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CHANNEL CHANGES IN THE MERCED RIVER FOLLOWING THE
JAUNUARY, 1997 FLOOD

Mary Ann Madej (1), Vicki Ozaki (2), Carrie Jones (2), and Gregory Gibbs (1)

1-U. S. Geological Survey Biological Resources Division

2-Redwood National and State Parks

I. INTRODUCTION

Northern California was drenched by a series of rainstorms December 29, 1996 through January

4, 1997. A "pineapple express" brought a series of storms from the central Pacific that caused

heavy, prolonged and unusually warm precipitation across the northern half of the state. These

conditions caused widespread flooding from central California to Oregon. Several U.S.

Geological Survey stream gages recorded the largest peak flows in the history of their operation

(U.S. Geological Survey, 1997). This storm provides an important opportunity to examine the

watershed processes that are active under extreme events, and to learn how man-made

infrastructure, riparian vegetation, valley floor configuration and stream channel morphology

interact to produce the effects observed in a river corridor following the flood.

The Merced River flows through Yosemite Valley in Yosemite National Park in the Sierra

Nevada, California (Figure 1). On January 1-3, 1997, the Merced River in Yosemite National

Park had its largest flood since stream gage monitoring was initiated in 1916. Heavy

snowstorms earlier in the season followed by snowmelt during the storm contributed to high

runoff. Historically, such rain-on-snow events caused the largest flood peaks in the Merced

River (Madej and others, 1991). The U.S. Geological Survey (USGS) has operated a stream

gage at Happy Isles since 1916. Peak flows on the Merced River at the Happy Isles Bridge from

1916 to 1997 are shown in a graph generated by the U.S. Geological Survey (Figure 2). The

USGS estimates the January, 1997 peak flow at this station (USGS Number 1 1264500) to be

10,100 cfs (56 cfs/mi2 ), and about 24,600 cfs at the Pohono Bridge station (Number 1 1266500)

farther downstream. These estimates are considered preliminary and may be revised as the

USGS reviews its gaging station records and conducts further studies. These preliminary

estimates are higher than the previously recorded extreme of 1955 (Figure 2).



Figure 1. General location map of study area.
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January 2, 1997 Peak

(preliminary, subject to revision)

Note: 1996 peak

not available
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WATER YEAR
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This USGS site is maintained by Sacramento Field Office

LOCATION. -Lat 37'43'54", long U9'33'28", unsurveyed, Mariposa County, Hydrologic Unit 18040008, Yosemite

National Park, on right bank 10 ft downstream from footbridge at Happy Isles, 0.4 mi downstream from lllilouette

Creek, and 2.0 mi southeast of Yosemite National Park Headquarters.

DRAINAGE AREA.--I81 mi2.

PERIOD OF RECORD.-August 1915 to current year.

REVISED RECORDS.-WSP 1215: 1938(M).

GAGE.—Water-stage recorder. Datum of gage is 4,016.58 ft above sea level. Prior to Nov. 2, 1916, nonrecording gage

at datum 0.55 ft lower.

REMARKS.—Records good. Up to 5 ft3/s can be diverted upstream from station for Yosemite Valley water supply.

EXTREMES FOR PERIOD OF RECORD.-Maximum discharge, 9,860 ft3/s, Dec. 23, 1955, gage height, 12.73 ft,

from rating curve extended above 4,000 ft3/s on basis of contracted-opening measurements at gage heights 10.4 and
11.55 ft; minimum daily, 1.5 ft3/s, Sept. 26, 1977.

Figure 2: Annual peak flows for the Merced River at the Happy Isles Bridge.
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Damage to Yosemite National Park's infrastructure was severe. Yosemite National Park's

Detailed Assessment Report (1997) documents damage to four main routes leading into the park,

major electrical and sewer systems, 224 units of employee housing, more than 500 guest lodging

units and 350 campsites, 17 restoration projects and at least ten known archeological sites. The

estimate of total recovery costs listed in this report was $197,153,000.

Jackson, Smillie and Martin (1997) conducted a field review of flood-damaged sites in Yosemite

Valley soon after the flood. Their summary, "Analysis of the Hydrologic, Hydraulic and

Geomorphic Attributes of the Yosemite Valley Flood: January 1-3, 1997," covers the reach of

the Merced River from the town of El Portal to upstream of the Tenaya Creek confluence. The

report includes maps of the inundated valley floor. Their analysis provides an overview of the

flood effects in Yosemite Valley, the recurrence intervals and the hydraulic characteristics of the

flood, and the implications of the flood on valley planning. The present report builds upon their

work, and is based on field work conducted in August, 1997. This report focuses on analyzing

more detailed information on flood effects on a shorter reach of the Merced River. The Merced

River downstream of Devil's Elbow and tributary streams such as Tenaya Creek and Royal

Arches Creek are not included in the present assessment.

The purposes of this report are to:

1

.

Identify watershed processes, such as overbank flows and woody debris recruitment, that

affected Yosemite Valley during the flood, and which park managers should consider in

planning for future flooding.

2. Describe changes in the Merced River channel in Yosemite Valley based on pre- and post-

flood surveys of 37 cross-sectional transects.

3. Assess the effectiveness of river restoration projects along the banks of the Merced River in

terms of withstanding a 100-year flood.



4. Design monitoring protocols and provide baseline information on several channel

characteristics in order to assess future river channel and valley changes.

5. Provide park managers with both baseline information and recommendations for future

planning of land use, visitor use, and infrastructure concerns in Yosemite Valley.

II. OVERVIEW OF WATERSHED PROCESSES

There are several ecological and geomorphological processes that are active in a watershed

before, during and following a flood that influence channel changes. These processes should be

identified and acknowledged when planning for future uses of the river corridor. The following

is a brief overview of the most important processes affecting natural and cultural resources along

the Merced River .

