the slopes and reed canary grass at the slope toe (Figure C-2).
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Figure C-1. Control site 8-C Figure C-2. Treatment site 4-T

9. Levee System 2

At just over seven and a half river miles, Levee System 2 is the longest of the Green River levee systems
(Table C-2). This system protects high value business and industrial properties on the right bank through
the City of Kent and Tukwila. The reference site in this reach shows typical naturalized bank conditions
with a single row of tall trees at the top of the bank and middle and lower slopes of the bank covered in
invasive blackberry and reed canary grass (Figure C-3). Such conditions are valuable in terms of river
shading, but do not provide as high quality stream cover and food inputs for salmon as would a lower
slope comprised of a variety of native shrubs. In contrast, several treatment sites in the system had
excellent native shrub communities and tree cover comparable to the reference reach (Figure C-4).
These treatment sites are subject to PL 84-99 vegetation performance standards and run the risk of
having vegetation communities further degraded by tree cutting.
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Figure C-3. Reference site 10-R Figure C-4. Treatment site 5T

10. Levee System 3

Levee System 3 is the shortest of the systems at less than one river mile. Located in the City of Kent, this
system protects a substantial apartment community of 624 residences called Signature Pointe and a few
other small residential communities. The system is comprised of 1960s era rock revetments dominated
by invasive blackberry shrubs with a few patches of native willow (Table C-2, Figure C-5). There is very
little riparian function provided by these plant communities.

Figure C-5. Control site 18-C
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11. Levee System 4

Levee System 4, known as “Horseshoe Bend” due to its unique shape includes several 1960s rock
facilities, a few which have had repairs installed in 2009 by the Corps (Table C-2). Older King County
repairs along Horseshoe Bend were not sampled. These facilities protect a mixed use landscape that
includes businesses, light industrial warehouses, and a mobile home park. Tree cover is very low,
possibly because the planting occurred more recently (Figure C-6). Control sites in the system are
typical, dominated by blackberry and reed canary grass (Figure C-7).

Figure C-6. Treatment site 21-T Figure C-7. Control site 20-C

12. Levee System 5

Levee System 5, comprised of Brannan Park-Reddington, Galli’s, and Dykstra, is just over two miles long
and primarily protects suburban single family housing in the City of Auburn (Table C-2). The majority of
segments sampled in this system have undergone recent repair. The Reddington levee in this reach was
not included in this study as it was under repair in 2013. The Dykstra and Galli’s revetments in the reach
were repaired by the Corps in 2008 and feature young shrubby vegetation (Figures C-8 and C-9).
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Figure C-80 1. Treatment site 23-T Figure C-9. Treatment site 24-T

13. Comparison of Total Vegetative Cover Among Treatment, Control, and Reference Sites

We found a significant effect of site category (treatment, control, reference) on percent total vegetative
cover at the p < 0.05 level [F(2, 28) = 13.49, p = 0.000] (Figure C-10). Post hoc comparisons using the
Tukey HSD test indicated that the mean percent vegetative cover for reference sites (221%) was
significantly higher than the mean score for treatment sites (186%, p = 0.044) and control sites (149%,
p=0.000). The mean percent total vegetative cover was also significantly higher at treatment sites than
control sites (p=0.033).
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Figure C-10. Percent total vegetative cover at treatment, control, and reference sites. Error bars
represent 2SE. Sample size is indicated below each category on the x-axis.

14. Comparison of Native to Invasive Plant Cover

Native vegetative cover followed the same pattern as total vegetative cover. We found a significant
effect of percent native vegetative cover at the p < 0.05 level for the three site types [F(2, 28) = 23.54, p
= 0.000]. Post hoc comparisons using the Tukey HSD test indicated that the mean percent native
vegetative cover for reference sites (148%) was significantly higher than the mean score for treatment
sites (88%, p=0.007) and control sites (26%, p = 0.000). The mean percent native vegetative cover for
treatment sites was also significantly higher than control sites (p = 0.004) (Figure C-11).

Percent native vegetative cover was significantly higher at treatment sites that were not enrolled in the
PL84-99 Program compared to sites that were enrolled in the program (p = 0.037), but total vegetative
cover and invasive cover were not significantly different between the two groups (p=0.399 and p =
0.582, respectively).

Percent native vegetative cover was significantly higher at treatment sites constructed by King County
compared to sites that were constructed by the Corps (p = 0.001). Total vegetative cover and invasive
cover were not significantly different between the two groups (p=0.638 and p = 0.561, respectively).

The mean proportion of native to invasive vegetative cover was affected by site category at the p < 0.05
level [F(2, 28) = 34.85, p = 0.000] (Figure C-12). Post hoc comparisons using the Tukey HSD test
indicated that the mean proportion of native to invasive vegetative cover for control sites (0.15) was
significantly lower than the mean score for treatment sites (0.60, p = 0.000) and reference sites (0.69, p
= 0.000). The mean proportion of native to invasive vegetative cover was not significantly different in
treatment and reference sites.

Taken together, these results suggest that vegetative cover in the Lower Green River was strongly
influenced by the presence of flood protection facilities, as well as the character of those facilities.
Facilities that included bioengineering had significantly higher vegetative cover than traditional rock-
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lined sites, but sites with natural banks had significantly higher vegetative cover than sites with flood
control facilities even if those facilities included bioengineering. Although the younger age of vegetation
on bioengineered sites undoubtedly contributed to this result, it will be important to monitor vegetative
cover over time to see whether bioengineered sites approach the condition of reference sites as they
mature. Also, removal of native trees and shrubs when they exceed Corps vegetation standards very
likely contributed to lower native vegetative cover at PL84-99 facilities. Vegetation on control sites was
regularly disturbed by mowing and cutting, preventing the establishment and growth of mature woody
plants. Moreover, the rock armor typical of these sites prevents germination of native seeds and
creates drought conditions during summer months.

The two most dominant invasive species, Himalayan blackberry and reed canary grass, tend to colonize
and dominate sites in full sun with poor soils such as steep rock-covered slopes more successfully than
native vegetation. This is likely why the control sites had the highest invasive vegetation cover. Grass
cover is likely higher at the treatment sites because the Army Corps of Engineers used annual erosion
control grass at the 11 levee repairs completed in 2008 and 2009. The upper slopes at these sites were
only seeded with grass; shrubs and trees were planted on the lower slopes and mid-slope benches.

Figure C-11. Percent vegetative cover at treatment, control, and reference sites by plant category. The
native and invasive categories include tree, shrub, and forb strata, and reed canary grass is included in
the invasive category. The grass category includes all grasses other than reed canary grass, including
those used for erosion control following construction. No vegetation, ornamental, and unknown
categories were included due to very low average percent cover. Error bars represent 2SE. Sample size
is indicated below each category on the x-axis.

15. Native Tree Cover

Native tree cover was influenced by site type at the p < 0.05 level [F(2, 28) = 20.807, p = 0.000] (Figure C-
12). Post hoc comparisons using the Tukey HSD test indicated that mean native tree cover for reference
sites (86%) was significantly higher than the mean score for treatment sites (27%, p = 0.000) and control
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sites (12%, p = 0.000). Mean native tree cover was not significantly different in treatment and control
sites.

Figure C-12. Percent cover of native vegetation strata at treatment, control, and reference sites. Error
bars represent 2SE. Sample size is indicated below each category on the x-axis.

Mature native trees were much more abundant on reference sites than treatment sites, which is to be
expected because trees planted recently on treatment sites have not had time to grow large and also
because many trees were removed from bioengineered treatment sites once they exceeded Corps
vegetation standards. Because size was used to distinguish between trees and shrubs in our study, the
proportion of trees and shrubs in treatment sites may change to more closely approximate that of
reference sites if the trees are allowed to mature. Poor soils and chronic disturbance from routine
mowing and cutting prevent establishment of a native plant community on control sites.

16. Conclusions and Recommendations

Total vegetation cover, proportion of native and invasive cover, and native tree cover differed between
reference, treatment and control sites. Reference sites had the highest total cover, native vegetative
cover, proportion of native to invasive plants, and percent cover of native trees, though there was not a
significant difference in proportion of native and invasive plants between reference and treatment sites.
These results are consistent with qualitative observations as well as descriptions of Lower Green River
levees given by current and former King County Green River managers (Chapter 1). The evidence
suggests that reference sites provide the best riparian habitat, while bioengineered facilities do provide
better habitat in terms of native plant community composition and native tree cover than traditional
rock-armored banks. The difference in total vegetation cover and native tree cover between reference
and treatment sites is likely largely a product of tree management (PL84-99 cuttings) and age of
vegetation. Assuming tree cutting was discontinued, bioengineered facilities could be expected to attain
desirable habitat features of reference sites over time.
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Time since treatment was not analyzed as a covariate, and we hypothesize that bioengineered
treatment sites will more closely resemble reference sites over time if woody native vegetation is not
removed. This phenomena would be a good candidate for future study. Additionally, we did not have
enough statistical power to compare PL84-99 levee systems or detect differences among maintenance
strategies (e.g., no native vegetation removal, mowing, selective tree cutting). Future studies could
investigate the effects of maintenance strategies on native vegetative versus invasive species cover, as
well as treatment impact on structural stability.
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APPENDIX D: VEGETATION ON LEVEES: ANNOTATED

LITERATURE REVIEW (BY ASHLEY ADAMS)

1. Introduction

This report incorporates the findings of a literature review that includes analysis of documents from
peer-reviewed journals, published books, and gray literature including agency technical reports,
engineering manuals, as well as internet and newspaper articles. The goal of this report is to determine
the current status of research related to woody vegetation on levees and identify knowledge gaps.

Between 2007 and 2009, the USACE Engineering Research and Development Center performed an
extensive literature review of levee vegetation (USACE, 2010). Their review included information
pertaining to both woody and non-woody vegetation in variety of settings. The full report released in
December of 2010 includes references to many important research studies and documents outlining the
complexity of vegetation and soil erosion. In order to focus our literature review on information
pertaining strictly to levees, we reviewed the references coded LEVVEG in the USACE report, indicating a
connection between levees and vegetation. In addition, we did a search for information made available
after USACE performed their literature review in order to capture new research results.

The goal of this review was to outline where woody vegetation appears to help or hinder levee integrity
while discerning where future research is needed to fill existing gaps, with special emphasis being placed
on the Puget Sound Basin and King County. This will enable policy makers to create sound guidelines
based on evidence-based research so that levees can be managed effectively for public safety as well as
environmental protection.

The objectives of this report are:

● To synthesize literature regarding woody vegetation and the effect on the structural
integrity of levees.

● To describe where woody vegetation seems to help or hinder levee stability.

● To guide future levee vegetation research in King County.

2. Methods

A review of the literature was conducted to determine existing policies and research data pertaining to
woody vegetation and the structural stability of levees. The review included documents from peer-
reviewed journals, published books, governmental and non-governmental documents, letters and
reports, policy papers, engineering standards, as well as other documents available on the internet.

First, a closer examination of the USACE literature review was performed to pull out the most relevant
documents pertaining to woody vegetation and levees. To accomplish this goal, select categories from
the bibliography were entered into an Excel document and then filtered to obtain a general summary of
the information. The categories we used for this are as follows: type of article, primary author, title,
USACE code, study type (empirical, model or both), soil type, study location, and vegetation type.
Results from this examination are outlined in Table D-1. The USACE literature review consisted of 254
references, each of which was assigned a reference code to describe the main emphases of the study.
51 were coded with the primary category LEVVEG, denoting that the document was pertinent to levee
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vegetation impacting levee integrity. We choose to only examine these references more closely to
include pertinent information in this review about woody vegetation and levees. Several of these
documents are included in the bibliography, but may not be presented in this document for various
reasons. Some of these reasons include lack of information pertaining to woody vegetation and levees
(e.g. only studied grass), outdated policies regarding levee vegetation, document was a
newspaper/internet articles that may not have provided significant information relevant to the purpose
of this review, or the document could not be located or obtained in time for this review.

Table D-1. Publication source in U.S. Army Corps Literature Review (USACE 2010)

Type of Publication Number

In Peer-Reviewed Journals:

Empirical Research 107

Model 24

Model and Empirical Research 12

Review Article 15

Not described 1

Subtotal: 159

In Sources other than Peer-Reviewed Journals:

Journals 1

Review Paper 5

Presentation, Conference, or Workshop Paper 28

Guidelines 4

Thesis/Dissertation 1

Published Book 15

Government (Federal/State)

Empirical Research 8

Model 1

Model and Empirical Research 1

Legislation 2

Review Article 11

Technical Manual 10

News/Internet Articles 8

Subtotal: 95

Grand Total: 254
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In addition to looking at the LEVVEG documents described above, we searched for literature released
since January 2008 in order to capture new information that would not have been included in the USACE
literature review report. Keyword searches included various combinations of the following terms:
vegetation, woody vegetation, levee, levee stability, levee vegetation, dike, dike stability, Army Corps,
bank stability, riparian vegetation, vegetation policy, and vegetation on levees. The online databases
used to find relevant literature pertaining to woody vegetation and levee stability included Web of
Science ISI and Google Scholar. In addition, searches were done on governmental, non-governmental,
and inter-governmental websites for related publications.

18. Findings
a. Review of USACE Literature Review

Although the USACE literature review was extensive and robust, this report synthesizes the
documentation from a more focused perspective to assess the literature specific to woody vegetation
on levees. Of the 51 references coded with LEVVEG as the primary category in the USACE report, there
were 11 journal articles, two books, 16 government publications, six news articles, 12 conference
proceedings, two reviews, and two international guidelines. Of these, 10 of them could not be located
online nor requested in time for this literature review, three of them only addressed grass on levees and
not woody vegetation, one did discuss woody vegetation and levees, but focused on chemistry and
nutrient uptake, and three of them are addressed elsewhere in this document and therefore are not
summarized in this section. Additional information from these documents is included in the discussion
portion of this report. An annotated review of the literature reviewed is presented below.

b. Peer-reviewed journal articles

A study conducted by Dwyer et al (1997) found that there was an inverse relationship between width of
riparian woody vegetation along a levee and the length of the levee failure following the Midwest flood
of 1993; as vegetation width increased, length of failure decreased. The data suggest that a woody
riparian corridor between the river and the levee averaging at least 54.6 meters (179 feet) in width is
necessary to be effective in minimizing the average failure of the levee as compared to a non-wooded
riparian corridor. When the corridor was less than 54.6 meters in width there was no difference.
However, there was a significant increase in levee stability with a woody riparian corridor of at least 91.5
meters in width resulting in a 68% decrease in the length of the levee failure.