Bank Erosion

Bank erosion has been a concern of Yosemite National Park management staff for many years,

especially in the campground areas of Yosemite Valley. Previous studies (Madej and others,

1991) have documented the magnitude and location of bank erosion in Yosemite Valley that

occurred between 1919 and 1989. Bank erosion that occurred during the 1997 flood is

addressed in Part III of this paper.

Banks erode by several mechanisms, such as surface erosion, rainsplash, windthrow, fluvial

entrainment, and mass movement. Stream flow, sediment transport and bank properties

determine rates of bank retreat (Richards, 1982). In a natural system like the Merced River

watershed, there is little human influence on the amount and timing of flood flows and sediment

transport, although severe wildfires may influence both. In terms of bank properties, however,

human use can change some of them, especially the type and density of riparian vegetation.

Riparian vegetation increases the resistance of streambanks to erosion. Smith ( 1 976) showed
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that uncohesive streambank sediments that were reinforced by roots were thousands of times

more resistant to erosion than bare sediment. Yosemite National Park is using this concept as it

attempts to revegetate bare stream banks along the Merced River. Rainsplash, rill erosion, frost

action and freeze-thaw cycles all work to loosen stream bank material and induce bank erosion,

whereas stream bank vegetation helps bind stream bank particles together to resist this erosion.

Besides increasing the resistance to bank erosion, riparian trees can cause erosion as well,

through windthrow, treefall and subsequent scour around the fallen logs. Windthrown trees

along streambanks directly deliver sediment into the channel when their rootballs detach from

the bank. Stream flow is often deflected against the bank by the resultant woody debris dams or

where scallops formed in the bank after the trees have fallen (Abernathy and Rutherford, 1998).

As floodwaters flow against a stream bank, they can carry away clay, silt, sand and gravel (called

fluvial entrainment) and this can lead to bank retreat. Again, riparian vegetation can increase the

resistance of the stream banks to the eroding force of water, and protect streambank material

from erosion.

Another mechanism for bank erosion is through mass movement processes, or landslides. These

include bank slumping, toppling slabs, shallow debris slides and deep-seated rotational or

translational failures. In the Merced River immediately downstream of Clarks Bridge, the banks

are too low for mass movement to play an important role. Farther downstream, near Lower

River campground, the left bank of the Merced River is steep and nearly vertical. This bank is

subject to mass failure, but the bank is composed of cohesive clay and silt and does not show

signs of recent failures. Where banks are taller than the depth of tree roots, mass movement of

bank material can lead to bank retreat. In the study area in Yosemite Valley described below,

however, mass movement was not a dominant erosional process during the 1997 flood.



Treefall and Large Woody Debris

As described above, treefall caused by windthrow can contribute sediment and wood to stream

channels. Trees can also enter the stream through natural mortality, landslides or bank erosion.

In addition, the amount of treefall is influenced by ecological factors, such as forest stand

characteristics. At the time of the 1997 flood, many trees had already fallen into the Merced

River upstream of Happy Isles Bridge from the air blast and rockfall a few years earlier. The

flood did not transport these to any significant degree, but they represent a source of woody

debris in future years as they decay and break down in the channel. During the flood there was

also extensive treefall along Tenaya Creek due to bank erosion.

When trees enter the river channel they can remain where they fell, if the stream power is not

sufficient to move them. Alternatively, they can be rotated by the flow, or transported farther

downstream. The effects of treefall on the channel depends on the size of the tree, its orientation

in the river, channel width, and the strength of the river flow. Treefall contributes large woody

debris to stream channels. The role of large woody debris in streams is discussed in more detail

in Section III-C. Treefall can cause scour of the bank or bed, or can trap sediment if it forms a

dam or obstruction in the flow. From the mid-1960's to the mid-1990's it was the policy of

Yosemite National Park to remove trees that had fallen into the Merced River channel in

Yosemite Valley. Because treefall is important in increasing the complexity of the river channel

and increasing the variety of aquatic habitats available, we recommend that the Park retain the in-

stream woody debris wherever possible.

Mass Movement

Mass movement, or landsliding, can occur along the banks of the Merced River (discussed

above). It can also occur on the hillslopes throughout the watershed of the Merced River.

Rockfall is an important process in Yosemite Valley, and can contribute large volumes of sand to

boulder-sized material to the valley bottom and the river channel. As park managers make

decisions about removing development from the floodplain, they must also consider the danger

of rockfall at the base of cliffs on the valley floor. This study did not assess the contribution of
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sediment from mass movement processes, but an analysis of sequential aerial photographs of the

Merced River watershed could quantify the locations, timing and magnitude of various mass

movement features in the basin.

III. MONITORING STUDIES

Some stream monitoring efforts were initiated in 1987 (Madej and others, 1991), and Yosemite

National Park staff expanded these efforts when designing and implementing restoration

activities along the Merced River. The U.S. Fish and Wildlife Service has also conducted

channel studies in Yosemite Valley. Channel monitoring includes cross-sectional and

longitudinal transects, large woody debris surveys, and channel substrate characterization. The

following sections describe the methods used to monitor channel changes in the Merced River,

and the results of these monitoring efforts.

A. CROSS-SECTIONAL SURVEYS

Cross-sectional transects of the stream channel provide a useful tool to document changes in

channel shape through time. Repeated surveys document bank erosion or accretion, and channel

filling or scouring during a given time period. In this case, pre- and post- flood surveys of cross

sections were used to evaluate channel changes in Yosemite Valley due to the January, 1997

flood. They are also useful in documenting the effectiveness of streambank restoration projects.

Since initiation of the long-term channel monitoring program in 1989, 37 permanent channel

cross sections (X/S) have been established on the Merced River in Yosemite Valley. Cross

sections extend from Clarks Bridge downstream to Devil's Elbow and are grouped into four

reaches (Figure 3): Lower Pines Campground to Housekeeping (X/S 10-29), Sentinel Bridge

(X/S 40-44), El Capitan Meadow (X/S 1 and 2, X/S 30-34), and Devil's Elbow (X/S 35-38).