The research team of Shields and Gray (1992) investigated the influence of woody vegetation on the
structural integrity of sandy levees along the Sacramento River, California. They collected field data
including soil properties and botanical surveys, and applied appropriate parameter values to perform
seepage and mass stability analyses. The results indicated that open voids in the soil were not
attributable to roots and that roots reinforced the levee soil and increased shear resistance. Even low
root concentrations increased the Factor of Safety (FOS) significantly, due to the small increases in soil
shear strength caused by the roots. They concluded that woody shrubs and small trees on levees would
enhance its structural integrity.

A similar study reported by Shields (1991) investigated woody vegetation and stability of riprap
revetments along the Sacramento River following the flood of 1986. By mapping pre and post-flood
vegetative cover using inspection records, he found that of the five revetments enrolled in the PL 84-99
program that sustained damage during the 1986 flood, none of them supported woody vegetation
before or after the flood. He also discovered that the damage rates for revetments with woody
vegetation tended to be lower than for unvegetated revetments of the same age and material, located
on banks of similar curvature. Using chi-squared statistics, he found that damage rates were greater for
pre-1950 revetments and concluded that vegetation did not appear to affect revetment durability.
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c. Government documents

The government documents included in this review fit into one of two categories: 1) levee vegetation
guidelines and 2) research reports. A brief summary of each is provided below and excerpts from them
are included in the discussion portion of this report where appropriate.

i. Levee vegetation guidelines

Several of the LEVVEG government documents are particular to the State of California including the
California Water Code, which acknowledges the benefits of levee vegetation and addresses the
standards developed by the State of California and USACE to minimize its removal and encourage
replanting on levees (State of California, 2008). It also acknowledges the additional costs to maintain
vegetation on levees and outlines who is responsible for these costs. Also, the 1988 document, Interim
guidance for vegetation on flood control levees under Reclamation Board Authority, was prepared to
provide basic standards for vegetation on levees while they conducted a five-year demonstration project
to study the effects of various vegetation types on levee stability (California Reclamation Board, 1988).
Results of this pilot levee maintenance study are included in the Research Reports section below.

Two of the government documents are national guidelines and therefore, applicable to the Puget Sound
Basin. The first document, Regional Variances to Levee Vegetation Standards, EP 500-1-1, outlines the
regional variance process and factors that should be considered when creating variances (USACE, 2001).
Within the document it notes that water volume, velocity, depth, bank slope, bend curvature, level of
protection provided by the levee, and flood history determine flood conditions and help in the
establishment of suitable and unsuitable species and veg density. The second document is entitled
Guidelines for Landscape Planting and Vegetation Management at Floodwalls, Levees, and Embankment
Dams, EM 1110-2-301 (USACE, 2000). It considers appropriate trees, shrubs, vines, and grasses that do
not compromise the safety of the structure to be beneficial and states vegetation should be considered
in the planning and design process. It goes on to describe the guideline details including information on
the vegetation free zone, the root free zone, urban versus rural levee plantings, and site conditions to
consider when doing a feasibility analysis for vegetation on levees. It also states that shrubs and small
trees may be planted on berms if they are on a section of berm that has been overbuilt so that roots do
not penetrate the root free zone (and don’t inhibit inspection and flood-fighting), but large shrub
masses and woody-type ground cover should be avoided.

ii. Research reports

The second category of documents consists of reports on research conducted by government agencies
relating to vegetation and levees. A few of these only studied grass and didn’t address woody
vegetation and therefore, are not included in this summary. The remaining documents are summarized
below.

In 1967, the Pilot Levee Maintenance study conducted by researchers at the California Department of
Water Resources in the Sacramento-San Joaquin Delta, looked at alternative levee maintenance
methods that could provide for multiple uses of levees (Davis et al., 1967). They conducted numerous
field experiments at five test sites along the Sacramento River to look at vegetation performance and
maintenance on levees and revetments as well as studies on levee berms. The erosion control study
only looked at grasses while the study on woody vegetation (trees) simply looked at establishment and
adaptability to levee conditions. They do, however, conclude that properly maintained native vegetation
can be compatible with the flood control function of levees. Their report also provides an illustration for
recommended location and spacing of trees on levees with and without a berm.
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An investigation was undertaken in 1979, modeling wave attenuation produced by cottonwood trees to
provide data that could be used to estimate river channel and levee embankment protection by
vegetation (Markel, 1979). The investigator used a wave flume to simulate natural water movement
and measured attenuation produced by surrogate trees when water levels were at tree stem level and
tree branch level. The results of this study show that wave attenuation by stems maxed at 15% and
averaged 9%, while attenuation at branch level maxed at 45% and averaged 15%. They concluded that
cottonwood trees were not very effective for levee protection based on these results. However, they
noted this study did not include foliage and therefore, these numbers are believed to be on the lower
limit of wave attenuation.

A study investigating the levee failures of the spring 2008 Midwest flood was included in the USACE
literature review; however I could not obtain the document in digital format from the USACE
Engineering Research and Development Center website (only a hardcopy is available at the USACE-ERDC
Vicksburg, Mississippi Library). I was able to locate a PowerPoint presentation about this study online
and have included some of their concluding remarks obtained directly from one of these slides: it says
that distress and failure of the Pin Oak Levee provided more evidence of the destructive effects on levees
by burrowing animals; the two Cap au Gris levee failures, caused by overtopping flows, exposed
previously hidden extensive tree root systems within the breaches. There is no evidence that the roots
impacted the performance of the levees; removing trees and their root balls without adequately
remediating the disturbed ground and extracting the root system appears to have exacerbated the
marginal underseepage/seepage conditions at the east St. Louis levee; and large tree roots in the
Midwest can penetrate deep into levees, even if they are located more than 15 feet away from the toe of
the levee. Many of the existing levee systems in the Midwest, if situated near large trees, are possibly
embedded with extensive tree root systems (USACE).

Jesco Environmental and Geotechnical Services, under the direction of the USACE New Orleans District,
gathered data on tree root extent and behavior to provide empirical data to guide future levee
vegetation management (USACE, 2009). Data collection focused on tree removal project areas in the
greater metropolitan area of New Orleans. After conducting a general literature review, 79 trees were
selected for root-profile wall mapping, all of which were located within a corridor from the toe of the
levee to a distance where roots might extend. They observed that the number of roots greater than 0.5
inches in diameter decreased with distance from the base of the tree.

d. Books

In his book, Bioengineering for land reclamation and conservation, author Hugo Schiechtl provides an
excellent manual for slope and river stabilization using a variety of bioengineering techniques with both
live and dead materials (Schiechtl, 1980). Although he doesn’t address levees in particular, the
techniques in his book would be applicable to flood control facilities.

Gray gives an excellent overview in the introduction of the book, Vegetation and slopes: Stabilization,
protection, and ecology of vegetative slope stabilization including information about how vegetation
influences interception, retardation, restraint and infiltration (Gray, 1995). He describes the positive
influences of vegetation such as root reinforcement, buttressing and arching, surcharge, and soil
moisture depletion. He also states that the primary negative influence is the external loading that can
occur by vegetation, which in turn can lead to uprooting by high winds or currents. However, this
external loading is likely more critical for large trees growing on relatively small dams or levees and
sometimes, the main component of the overburden weight acts perpendicular to the failure surface and
can actually increase stability. This is due to the fact that the levee embankment slopes are generally
shallower. Gray also describes how in Germany a common design practice is to include vegetation that
is widely spaced along the levee. They use a combination of grasses, reeds and trees with riprap to
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retard levee erosion. His recommendations for vegetation as an effective means to reduce stream and
levee erosion and scour is to plant dense low shrubs and grasses that have numerous, non-rigid
branches and leaves (e.g. willows) that can flow with the force of the water.

e. News Articles

All of the LEVVEG news articles in the USACE literature review were released in 2007 or early 2008 and
address citizen concerns for implementation of the national levee vegetation standards. In addition,
one article written by Matt Weiser for the Sacramento Bee discusses results of a U.C. Davis research
study looking at the effect of varying water velocities on willow plant movement (Weiser, 2007). Results
show that willows offer little resistance to water flow as they flatten against the ground surface as flows
increase. They also found that bent shrubs protect the soil from erosion and create a bottom layer of
slower water, which may be used by young salmon seeking refuge. It should be noted that this study
was not particular to levees. Official results for this research could not be located for this literature
review.

f. Proceedings

Of the 12 proceedings coded as LEVVEG, a few of them were presentations of research mentioned
elsewhere in this report, and two of them were studies relating to grass and thus, excluded from this
summary.

In a presentation given at the August 28th, 2007 Vegetation Challenge Symposium in Sacramento,
California, Gray describes the factors affecting the stability and integrity of earthen levees. Gray, along
with other researchers who made up the Independent Levee Investigation Team (ILIT), set out to
determine the failure mechanisms of levees following Hurricane Katrina, including the role of woody
vegetation in these failures (Gray, 2007). In their final report they describe three failure mechanisms for
levees, mass-stability failures, surficial erosion, and hydraulic forces. Vegetation plays little or no role in
the failures and when growing on levees, the roots of woody vegetation reinforce the soil and increase
the resistance to shallow, sloughing failures. Their observations in New Orleans showed that the
presence or absence of trees on levees had little or no effect on hydraulic gradient-induced seepage
failure. The main concern for vegetation on levees is poor maintenance that hinders proper inspection
and flood-fighting capabilities.

Daar et al. (1984) described a recommended vegetation management program for levee systems to
enhance levee safety, consider environmental concerns, and improve maintenance costs. These
recommendations were based on research studies by others and contrast with standard levee
maintenance practices. One study mentioned describes vegetation and ground squirrel abundance and
notes that ground squirrels prefer barren ground, outcrops or elevated areas with nearby food sources.
Traditionally planted levees contain such desirable attributes, and are therefore prime habitat for
ground squirrels. He concludes that low-growing broad-leafed plants are a good choice for levees.

Results of a study conducted by Dennis et al. (1984) show that trees with laterally spreading root
systems, such as some willow species, provided paths for piping water and that trees with shallow root
systems, such as alder, were subject to wind throw. Dense, overgrown vegetation can obscure the levee
face from easy visual inspection. However, on levees that have been overbuilt or setback, riparian
vegetation planted on the berm can be effective in dissipating energy of flood flows and waves against
the main levee.

Carter et al. (1981) presented constraints and opportunities regarding riparian vegetation on flood
control levees at a California Riparian Systems Conference on the University of California-Davis campus.
He stated that on adequately overbuilt levees, trees and shrubs can remain on the levee slope as long as
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spacing requirements and selective removal to maintain access are considered. Unacceptable
vegetation is described as any vegetation that provides abundant food supply for rodents, difficult to
eradicate, and thorny or intrusive making inspection and maintenance difficult.

Nolan (1981) summarizes concerns regarding levee vegetation dating back to a very old Spanish book
and testimonials from various resource agencies in California. He reiterates USACE standards for
vegetation on levees denoting the many detrimental effects of certain vegetation to levee integrity. He
does say that plantings of willows and other species suitable for the riverside can retard bank erosion,
but that large trees on levees are undesirable as they create slipouts due to the superimposed load on
the levee.

g. International Guidance Documents

The USACE literature review included two international guidance documents outlining guidelines for
vegetation on levees, one from the British Columbia Province in Canada and the other from Japan. The
Japanese document, Manual for River Works in Japan, could not be obtained for this review, nor could
the other Japanese documents referenced in the USACE literature review. We were able to obtain the
British Columbia document, which outlines the type and size of vegetation that is acceptable for dikes in
British Columbia (Ministry of Environment, 1992). The document notes that vegetation can improve
both dike safety and habitat through soil conservation and erosion control. It goes on to outline the
guidelines for dike vegetation, which includes that dike crests, both slopes, and a minimum three meter
strip beyond the landside toe shall have no vegetation except trimmed grass. It also states that large
vegetation (greater than 300mm diameter) shall be removed from an additional two-meter strip beyond
toe on the waterside.

h. Reviews

In a review done by Hershey (Hershey et al., 1994), an overview of projects supporting agroforestry
along riverbanks and infrastructure is provided. Hershey states that trees in the bottomland of rivers
perform many functions such as stabilizing soil and controlling scour erosion, stands of trees absorb the
energy from floodwaters and cause the deposition of water borne sediments, and they store the
overflow waters and improve water quality and aquatic life.

i. Recent Research - 2008 to present

A review of the literature released since 2008 showed only a few research studies pertaining to
vegetation on levees including research conducted by the USACE Engineer Research and Development
Center and the Sacramento Area Flood Control Agency. In addition, a few European researchers have
conducted relevant research and their studies are included in the summaries below.

j. U.S. Army Corps of Engineers (USACE) Research

In July 2011, the USACE, Engineer Research and Development Center published a final report of their
multi-year effort entitled, Initial Research into the Effects of Woody Vegetation on Levees (USACE, 2010).
Presented in four volumes totaling over 1200 pages, the report is extensive and includes a project
overview (Vol. I), field data (Vol. II), numerical modeling (Vol. III) and a summary of results and
conclusions (Vol. IV). The research mostly focused on modeling of single live trees for seepage analysis
and slope stability analysis, as well as root characterization and site conditions through field work.
Limitations of this study are that it only includes sandy or silty levees, and living, isolated trees. The
researchers determine that a tree on or near a levee may increase or decrease the factor of safety,
depending on the local conditions such as soil types, levee design, climate, moisture as well as tree
species. Field site characterization studies were conducted in four locations in the Western US,
including one site in Burlington, Washington. During this study they looked at levee geology, soil
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properties around study trees, root structure and root strength. Results indicate that there is no
statistically significant difference in average hydraulic conductivity of a soil layer due to tree roots. In
addition, root pullout tests show that location and diameter of the root are important, but species of
vegetation is not.

USACE also conducted the results from a seepage analysis using the finite element method on the four
levees in Sacramento, CA; Burlington, WA; Albuquerque, NM; and Portland, OR (Tracy and Corcoran,
2012). They found that a tree placed on or just below the toe of the levee significantly affected the exit
gradient. However, trees placed anywhere else on the levee did not affect the exit gradient.

k. California Levee Vegetation Research Program (CLVRP)

The California Levee Vegetation Research Program (CLVRP) was formed in 2009 with the goal of better
understanding risk factors associated with vegetation on levees. It is sponsored by seven public
agencies to provide data to inform future policy regarding vegetation on levees in the Central Valley.
Research project descriptions and results were obtained from the Sacramento Flood Control Agency
website (SAFCA, 2013) and from published articles as noted.

i. Tree root architecture in relation to levees (UC Davis)

The objective of this study is to determine the spatial extent of tree root architecture in relation to
levees, to provide a scientific basis for assessment of potential impacts of tree roots on levee integrity
and stability. This study looks at root architecture responses in relation to slope, height, aspect, soil
texture, etc., as opposed to previously conducted studies that mostly looked at trees growing on flat
surfaces. Methods consist of using a pneumatic ‘air knife’ to excavate of tree root systems of
cottonwoods (Populus fremontii) and valley oaks (Quercus lobata) in combination with T-LiDAR scanning
of the soil surface, trees and tree root systems. The research team are investigating spatial distribution
of roots and branching. Preliminary results indicate that tree roots do not penetrate deep into the
levee, rather they grow parallel along the levee slope at a fairly uniform depth. In addition, the roots
systems are shown to be directionally asymmetric when comparing parallel and perpendicular directions
to the levee. The information gathered in these field studies will be incorporated into geotechnical
models and important parameters critical to the stability of the levee will be computed.

ii. Slurry cut-off walls and roots (HDR, Inc.)