General cross section locations are shown in Figure 4. Yosemite National Park's Resource

Management Division has more detailed information on cross section endpoint locations on file.
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In the summer of 1989, the National Park Service established 21 cross sections in the Lower

Pines Campground to Housekeeping reach (X/S 10- 27) and three cross sections in the El

Capitan Meadow reach (X/S 1- 3). Subsequently cross sections were established to monitor bank

restoration work. Selected cross sections were surveyed from 1992-1996 (Appendix A). Some

of the original cross section endpoints could not be relocated after the 1997 flood, and are not

included in this report.

Methods

Cross sections were surveyed between two permanent end points of known elevation and were

monumented with 2-inch diameter steel rebar with aluminum caps. Relative elevations between

end points were established by leveling (Emmett, 1974). Cross sections were surveyed during

the summer months with either an automatic level, tape and stadia rod or an electronic total

station. High water marks, top and base of channel banks, the thalweg (deepest point in the

channel), any significant breaks-in-slope, and edge of vegetation were recorded in the field.

Each cross section was photographed from four perspectives. A set of four photos with the cross

section centered in them document the conditions of the right and left bank, and the channel

looking in an upstream and downstream direction.

Terminology

The terminology of Varnum and Ozaki (1986) was used in this report (Figure 5). The thalweg

(T) is defined as the lowest point in the streambed in a cross-sectional profile. Bankfull channel

width (W) is the channel width when high flows fill the channel completely and the water surface

is level with the lowest floodplain. It is identified by vegetation breaks, breaks-in-slope, and

channel morphology.

Net change in streambed area (AA
S) is the difference between the area of fill and area of scour

across the streambed. Mean change in streambed elevation (AE
C) is a normalized value that

11



Total Channel Width

Fill

Cross section profile at time of initial survey

Cross section profile at time of resurvey

W Bankfull Channel Width

AT Change in thalweg elevation

AA S Net change in streambed area is the sum of scour ( —

)

and fill ( + ) at a cross section, (not shown)

A E
c

Change in mean streambed elevation

AE C =AAS/W (not shown)

Figure 5. Terms and symbols used to describe changes at cross sections.
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compares the relative importance of changes at cross sections of different widths and is derived

by dividing the net change in streambed area (AA
S) by the bankfull width (W):

Change in Mean Streambed Elevation: AE
C
= (AA/W)

Thus, a lowering of the mean streambed elevation by 0.15 ft (AE
C
= -0.15) produces the same

percent change in a 10 ft-wide cross section as it does in a 100 ft-wide cross section, even though

more material has moved through the wider cross section. A change in mean streambed

elevation of 0.2 ft or less is within the survey measurement error and cross-sectional changes

within this range are considered to be insignificant.

For each survey year, the cumulative change in mean streambed elevation is calculated. The

cumulative change in mean streambed elevation is plotted by year to show trends at individual

cross sections over time and can depict general trends in infilling, scouring, or stability at the

cross section.

Results and Discussion

This report presents the results of cross-sectional changes observed on the Merced River in 1997.

The permanent cross sections along the Merced River in Yosemite Valley were surveyed in

August, 1997, following the 100-year flood in January of that year.

Changes at cross sections on the Merced River are quantified in Table 1 . The net change in area,

mean change in streambed elevation, and the change in thalweg (deepest part of the channel)

elevation were calculated. Plots of cross-sectional changes and cumulative change in mean

streambed elevation for all cross sections are included in Appendix A. Figure 6 is a summary

plot of the change in mean streambed elevation at all the surveyed cross sections, and allows a

comparison of the relative magnitude of change in different portions of the Merced River. The

cross sections showing the largest changes from the 1997 flood are: XS 13, 15, 28 and 43. In

13
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general, the Merced River channel filled upstream of Stoneman Bridge and near Sentinel Bridge.

In the reaches of river near Sugar Pine Bridge, El Capitan Meadow, and Devil's Elbow the

Merced River bed showed both scour and fill. Specific changes are discussed more fully in the

following section.

Also, the stream bank was protected from erosion by riprap at several cross section locations,

(XS 15, 15A, 16, 18, 22, 24, 28, 29, 32,40,41,42, and 43), so the bank erosion documented by

the cross-sectional surveys is less than what might be expected under natural conditions.

The cross sections are grouped into four general reaches, and study reaches are shown in

Figure 3. These reaches do not necessarily correspond to the study reaches documented in other

reports (Jackson and others, 1997; U. S. Fish and Wildlife Service, in progress). The following

is a description of the channel changes in our study reaches. A brief description of treatments at

Merced River restoration sites is included. The Merced River Restoration Report (Yosemite

National Park, internal document) gives more detailed information on project sites, restoration

techniques and revegetation efforts.

Lower Pines to Housekeeping Reach (X/S 10-29):

In 1989, 19 cross sections were established in this reach and extend from Clarks Bridge (X/S 10)

downstream to Housekeeping Camp (X/S 29). Two additional cross sections (X/S 15a and 15d)

are located in the overflow channel near the Lower Pines campground.

Figure 7 summarizes the changes in mean channel bed elevations at the 19 cross sections on the

Merced River from upstream to downstream in this study reach. At six cross sections, the

channel filled with sediment, at five cross sections the channel scoured, and at eight cross

sections changes were within the survey error. When a channel aggrades (that is, fills in with

sediment), the flood-carrying capacity of the channel may decrease because the area available to
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carry flow is decreased. However, at most cross sections the channel area had already become

larger due to past bank erosion (Madej and others, 1991), so the minor aggradation that occurred

in the 1997 flood was not a factor in increasing the overbank flooding in Yosemite Valley. The

following is a discussion of the specific channel changes that occurred in sections of this study

reach

.