To investigate if tree roots penetrate slurry walls and to determine their effect on the wall and levee
integrity, the researchers excavated trenches around an 18-year-old soil-cement-bentonite (SCB) slurry
wall in a Sacramento-area levee. The excavations were completed opposite large black walnut, oak and
cottonwood trees to determine root depth, length, penetration into the slurry wall, and variations by
tree species. Results show that root growth and interactions with a slurry cut-off wall vary by tree
species, but that SCB cutoff wall provided a partial barrier against root penetration. Roots did grow into
small cracks in the wall to depths of up to six feet most likely due to the higher moisture content in the
SCB wall. Oak trees did not penetrate significantly into the wall, but black cottonwood roots traveled
over 80 feet and penetrated the wall at depths of four to ten feet from the levee surface.

iii. Slope stability and roots (UC Berkeley)

To examine the effects of roots (live and decaying) on levee seepage and slope stability, the researchers
conducted a field test to measure the effects of seepage around the decaying roots of a eucalyptus
stump on the landside of a levee. They excavated two trenches around the stump and flooded the
upslope trench at a constant head to observe and measure resulting seepage in the downslope trench.
They compared the results to a set of control trenches constructed away from the stump. During the
weeklong flow test, flow patterns were dominated by flow through animal burrows in the levee and that
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the last location to saturate during the wetting test was the area behind the stump. Preliminary model
simulations appear to be consistent with the field test data.

iv. Tree windthrow and levees (University of Georgia)

The researchers undertook tree winching to look at the resistance of Central Valley trees to windthrow
(Peterson and Claassen, 2012). They successfully completed static winching tests on 66 trees of Valley
Oak (Quercus lobata Nee) and western cottonwood (Populus fremontii Wats). Some trees were
excluded due to equipment failure, low branching, and in the case of a few smaller trees (>20cm dbh)
failure to uproot or break altogether due to extensive deflecting of the stem. Results show that 35 trees
uprooted, while the remaining 31 trees had trunk breakage. Trees that uprooted created a mean root
pit area of 4.11 m2 and the area of the pit increased with trunk diameter. In addition, they found that
uprooted trees are likely to remove a major fraction of the coarse roots from the soil and therefore,
would reduce the potential for water seepage caused by exposed root channels. In addition, the study
showed a significant trend of the largest size classes being more likely to uproot, however it would take
substantial winds to overturn large healthy trees of the species studied.

v. Burrowing mammal habitat associations (UC Davis)

The objective of this study was to evaluate habitat associations of burrowing mammals on levees in
order to assess the effects of vegetation management on these species. Focusing on California ground
squirrels, they analyzed habitat associations at different scales (micro, macro and landscape) and found
that the occurrence and abundance of squirrels along levees had a strong negative association with tree
cover and leaf litter. They also found the same effect for grassland and shrub cover on squirrel
abundance, although it was only significant on the land side of the levee. Burrow site selection was
influenced by habitat within five meters of the levee; squirrels preferred barren areas and shrub cover
and avoided pavement, leaf litter, trees, gravel and riprap.

vi. Mammal burrow dimensions (UC Davis)

The objective of this research study was to conduct a literature review on the burrow dimensions of
mammals, particularly California ground squirrels, to better understand factors that influence those
dimensions. The researchers investigated factors potentially influencing burrow dimensions including
soil characteristics, age of the burrow, body size and degree of sociality. The literature revealed that
length varied greatly among species, ranging from 1.4 meters to 26.1 meters. Depth also varied from
0.2 meters to 1.8 meters depending on the species. Burrow length and depth was positively correlated
to body mass and the more social species excavated longer burrow systems. In addition, they concluded
that age of the burrow is important, and when California ground squirrels are regularly controlled,
burrows were shorter in length. Therefore, if ground squirrel populations persist at high densities over
time, longer burrows and more connected burrows may result.

vii. Mammal burrow extents in California Levees (UC Berkeley)

This study is in progress and results have not been officially released. It is listed on the CLVRP website
and so we included it in this report for future reference.

viii. Influence of vegetation on levee past performance (URS Corporation)

The researchers collected available documents pertaining to non-urban levees in the Central Valley to
investigate the influence of vegetation on past levee performance. They systematically reviewed and
summarized the data obtained from engineering and construction records, maintenance records and
other relevant media (photos, letters, maps, etc.). Of the 10,000+ records they reviewed, a small
percentage (1.4% or 95 records) mentioned something about vegetation in the performance record, and
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only 11 records total indicated that vegetation influenced levee performance. The remaining 84 records
were either inconclusive or indicated vegetation influenced operations and maintenance of the levee.

l. Other Recent Research

Dr. Caroline Zanetti led a research study to assess the risks associated with woody vegetation on dikes
(levees) by measuring the root system of common tree species and the impact they have on the stability
of dikes (Zanetti et. al. 2011). They excavated 108 stumps on seven French dikes with a mechanical
shovel and carried out manual measurements on the stumps and root architecture. They found that
substrate materials influence root structure where low-density surface and mixed root systems occurred
on gravelly material, while thicker, denser roots were found on silty or sandy material. Additionally,
three types of roots were identified which included vertical taproot, short slanting root and long
horizontal root. They found that locust and poplar have thick, long horizontal roots and poplar also has
large, long taproots. These types of roots can have a negative effect on the dike structure when
compared to shorter roots.

Lammeranner and his research team tested the effects of small to medium growing, flexible woody
plants on structural integrity and maintenance of levees (Lammeranner). They constructed two
research levees built to scale in Austria, planting them with different forms of bioengineering techniques
using woody vegetation and compared it to a control of turf vegetation. Results of this study are
presented in German.

Dr. Ronald Haselsteiner, P.E., Project Engineer at RMD-Consult based in Munich, Germany has been
studying the impact of woody vegetation on small embankment dams as well as other areas of flood
protection measures, dam and dike design, and water power and geotechnical issues. He has produced
articles and given presentations on the subject and was an invited speaker at the 2007 Levee Vegetation
Symposium in Sacramento. He presented information about Bavarian/German experiences, design and
research regarding woody vegetation on dykes, in particular along the Danube River (Haselsteiner,
2007). He states that historically, there was little woody vegetation along the river and a high discharge
capacity of the floodplain. But today there is a marked increase in woody vegetation, which has reduced
the floodplain discharge capacity and led to increased water levels and flooding. Because of this, the
future vegetation management plan along the Danube River will involve clearing critical existing
vegetation to increase discharge in the floodplain.

In another document found during this literature review search, Haselsteiner provides an overview of
the topic of woody vegetation on levees (Haselsteiner). This document does not appear to be published
or peer-reviewed as it was obtained online with no reference to a publication. However, in this
document he outlines the current regulations and mentions the debate that is occurring in the United
States regarding woody vegetation. He incorporates findings from other reports or studies that show
the connection between woody vegetation and embankment damage noting that “case studies and
experiences with damage caused and/or supported by woody vegetation are numerous.” However, he
also notes that many of these damages are due to a lack of maintenance, in part due to overgrown
vegetation. This document provides his recommendations for vegetation maintenance on small
embankment dams including proposed zonal criteria with drawings, refurbish measures, and removal of
woody vegetation.

4. Conclusions and Recommendations

A review of the literature has revealed that there are numerous factors, which may positively or
negatively affect levee stability and all variables should be looked at within a local geophysical context.
The most important factors include the levee size, fill material, slope, location of woody vegetation on
the levee itself, where the vegetation is located along the river, vegetation type, size, root architecture ,
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rooting depth and tensile strength, as well as hydrologic and hydraulic conditions. A brief summary of
these factors is presented below.

River geometry, particularly outside bends, may have an impact on damage susceptibility. Cottonwoods
on steep levee slopes were more likely to break off during strong winds than those on flat ground.
Location of woody vegetation on a levee is also a factor in slope stability; trees on the upper slope may
reduce the factor of safety while trees on the lower slope may increase the factor of safety. Also, on
levees that have been overbuilt or setback, riparian vegetation planted on the berm can dissipate
energy of flood flows and waves against the main levee. A riparian buffer between the mainstem river
and the levee can minimize levee damage risk if the buffer is sufficiently wide.

Trees and shrubs vary in the role they play in slope stability due to differences in stem flexibility,
strength, and rooting structure, which should influence the decision about where to use each vegetation
type. Trees have been found to be more resistant to windthrow in denser substrates. The distance that
tree roots travel varies among tree species, but species is less important than root diameter and location
with regards to root pullout stress. Trees and leaf litter have been shown to have a negative effect on
the abundance and burrowing activity of ground squirrels and gophers. Mammal holes have been found
to provide a more direct flow path than decomposing vegetation and roots.

Recent research conducted on woody vegetation and levee integrity has contributed a considerable
amount of knowledge to the literature, but more research is needed on this complex subject,
particularly as it pertains to the King County levees. Several research groups and government agencies
have recommended a direction for future research. Their suggestions as well as others formulated
through this literature review are as follows:

 Research on the performance of levee systems with dead, woody vegetation and decaying roots
(large-scale vegetation removal required under the current policy may greatly increase the
amount of decaying roots in levees).

 Forensic investigations on the performance of levees following large floods and the role of
woody vegetation in that damage. Aerial photography and remote sensing technologies may
allow forensic evaluations, yet few studies have been conducted looking at before and after
conditions.

 Additional research on the effectiveness of various bioengineering techniques using woody
vegetation with respect to levee integrity, particularly in King County and the Puget Sound Basin.

 The effects of trees and roots on other failure mechanisms, such as internal erosion, scour and
wind throw.

 The effect of woody vegetation on levee inspection, maintenance and accessibility to the levee.

 The effect of woody vegetation on population density of burrowing mammals in comparison to
traditional sod-producing vegetation.

A one-size-fits-all levee vegetation policy for floodplain management is not likely a viable or desirable
choice given the local concerns and circumstances, not to mention the dynamic and heterogeneous
nature of our nation’s rivers and weather. Current blanket standards required of levee sponsors in King
County for emergency funding under Public Law 84-99 need to be reassessed based on current science.
While public safety is the number one concern for levee management, there may be a desirable balance
to strike between levee safety and environmental protection. Future research should focus on site-
specific investigations to take into account local differences in geology, hydraulic conditions, levee
material, local flora and fauna, and weather patterns, as well as regional environmental and economic
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circumstances. The issue of woody vegetation and levee stability remains a hot debate; however,
continued research on the subject is helping pave the path to effective collaboration and management
amongst levee sponsors, federal agencies and concerned citizens.
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1. INTRODUCTION

This technical memorandum summarizes the objectives, methods, and results of the Geomorphology
Assessment for the Green River System Wide Improvement Framework (SWIF). The Geomorphology
Assessment is one element of the multi-discipline SWIF project focused on evaluating existing levee
conditions and informing the assessment of levee vulnerabilities. The primary objective of this
memorandum is to qualitatively evaluate current fluvial geomorphic conditions and apply that
information as part of the characterization of current levee conditions. Information resulting from this
Assessment will inform the development and implementation of capital projects and program
recommendations.

In its current state, the lower Green River is confined by levees and/or revetments that extend nearly
continuously from the Tukwila through Auburn. The confining structures were originally intended to
confine flooding and reduce bank erosion and channel migration as a means of securing land for
agricultural purposes; however in doing so they directly altered channel forming processes. Primary
alterations included substantially reducing the width of the active flood conveyance corridor. This was
accomplished as abandoned channel bends and the connection with floodplain were cut off by confining
structures.

The Green River SWIF project area includes Howard A. Hanson Dam (HHD), located at river mile (RM)
64.5 downstream to the upper reaches of the Duwamish River, at approximately RM 5.5 (the Green
River becomes the Duwamish River at RM 11). The focal geography of the SWIF is the Lower Green River
portion of the watershed, from approximately RM 5 to RM 32. Within the focus area there are
approximately 18 miles of levee systems, of which five are PL-84-99 eligible levees between RM 11 and
32 that are a priority project focus.

The Geomorphology Assessment is focused on the Lower Green River priority focus area, extending
from RM 32 at the upstream end to RM 11 at the downstream end (Figure 1). The geomorphic
characterization and analyses summarized in this memorandum are based on available reports and
information provided by King County.
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Figure 1 - Project Location, Reach Boundaries, and River Mile Stationing
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2. HISTORIC CONDITIONS

The modern-day lower Green River has been altered substantially from pre-developed conditions
present prior to the mid-1800s. The Duwamish and lower Green River valley, which varies from 6,000
feet to 11,800 feet wide (Collins 2005), was formed during a period of Pleistocene continental glaciation.
Melt water streams flowing from several advancing and retreating glacial episodes, collectively scoured
the valley bottom to a depth of approximately 500 feet below its current elevation. The valley aggraded
to its present level through continuous alluvial and deltaic sedimentation, and episodic lahars (Dunne
and Dietrich, 1978, Collins and Montgomery, 2011). Following the full recession of the last glaciation,
the Duwamish River conveyed runoff from a network of channels that drained several large subbasins
including the Green, White, and Black Rivers, as well as the Cedar and Sammamish Rivers, which flowed
into the Black River.

Prior to European settlement in the 1850s the lower Green River was a wide shallow channel that
meandered through a relatively low relief alluvial landscape. Except where the channel was positioned
against a valley wall by migration, the river was unconfined. The channel migrated actively across the
broad valley floor, leaving in its path a network of abandoned channel bends that were reworked by
return migration or buried by fine sediment from many frequent flood events (Collins and Sheikh, 2005).
The rates at which the river migrated is unknown, however it was likely very slow due to low valley
gradients that vary from 0.0002 to 0.0006 (1 to 3 feet per mile). Along with discharge, gradient plays a
large role in determining stream power and boundary shear stress, both of which influence the ability of
the flow to erode stream beds and banks. These low valley gradients and the sinuous nature of the
meandering channel suggest that, if the sediment supply was high, sediment deposition would abound
both in the channel and across the flood plain. This likely was the case given that the Duwamish and
lower Green are very proximal to Elliott Bay, and that the lower Green River Valleys received water and
sediment from the White River, which was known to produce and convey large volumes of sediment.
Based on the 1856-1882 General Land Office plat map survey notes referenced in Collins (2005), the
elevation of the Lower Green River banks were higher than the surrounding floodplain. The ‘banks’ were
most likely natural river levees formed by sediment deposition when high stage flows overtopped the
banks (Collins and Sheikh, 2005).