From Clarks Bridge to Sugar Pine Bridge (X/S 10-15)

Channel response in this section was highly variable. Figure 7 is a plot of the change in mean

streambed elevation, showing which cross section had net scour or fill after the flood. The lines

connecting the observation points have no physical meaning, but are used to highlight the

sequence of observations along the Merced River channel. The Merced River channel upstream

of the Tenaya Creek confluence is wide and shallow, with low banks (Figure 8), and there is

abundant evidence of past bank erosion. The cross sections upstream of the Tenaya Creek

confluence show that this part of the channel scoured during the 1997 flood. Cross Section 10

and 1 1 scoured to a depth of almost one foot across the channel bed. At Cross Sections 12 and

14 the changes were within the survey error. At Cross Section the channel bed filled in with

sediment to a depth of about three feet across much of the channel, with a mean streambed

elevation increase of 1.3 ft. The channel at Cross Section 13 was influenced by the floodwaters

of Tenaya Creek, and evidence for flow over the left bank was obvious at this location. This part

of the channel has a more gentle gradient than the average for the study reach (discussed later).

There may have been some decrease in flow velocity at this cross section, leading to deposition

at this site during the flood.

At Cross Section 15, located on the upstream side of the Sugar Pine Bridge, the deepest point in

the channel flipped from the right bank before the flood to the left bank after the flood, and the

thalweg filled in 1 .6 ft. A portion of the floodwaters at this point were diverted into an overflow

channel due to the constriction of the channel by Sugar Pine Bridge. The overflow channel was

partly constricted by road fill at its upstream end.
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From downstream of Sugar Pine Bridge to Stoneman Bridge (X/S 16-22)

In this section of channel, channel shape or geometry was not altered significantly by winter

floods and the maximum change in thalweg was less than 0.4 feet. Immediately upstream of

X/S 16, some flow was diverted out of the main channel and was flowing through the overflow

channel in this area, so the main channel was not carrying all the floodwaters through this

meander bend. Riprap along the right bank on the outside of the meander bend precluded bank

retreat in this area. The river has a straight channel pattern between X/S 1 8 and X/S 22, where

only minor changes occurred. There was some erosion of the right bank on X/S 18, where

floodwaters from the overflow channel reentered the main channel of the Merced River. The U.S.

Fish and Wildlife Service (USFWS) conducted more detailed mapping of the channel

downstream of the Ahwahnee Bridge following the flood, which was used as one of their control

reaches (in progress).

Overflow Channel (X/S 15a and 15b)

Topographic maps made in 1919 show several small overflow channels across the floodplain and

meander bend downstream of the Tenaya Creek confluence (Figure 9-A). Since construction of

the road, two bridges (Sugar Pine and Ahwahnee) and campground, the many small channels

have been reduced to one overflow channel (Figure 9-B). This overflow channel has become

wider and deeper during the last few decades for several reasons. Sugar Pine Bridge constricts

the flow in the Merced River, and at high flows, water is diverted through the overflow channel.

The 1919 maps show the topography with 2-ft. contour intervals, and so the probable 1919

stream dimensions can be reconstructed (Figures 10A and B). The roadway forms an artificial

high right bank for the upstream part of the overflow channel (Figures 10A and 1 1). Prior to

development, flood flows were distributed among several smaller channels across the meander

bend. However, construction of the roadway (now a bicycle path) and the bridges focused

floodwaters into a single channel. Because the smaller overflow channels that were present in

1919 are no longer functional, the floodwaters diverted into the single overflow channel have

sufficient power to erode banks and scour the channel bed. Cross Section 15d (Fig 10-B)
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Figure 1 1 : Looking downstream in the overflow channel near Sugar Pine Bridge.

The road fill (right side of photograph) forms an artificially high,

hardened bank. This channel has enlarged considerably since 1919.



indicates that both bank erosion and scour of the channel bed has occurred in the downstream

portion of the overflow channel since 1919.

The 1997 flood caused only minor changes at Cross Sections 15a and d. Because the entire

floodplain was inundated in this area, floodwaters were spread out across the valley floor, and

little bank erosion occurred in the overflow channel. Large woody debris (discussed later) can

cause bank erosion or channel scour, but little new debris entered the overflow channel. A large

debris jam was deposited near the head of the overflow channel, but did not substantially change

the flow patterns. If the woody debris had blocked Sugar Pine Bridge or had lodged directly in

the overflow channel, bank and bed erosion would have been more extensive.

Restoration at Lower River Campground (X/S 24 & 25)

Two cross sections (X/S 24 and 25) are located in the Lower River Campground restoration site

downstream of Stoneman Bridge. In the summer of 1991 and 1992, about 600 feet of the right

bank was restored. Bank revetment (riprap) was removed and streambanks recontoured. Nine

campsites were also removed from the river's edge. The terrace and streambank were revegetated

and watered during the dry months in 1992.

At Cross Section 24, the mid-channel bar filled more than one foot in places and the thalweg

scoured more than 3 ft. Downstream at Cross Section 25, the amount of fill at the cross section

equaled the amount of scour. However, the right bank and mid-channel bar built out. Since

1992, the restored right bank has built out laterally about four feet at both cross sections. The

USFWS has more detailed mapping of this reach (in progress).

XS 26 and 27

Cross Section 26 is in a straight section of river downstream of Stoneman Bridge and the

restoration site (Figure 12). Only minor changes occurred at Cross Section 26 during the 1997

flood. The left bank is cohesive and relatively resistant to bank erosion. Minor deposition
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Figure 12: Looking upstream from Cross Section 26 towards Stoneman Bridge.

A streambank restoration site is on left side of photograph, where

scattered vegetation is growing on the banks.



occurred in the shallow right bank channel at Cross Section 27. The most prominent change in

this area was the deep scour hole that developed in the main channel at Cross Section 27. The

water was too deep and swift during the summer surveys to determine the cause of the scour, but

surveyors commented on an obstruction (possibly a rootwad) at the bottom of the scour hole. A

snorkel survey would help determine the cause of this pool, but because the scour was not

threatening any infrastructure, it was not investigated further during this phase of the study.

Restoration at Lower River Housekeeping Camp (X/S 28 & 29)

Two cross sections were established in 1992 to monitor bank restoration immediately

downstream of Housekeeping Footbridge. The right bank was restored and revegetated in 1992

and the left bank was treated in 1995. In 1992, a 950-foot section of the right bank was treated

(Lower River Housekeeping project). This restoration included removing a paved path and

relocating it farther back on the terrace. Riprap was also removed from the channel, and the

streambanks replanted. Finally a fence was constructed to protect the project site. In 1995, 1300

feet of the left bank was restored (Housekeeping Camp project) and treatment included removing

riprap revetment boulders, anchoring fifteen large logs (2-4 ft diameter and averaging 25 ft long)

along the riverbank, and revegetating streambanks by brush layering and planting. In addition,

25 logs were placed across the terrace and a fence was constructed to protect the project site.

During the floods of 1997, no significant changes occurred on either bank. Willows growing on

the right bank withstood the flood well (Figure 13). Cross Section 28 is located downstream of

the scour pool at Housekeeping Bridge. Here, the section of channel bed extending from the

center of the channel to the base of the left bank aggraded, and the thalweg elevation increased

1.5 feet. Cross Section 29 is located several hundred feet downstream of Cross Section 28 in a

straight reach, and showed no significant change.
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Figure 13: Looking downstream from Housekeeping Bridge, towards right bank

of the Merced River. Willow plantings on the right bank survived the

1997 flood with little damage.



Sentinel Bridge Reach (Cross Section 40-44):

In 1994, five cross sections were established to monitor bank restoration and bank revegetation

following the removal of the old Sentinel Bridge and construction of the new bridge. The

streambanks at the old bridge site were recontoured and replanted, and native vegetation was

replanted at all sites impacted by construction activities. Two cross sections are located

upstream of the new Sentinel Bridge and three downstream.

In 1997, all cross sections in the Sentinel Bridge Reach aggraded. Figure 14 shows the Merced

River upstream of the bridge at X/S 40. This site receives a high level of visitor use (as do many

of the cross section locations in Yosemite Valley). In general aggradation increased in a

downstream direction. Thalweg elevation increased between 0.7 to 3 ft. No significant bank

changes occurred at these cross sections and aggradation was accommodated across the channel

bed. The changes in mean channel bed elevation in this reach were among the highest measured

in the August, 1997 survey (Figure 6). Most of the aggradation occurred downstream of the new

bridge. This pattern (deposition in expansion areas downstream of bridge constrictions) is

typical of past depositional patterns as well (Madej and others, 1991). The USFWS conducted

more detailed channel mapping in this area (in progress).

Near this restoration site, a valuable record of previous flood inundation levels was found

marked on a garage wall near the old Superintendent's House near Yosemite Creek (Figure 15).

The 1997 flood level was higher than any of the previously marked floods. As buildings are

modified in post-flood reconstruction, it is important to clearly document these flood levels to be

used in future studies. We recommend the installation of inconspicuous crest staff gages at

various locations in the floodplain to help determine the extent and depth of future flooding.
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Figure 14. Looking upstream from the newly constructed Sentinel Bridge and

Cross Section 40. Although most of the streambanks are well

vegetated, high visitor use in localized areas results in some bare,

trampled areas.



Figure 15: A record of high water marks from past floods on the garage wall of

the old Superintendent's House (Residence 1 ) had been kept by

Yosemite National Park staff. Fingers point to high water marks from

(bottom up): 5-16-96, 12-23-41 (44" above floor), 1 1-19-50 (66"), 12-

23-55 (70"), 1983 - Hole in top of doorway, and 1-2-97 - Ceiling of

garage.



El Capitan Meadow Reach (Cross Section 1, 2 and 30-34):

There are seven cross sections located in this reach. Five were established in 1 992 to monitor

restoration along the right bank of the Merced River. Three other cross sections (X/S 1 -3) were

established in 1989 but only two (X/S 1 and 2) were relocated and resurveyed. The right bank of

Cross Section 33 and 34 are located in the former El Capitan dumpsite. Cross Sections 30 to 32

are located in the restored El Capitan picnic area and Cross Sections 1 and 2 are located within a

few hundred feet upstream.

In 1991, restoration at the dumpsite began. This work included: 1) removal of dumpsite

materials adjacent to the river's edge on the right bank, 2) restoring the terrain at the site to

match the surrounding natural topography, 3) replanting the terrace and exposed streambank, and

constructing a fence to protect the project site.

Restoration of the El Capitan picnic area began in the summer of 1992 and revegetation work

continued through 1994. Riprap was removed from more than 330 ft of the right bank and 630

feet of bank was replanted. In addition, two parking lots were removed and the terrace surface

decompacted, replanted and an irrigation system installed.

The most significant channel changes due to the 1997 floods were observed in this reach. In

general, cross sections scoured in this reach and significant bank erosion occurred on the right

bank at all the cross sections in the area of the El Capitan picnic and dump restoration site

(X/S 30-34). The average bank erosion at five cross sections in this reach was 21 ft, and the

maximum bank erosion observed in the reach was about 43 ft. Figure 16 shows the erosion and

treefall that was typical along the right bank in this reach.