The arrival of European settlers in the Lower Green River Valley began a long period of modification.
From the 1850s to the mid-1900s, the river was channelized, the channel was cleared of wood deposits,
the channel banks and floodplain were cleared of natural tree cover, and the flood plain was cultivated,
fundamentally altering channel dynamics. Research conducted by Collins and Sheikh (2005) shows
clearly that by the early 1900s abandoned channels had been filled in to increase the available area for
agriculture; in some places the river may have been diverted from an active channel to one that was
abandoned for the same purpose. These activities effectively decreased the width of the active channel
corridor, altered the channel alignment and modified channel forming processes.

The Green River basin has been heavily modified over time and its drainage area was substantially
reduced as a result of the diversion of the White River and the Cedar/Black Rivers out of the basin in the
early 1900s. The floodplain of the White River south of Auburn forms a large alluvial fan deposit defining
a low divide between the Green and Puyallup River basins. In 1906, a major flood created a log jam on
the northerly margins of this fan and temporarily diverted the White River into the Puyallup River; in
1911 the White River was permanently diverted to reduce flooding near Auburn. Between 1912 and
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1916, the Cedar River was also diverted, into the Lake Washington system, to provide water to operate
the newly constructed Hiram Chittenden Locks. This eliminated most flow from the Black River.

The routing of the White River away from the Green River decreased the flood hazard but did not
eliminate it, and increasing development advanced a period of aggressive levee building along the lower
Green River throughout the early to mid-1900s. The HHD, authorized in 1950 for the principal purpose
of flood control, was constructed between 1958 and 1962. By the end of the 1960s County-constructed
levees were in place and the HHD was in operation. Levees were placed on one or both sides of the
river in its then-existing pattern. The combined functions of the Dam and levees effectively reduced the
frequency of valley flooding; however, the levees confined the remaining flows, thus increasing their
stage at any given flood discharge. In addition, though the dam decreased flood peaks, it spread the
duration of flood discharges out over time, including the duration of bank full flows. The HHD also
trapped sediment and prevented it from moving farther downstream. The combined effects of these
actions, channelization and sediment retention, include higher stream power and boundary shear stress
and sediment starvation, all of which enable stream flow to erode channel boundaries. For the
channelized sections of the Green River, these conditions have result in in a lowering of the stream bed
elevation (incision) and simplification of the channel form. . The absence of tree and understory riparian
vegetative cover also likely contributed to erosion along channel banks, which was addressed initially by
driven pilings with timber lagging at the base of the levee slopes, and with the placement of rock armor
structures on the embankments, and at the toe of the slopes from the 1960s through the present.

3. METHODS AND EVALUATIONS

3.1. INTRODUCTION

The current condition of the river channel within the focus area is a direct result of the many alterations
described in Chapter 1. The channel is confined by levees and revetments throughout most of the focus
area. Consequently, most channel sections throughout the lower and middle portions of the Lower
Green River focus area are roughly trapezoidal, with simplified channel geometries and generally
consistent bank full widths that increase only slightly in the downstream direction.

This chapter describes the methods and materials used in the geomorphic evaluation. Given that the
following descriptions are given in terms of channel sinuosity, bank full width, gradient, streambed
incision, and bank erosion, the latter of which is accounted for by the repair record for levee and
revetment damages from storm events.

3.2. METHODS

This assessment is based on data and information presented in available studies, reports and maps
provided by King County and members of the Tetra Tech project team. All literature and map
information are listed in the References section of this Technical Memorandum.

Geomorphic reaches were delineated based on the following factors and considerations:

 Levee System – reach delineations were extended to include named levees.
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 Channel pattern – primarily based on the sinuosity and geometric form reflected by channel
bends.

 Channel gradient – as described in existing reports and depicted in hydraulic modeling studies.

 Reach boundaries delineated by Perkins (1993).

 Location of damages to levees and revetments as reported by King County.

Channel pattern, sinuosity and potential channel migration were derived from evaluation of time series
aerial photographs date from 1990 to 2013. This time period was used because 1) the focus area has
been confined in place by maintained levees and revetment since the mid-1960s and only negligible
changes in channel form and location have occurred since then, 2) the scope of this project is to identify
potential levee damage sites under current and existing conditions, and 3) the aerial photographs are
readily available from the Google Earth website. The aerial photographs were also reviewed for recent
changes in channel character, the presence of road and rail bed revetments, levee structure, and the
presence of any features such as large woody debris that may have deflected flow towards or away from
a damaged portion of a levee or revetment. The 2013 Google Earth aerial photograph was also used to
measure channel and valley lengths for calculating sinuosity.

Stream bed incision was estimated by comparing surveyed channel cross sections used in two FEMA
Flood Studies dated 1986 and 2006. Cross sections from a 2011 flood study conducted by Northwest
Hydraulic Consultants were also used; this study covered most of the project area from RM 13.5 to RM
32. Examples of the compiled 1986, 2006 and 2011 are shown in Figure 2.

Channel bathymetry, survey by the Muckleshoot Indian Tribe, was also reviewed for the purpose of
assessing more continuous stream bed conditions than flood model cross sections can offer. The date of
the bathymetric survey is unclear at the time of this evaluation, and could not be used in the scour
depth assessment.

Levee and revetment damages from storms and subsequent repairs were extracted from a master list
provided by King County. All sites were plotted by RM station on reach maps. The list of damage sites is
provided in the ‘Levee/Revetment Damage Repair Sites’ (Table 1).
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Figure 2 - Example Flood Model Cross Sections
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Table 1 - Levee/Revetment Damage Repair Sites

Repair Project Name
Levee/

Revetment Year Damage Occurred
Repair
Year Bank

RM
(d/s)

RM
(u/s)

Appr.
LF

Van Warden Levee Nov 1990 flood 1990 Left 13.70 13.80 420

NC Machinery/Liston Revetment Nov 1990 flood 1991 Right 13.70 13.77 370

Christiansen Trail (a.k.a.
F&N warehouse) Levee Nov 1990 flood 1992 Left 14.15 14.21 210

Home Depot (Tuk. 205) Levee
Nov 1995 & Feb 1996
floods

1996 Left 14.21 14.26 265

Tukw ila 3 (U/S from S.
180th St.) Levee Jan 2006 flood

2008 Left
14.37 14.57 1055

Tukw ila 5 (part of Segale) Levee Jan 2006 flood 2008 Left 14.90 15.10 1055

Ratolo/ Segale Riverward
Corps Repair

Levee Nov 1990 flood 1991 Left 15.10 15.16 265

Desimone Levee - Toe
Repair

Levee
Nov 1995 & Feb 1996
floods

2002 Right 15.10 15.45 1320

Segale Levee - Toe Repair Levee Nov 1999 flood 2003 Left 15.16 15.20 200

Segale Riverward Levee Levee
Chronic toe and bank
instability,
oversteepened slope