The type of channel changes observed in this reach following the 1997 flood were not

uncommon historically. Although the river gradient in this reach is gentle, natural channel
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Figure 16: Looking downstream at the El Capitan Restoration Site. During the 1997 flood, a

new sand and gravel bar built out along the left bank and about 30 ft. of the right bank

eroded. Woody debris accumulated along the right bank, where trees fell and logs

floated in from upstream reaches. Floodwaters overtopped the right bank and flowed

across the floodplain, resulting in some sand deposition and minor gullying on the

floodplain surface.



meandering and lateral shifting are common (Madej and others, 1991). During flooding in the

early 1960's the river channel meandered one full channel width exposing the materials in the

dump along the right bank for a length of 75 ft (Yosemite National Park, 1995). In 1997,

floodwaters overtopped the right bank and flowed across the floodplain on the meander bend in

this reach. Fresh gullies up to 3 ft deep on this floodplain were oriented in line with this

overbank flow. Floodwaters coming from the straight reach upstream directly flowed against the

right bank, and the force of this water on newly planted banks, as well as water flowing over the

bank and across the floodplain, probably caused the bank erosion. Flow velocities here may

have been greater than at the downstream Devil's Elbow Restoration site because of ponding by

a downstream moraine (Jackson and others, 1997), but more detailed floodplain mapping would

be necessary to determine high water marks, floodplain gradient, and size of material moved

across the floodplain. More detailed channel mapping in this reach was conducted by the

USFWS (in progress).

Large woody debris plays an important role in influencing channel change. Several trees along

the banks are now leaning into the channel, and several trees fell from the right bank during the

flood. Although treefall is a natural process, as described in Section II, the fallen trees may have

accelerated scour at the base of the right bank, leading to bank retreat. Nevertheless, large woody

debris is an important component of aquatic habitat.

Devil's Elbow Reach (Cross Section 35-38);

In 1992, four cross sections were established in the Devil's Elbow Reach to monitor changes

associated with restoration and revegetation work on the right bank. The restoration work was

located on the outside of a large meander bend in the Merced River. In 1993, the Devil's Elbow

picnic area and parking lot were removed from the right bank and soils were decompacted.

Along the streambank, areas of steep slopes were revegetated using a brush layering technique,

and all other areas were replanted with native vegetation. During the summer of 1994, all

34



Figure 17: Looking downstream from Cross Section 36 in the Devils Elbow

Reach. Person is holding a stadia rod vertically as a scale. Pool depth

at the large boulder is 14ft. during summer low flow. Willows

planted along the right bank in the fall of 1993 withstood the 1997

flood with little damage.





plantings were irrigated to establish a strong root system.

In 1997, the middle two cross sections filled, the upstream-most cross section scoured, and the

downstream cross section showed no significant change. No major channel changes occurred in

this reach, and the plantings on the right bank survived the flood with little damage (Figure 17).

In general, the total amount of fill at cross sections was about equal to the total amount of scour

for the reach. More detailed mapping of this reach was conducted in 1997 by the USFWS (in

progress). Less erosion occurred at this restoration site than at the El Capitan site. There are

several possible reasons for the success of this site. Vegetation was better established at this site

because of irrigation of the young plants (Yosemite National Park, personal communication).

Also, this area of the valley is near the El Capitan Moraine, which forms a hydraulic control for

the central chamber of Yosemite Valley (Jackson and others, 1997). Although the valley was

inundated here during the 1 997 flood, flow velocities were not as high as in upstream reaches

(Jackson and others, 1997). Floodwaters were flowing over the floodplain along the inside of the

meander at the left bank, and it is probable that the outside of the bend where the restoration

plantings were located (on the right bank) was not subjected to extreme forces.

B. LONGITUDINAL PROFILE SURVEYS

Surveys of the deepest part of the channel in a downstream direction (longitudinal profile, or

thalweg profile, surveys) are used to document changes in pools and riffles in a reach. When

such surveys are repeated over a number of years, the changes in pool form and aquatic habitat

can be documented and related to floods, land use changes, input of large woody debris, etc.

Thalweg profiles are used to characterize the number, depth and distribution of pools, which are

important components of aquatic habitat. No previous data on longitudinal profiles showing this

level of detail of the Merced River were found. A profile was surveyed in 1997 to characterize

stream gradient, pool distributions and depths, pool-forming obstructions, and substrate
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composition. This survey can be used as a baseline against which future channel changes can be

compared. A separate longitudinal profile and map were surveyed across the floodplain

downstream of Clarks Bridge to determine the gradient and hydraulic characteristics of the

floodwaters (discussed later).

Stream Gradient

The thalweg (deepest part) of the Merced River was surveyed on August 7, 1997, and the survey

data are included as Appendix B. The survey began at the upstream side of Clarks Bridge and

extended downstream to Stoneman Bridge, a channel distance of about 5000 ft. (Figure 18).

This is part of Reaches 4 and 5 as described by Jackson and others (1997). A total station was

used to survey the channel upstream of Sugar Pine Bridge, and an automatic self-leveling level

was used to survey the channel downstream of that point. Both the channel bed and the water

surface were surveyed. Points were surveyed at every break in slope in the channel bed to define

all pools, riffles and other channel features. Average spacing between survey points was 30 ft.

Channel distances were measured with a fiberglass tape which was placed on the ground adjacent

to the left edge of water in the channel. We were not able to measure the centerline distance of

the channel because the depth and velocity of the flow were too high. The left bank distance as

measured by the tape underestimates the centerline distance slightly between the Sugar Pine and

Ahwahnee Bridges because of a large bend in the river. Water depths were measured with a

stadia rod. The dominant channel bed substrate and other channel features were also recorded at

each survey point.

The average slope of the river channel in the surveyed reach is 0.30 %, which represents a fall of

15.8 ft over a one-mile reach of river. In this reach 19% of the channel is classified as riffle

habitat. There is a steeper section between channel distance 1300 and 2300 ft (Figure 18), with a

more gentle grade near Clarks Bridge.
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Pool Depths and Frequency

Although at first glance an observer may think the bed of the Merced River is smooth, the

thalweg profile (Figure 1 8) shows there is considerable variation in the streambed profile. Some

of the deepest parts of the channel are associated with man-made structures (surveyed water

depths are in parentheses): Clarks Bridge (6 ft) Sugar Pine Bridge (7.6 ft), a water intake near

the confluence of Royal Arches Creek (8 ft), the Ahwahnee Bridge (4.7 ft) and Stoneman Bridge

( > 8 ft). Scour at the base of riprap, groins, or pieces of cement along the left and right

streambanks caused minor pools (2 - 4 ft deep). Natural features also caused a few pools. A

large boulder downstream of the mouth of Tenaya Creek caused a 6.1 ft scour pool, and scattered

stumps along the banks were associated with pools 3 to 5 ft deep. There were few logs within

the low flow channel in this reach, although farther downstream (near the El Capitan reach)

instream woody debris is an important factor in pool formation.

The residual water depths of all pools in this reach were calculated. A residual pool depth is a

useful monitoring tool because it is a measurement that is independent of the amount of flow in

the channel, and can be used to compare pools from season to season or year to year. It is

defined as the depth of a pool below the downstream riffle crest (Lisle, 1987). Residual pool

depths are always less than or equal to the surveyed water depth, because a residual depth is

equivalent to the depth of water in a pool at zero flow. Figure 19 is a histogram showing the

distribution of residual pool depths for this reach of the Merced River. Ten pools with residual

depths of greater than 2 feet were recorded, with a mean depth of 4.2 ft. These pools are shown

in Figure 20. A two-foot threshold was used as the cutoff to define a pool (that is, an area of

slow, flat water at low flow) based on field observations.
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Pool Depths in the Merced River

2-3 34 4-5 5-6 6-7 >7ft

Residual Depth (ft)

Figure 19: Frequency Distribution of Residual Pool Depths, Merced River, 1997.

Channel Bed Substrate

The type of material found in a channel bed influences what type of aquatic invertebrates live in

the stream. A sandy bottom supports different fauna than a bouldery bed. Channel substrate also

influences the stability of the channel bed. For example, small gravel and sand can be mobilized

at relatively low flows, whereas cobbles and boulders require higher flows to transport them.

Land use changes, fires, large landslides, etc. can cause changes in the size of channel bed

material. The following represents a general description of channel bed substrate in the reach of

river downstream of Clarks Bridge, which can be used as a baseline for future studies. The

dominant particle size of the channel bed was recorded at each survey point in the longitudinal

profile, based on visual observation.
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The terminology used is:

Substrate Class Diameter (mm) Diameter (inches)

Sand <2 <0.1

Gravel 2 to 64 0.1 to 2.5

Cobble 64 to 256 2.5 to 10

Boulder >256 > 10

In the surveyed reach, 54% of the thalweg bed was dominated by sand, 28% by cobble, 12% by

gravel and 6% by boulders. These values are meant only to provide a general description of the

channel bed, but are not to be used for quantitative analysis. For example, even in areas where

the "sand" category was dominant, many fine pebbles (small gravel) were commonly included as

well. If the park needs accurate measurements of bed particle size for descriptions of aquatic

habitat, calculating sediment transport rates, or other purposes, more intensive sampling of the

bed material is required.

Hydraulic Information

Hydraulic information (flow depths and velocities, water slope) is useful to help interpret the

damage to infrastructure in Yosemite Valley. Longitudinal profile surveying and floodplain

mapping document hydraulic characteristics of the flood flow through Lower Pines Campground.

Some of the standard hydraulic calculations require metric units, so the following discussion

reports results in both metric and English units.

During the January 1997 flood, the Merced River was flowing over its floodplain at Lower Pines

Campground. Abundant evidence on the floodplain indicates that the floodwaters in this area

were traveling with moderately high velocity. We mapped the floodplain, noting areas of fresh

sand deposits, asphalt parking areas that had been ripped up and scoured by the flood waters,

bear-proof food cabinets made of heavy metal that had been knocked over, picnic tables and logs.
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that were carried some distance, scour around the restroom facilities, and cobble-sized particles

(64 mm in diameter) which had been transported across the floodplain surface (Figure 21).

These pieces of flood evidence were most prominent at and downstream of the confluence of

Tenaya Creek

We surveyed high water marks and the ground surface across the floodplain. The gradient of the

high water marks across the floodplain was 0.45%, which is substantially steeper than the

channel gradient of 0.30%. This is to be expected, because the floodwaters were traversing a

shorter distance across the floodplain than if the waters had stayed confined in the longer channel

in the meander bend. The average depth of inundation on the floodplain across from the Tenaya

Creek confluence was one meter (3 ft).

It would be useful to know how fast the floodwaters were traveling across the floodplain,

because the faster the water, the more likely damage would occur to both natural resources and

human-made structures. The following is a description of how we estimated the force and

velocity of water during the floods. For readers who do not wish to know the technical details,

they may skip the next four paragraphs.

Moving water constitutes a force across the channel bed. Since the force is applied in the same

direction as the flow, it is called a shear force. Shear force divided by area is called a shear

stress, usually denoted by x (Dingman, 1984). The common definition of boundary shear stress

(the shear stress on the channel bed) is:

x = yDS

where y is the weight density of water, D is the depth of flow, and S is the energy gradient

(approximated by the channel slope).
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Figure 21 : The Lower Pines Campground was severely damaged by overbank

flooding. Asphalt roads and parking sites were ripped up, and picnic

tables and restrooms were damaged. The person is standing next to a

heavy metal food cabinet with four cement footings that was

completely overturned during the flood, and filled with sand and

gravel. Such evidence attests to high flow velocities in this area

during the flood.





Experimental data led Yalin and Karahan (1979) to develop relationships between how large a

particle can be moved and a particular shear stress. The critical sediment diameter (d
c) that can

just be eroded by a given flow can be approximated as:

d
c
=13.7DS,

where D is depth in meters, and S is the slope (Dingman, 1984).

In the case of the Merced River, water flowing over the floodplain in Lower Pines Campground

should have been forceful enough to move a particle:

d
c
= 13.7 x (1 m deep) x (0.0045) = 0.06 m or 60 mm in diameter.