1995 Left 15.16 15.40 900

Desimone - Levee Setback Levee
Nov 1995 & Feb 1996
floods

1998 Right 15.10 15.40 1060

Desimone - Levee Setback Levee
Nov 1995 & Feb 1996
floods

1999 Right 15.40 15.45 265

Briscoe School Levee
Repair

Levee Jan 2006 flood 2009 Right 16.33 16.44 525

Tukwila South at Frager
Lowest

Levee 2013 Left 16.75 16.83
400

Tukwila South at
O’Connell

Levee
2013 Left 17.13 17.28

800

Christian Brothers Levee
Nov 1995 & Feb 1996
floods

1998 Right 17.02 17.12 530

Boeing RM 17.62 Revetment
Nov 1995 & Feb 1996
floods

1998 Right 17.65 17.68 155

Boeing RM 17.80 Revetment
Nov 1995 & Feb 1996
floods

1996 Right 17.75 17.76 55

Boeing RM 17.74 Revetment Nov 1990 flood 1991 Right 17.76 17.77 90

Russell Road Revetment
Nov 1995 & Feb 1996
floods

1998 Right 17.90 17.92 100

Russell Road Lowest Revetment
Nov 1995 & Feb 1996
floods

1997 Right 17.95 17.97 105

Russell Road Lower Revetment
Nov 1995 & Feb 1996
floods

1998 Right 18.76 18.79 865

Russell Road Lower Revetment
Nov 1995 & Feb 1996
floods

1998 Right 18.9 18.95 275

Russell Road Lower Revetment
Nov 1995 & Feb 1996
floods

1998 Right 19.2 19.26 300

Stoneway Lower Repair Revetment Jan 2009 flood 2009 Left 19.43 19.46 210

Russell Road Upper Revetment
Nov 1995 & Feb 1996
floods

1998 Right 20.31 20.39 550

Kent Shops -- Narita Levee Jan 2006 flood 2008 Right 20.40 21.08 1600
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Repair Project Name
Levee/

Revetment Year Damage Occurred
Repair
Year Bank

RM
(d/s)

RM
(u/s)

Appr.
LF

Levee

Narita Levee
Nov 1995 & Feb 1996
floods

1999 Right 21.08 21.17 500

Myer's Golf Levee Levee Jan 2006 flood 2008 Right 21.50 21.80 1400

Pipeline Levee - Toe
Repair

Levee
Nov 1995 & Feb 1996
floods

2002 Right 21.84 21.91 600

Narita Levee - Toe Repair Levee
Nov 1995 & Feb 1996
floods

2003 Right 21.08 21.17 500

Pipeline Revetment
Nov 1995 & Feb 1996
floods

1999 Right 21.84 21.91 600

Okimoto Levee Nov 1990 flood 1993 Right 21.91 22.00 585

Signature Pointe Lower Revetment
Nov 1995 & Feb 1996
floods

1996 Right 22.19 22.28 320

SignaturePointe Upper Revetment
Nov 1995 & Feb 1996
floods

1997 Right 22.62 22.75 600

McCoy Breda Levee
Nov 1995 & Feb 1996
floods

1996 Right 24.40 24.80 1800

Breda Levee Setback Levee Jan 2006 Flood 2006 Right 24.75 25.09 1800

Horseshoe Bend Site 4 Levee 2009 Right 24.79 25.01 1040
78th Avenue South Revetment Nov 1990 flood 1991 Left 24.86 24.87 50

Plemmons Levee
Nov 1995 & Feb 1996
floods

1996 Right 25.17 25.21 200

Horseshoe Bend Site 3 Levee 2009 Right 25.20 25.22 100

Plemmons U/S Levee Nov 1990 flood 1994 Right 25.28 25.32 210

Horseshoe Bend Site 2 Levee 2009 Right 25.50 25.55 160

Nursing Home Levee Feb 1996 Flood 1996 Right 25.55 25.61 200

Horseshoe Bend Site 5 Levee 2009 Right 25.97 26.03 150

Horseshoe Bend Site 1 Levee 2009 Right 25.79 25.97 1140

Nursing Home Levee Nov 1990 flood 1991 Right 26.08 26.11 125

Galli's Section Revetment Jan 2006 flood 2008 Left 29.50 29.70 1110

PL 87-99 Levee
Rehabilitation, Dykstra Revetment Jan 2006 flood 2008 Left

30.02 30.14 375

Dykstra/Lone's Addition Levee Nov 1990 flood 1994 Left 30.50 30.80 480

Lone's 3rd Addition Levee Nov 1990 flood 1992 Left 30.80 30.85 320

3.3. EVALUATION IN SUPPORT OF LEVEE DAMAGE LOCATIONS

From a geomorphologic perspective, damage and potential failures along focus area levees and
revetments are most likely caused by streambed scour and bank erosion occurring as shallow vertical
slump failures along embankment slopes due to the combined weight of mid-slope sediment deposits
and flood-related saturation (Andy Levesque; 2014 personal communication). Slumping failures appear
to be related either to intermediate seepage or to rapid drawdown conditions following extended
periods of higher flows released from the HHD (Levesque, 2014 personal communication). Vertical
erosion is not included in this assessment.

The method used to assess potential bed scour sites included evaluation of time series aerial
photographs available on the Google Earth website, and review and comparison of channel cross
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sections and channel thalweg elevations derived from hydraulic modeling. The aerial photographs
reviewed included those dated 1986, 1990, 2002, 2003, 2004, 2005, 2006, 2009, 2010, 2011 and 2012.
The hydraulic model cross sections were surveyed for use in three different flood studies dated 1986,
2006 and 2011; the cross sections from each flood study were positioned at the same, or nearly the
same, river mile stations.

Comparison of the time series aerial photographs and cross sections indicates whether the channel
banks and bottom changed appreciably over the periods of record. Particularly useful to identifying the
locations of potential levee failure sites is the comparison of channel cross sections and channel thalweg
elevations. The comparative evaluation is based on the premise that vertical changes in the elevation of
the channel floor indicate aggradation of the streambed due to sediment deposition, or a decrease due
to erosional bed scour. Comparisons of Briscoe-Desimone Reach cross sections (NHC, 2011) show the
channel floor elevation has either remained about the same or it decreased over the survey period, and
that channel width has changes little if at all. The incision and lack of channel widening are likely
attributable to the presence of levees and revetments, and the narrow confines of the channel.

The comparison of the thalweg elevation data shows a decrease in the elevation of the thalweg
throughout the geomorphic focus area from 1986 to 2011. Aerial photographs were reviewed for, but
provided no visual evidence of local aggradation, such as sustained and/or growing mid-channel or point
bars in between cross section locations. The results of these two assessments indicate that aggradation
has not taken place since at least 1986 and that the dominant process acting on the stream bed is
channel incision.

Streambed scour poses a potentially significant risk of undermining the toes of levees and revetments,
which can cause unraveling of levee/revetment materials. Potential levee sites subject to failure due to
streambed scour were evaluated using the comparison of channel cross sections. For the evaluation,
cross sections from 1986 and 2011 were used to identify river mile stations where the bed elevation
decreased five feet or greater. Five feet was selected as the threshold value because it is sufficiently
deep to intercept most of the lower Green River levees. The principle results of this evaluation are
shown on Figure 3, ‘Significant Incision Point Location Map’.

Review of the channel bathymetry provided by the Muckleshoot Indian Tribe indicated the presence of
many scour pools along the channel floor. The majority of the pools are situated along the outside
banks of bends. The locations of the deep pools shown by the bathymetric map were compared to
thalweg scour sites derived from flood model cross section to determine how well the two data sets
correlate with one another. The comparison indicates the two sets cannot be used together without
considerable calibration. Consequently, the bathymetric data set was not used in the scour assessment.

Results of the cross section/thalweg elevation assessment were also compared against levee and
revetment damage sites derived from the Green River Repair Sites Master List, 2013, provided in the
King County Levee Retrospective Report. The findings of this comparison are presented in the following
sections.
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Figure 3 - Significant Incision Point Locations Map
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