This prediction is in excellent agreement with the field observations of 64 mm cobbles recently

transported across the floodplain. The campground and floodplain surface was quite smooth,

with no low-lying ground vegetation, and many asphalt surfaces. Gravel and cobble movement

was not constrained by imbrication (packing) of gravels or the opportunity to hide behind larger

boulders. This means that once sand, gravel, and cobbles were carried to the surface of the

floodplain, they could easily be transported by the floodwaters across the campground area.

Bear-proof food cabinets in the campground that were filled with gravel are testaments to the

ability of the floodwaters to transport coarse sediment across the floodplain (Figure 21).

This analysis can be extended to compute the velocity of the flow under flood conditions

(Dingman, 1984, Equation 8-35 and Figure 8.8). The critical velocity to move 60 mm particles

across this floodplain with a depth of flow of one meter is about 2 m/sec (about 6.5 ft/sec). The

Manning equation (Dingman, 1984) can also be used to estimate the velocity across a floodplain

that has a fairly smooth surface (such as a gravel or light grass surface, with a roughness value

of Manning's n = 0.20). This method produces a velocity estimate of 5 ft/sec. These values of

5 to 6.5 ft/sec are higher velocities than that estimated in the reach downstream of Sentinel

Bridge, where a backwater effect from the El Capitan Moraine was affecting the floodwaters

(Jackson and others, 1997).
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Commonly floodplains have higher roughness values (Manning's n = 0.7 to 0.9) due to thick

vegetation (Barnes, 1977), and floodwaters do not have such high velocities. Nevertheless, the

flood velocities estimated here are not unrealistic, considering the smooth campground surface,

the lack of resistance from bushes or other understory vegetation, and the relatively steep

floodplain surface (compared to large, lowland rivers). The high velocity of floodwaters through

the campground was responsible for much of the damage to the infrastructure, and their is the

risk of periodic flood damage to infrastructure in the future. Park management should

acknowledge this risk, anticipate high velocities in future overbank flooding, and relocate critical

facilities outside of these high velocity areas.

There is little previous work dealing with the hydraulic characteristics of the Merced River

floodplain. The USGS made hydraulic calculations of roughness and velocity at four cross

sections near its gage at Happy Isles Bridge. For example, at a moderate flow of 1950 cfs,

Manning's n was 0.065, mean bed particle size was 253 mm (10 inches), channel width was 63

to 78 ft., mean depth was 4 to 4.9 ft., and mean velocity was 6 to 7.4 ft/sec (Barnes, 1977). This

shows that high velocities should be expected in the Merced River during floods, and that the

roughness values in an undisturbed reach of stream are high. However, these values cannot be

extrapolated to the downstream study reaches because the channel is steeper, narrower and

coarser at the gaging station than it is farther downstream where the National Park Service cross

sections are located. Nevertheless, the roughness of the floodplain in the Lower Pines

Campground area under pristine conditions was probably much higher than at present.

Revegetation of the floodplain surface and streambanks wherever possible would help reduce the

velocity of overbank flow during future floods.

C. TREEFALL AND LARGE WOODY DEBRIS LOADING

Treefall along streambanks and the transport of down trees during the 1997 flood greatly
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influenced the channel changes documented above. Treefall contributed large volumes of

woody debris to the channel, especially in Tenaya Creek. Also, many trees had fallen previously

from a large rockfall near Happy Isles, where about 30 trees were brought into the channel.

Where fallen trees entered the river and where woody debris was transported and deposited

influenced patterns of bank erosion, scour and deposition of sediment.

No previous information on large woody debris loading in the Merced River in Yosemite Valley

was found. Documentation of all fallen trees along the river corridor was beyond the scope of

this project, but an initial assessment of woody debris loading was conducted downstream of

Clarks Bridge. The purpose of this assessment was two-fold: 1) to develop a protocol that

would be useful to document the size, type, location and function of woody debris in the Merced

River, and 2) to provide park management with baseline data on large woody debris loading in a

short reach of the Merced River.

Large woody debris in the river channel has been identified as an important structural control in

providing aquatic habitat (Bisson and others, 1987). Wood can provide cover for fish and cause

scour pools in the channel bed. Wood can alternately protect a streambank from erosion or cause

bank erosion, depending on its size and orientation to the flow. The USFWS also conducted

surveys of woody debris in several study reaches (in progress) and their estimates of debris

loading can be compared to those in our study reach.

Large Woody Debris Inventory

Redistribution and input of large woody debris by floods is common. The effect of large floods

on woody debris in the Merced River is unknown because no data on large woody debris had

been collected prior to this survey.
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In March 1997, Yosemite National Park staff conducted a reconnaissance of large woody debris

along the Merced River from Clark's Bridge downstream to below Devil's Elbow. The purpose

of the inventory was to document large woody debris input following the 100 year flood

experienced in January of that year. Information was plotted on a GIS base map showing the

general orientation in the channel, the tree species, diameter (measured 5 ft. from roots) and

location of log jams. Also noted was whether the tree was anchored or the roots were free.

During the summer of 1997, staff reinventoried large woody debris from Clark's Bridge

downstream to Sugar Pine Bridge.

Large woody debris was defined as a piece of wood greater than 10 feet long and more than 0.5

feet in mean diameter or root wads greater than 3 feet in diameter. For each piece of wood that

met the criteria, tree species, total length, length of log in the channel, and mean diameter was

recorded. Other information collected included whether a root wad was attached to the log, and

orientation downstream (angle from the bank) for pieces of wood in the channel. Each piece was

also evaluated for the input mechanism; that is, contribution of wood to the channel due to bank

undercutting, windthrow, mass movement, if it floated in, or if undetermined. In addition, a

Decay Class Rating from I to V was assigned. The decay class rating was a subjective measure

of the quality of the wood. Logs with a Decay Class of I were fresh pieces of wood and a Decay

Class of V indicated the log was rotten and falling apart. Also recorded was if the wood was a

single piece or part of a group, and locations of wood were plotted on a GIS base map. The

volume of large woody debris was calculated for each piece using the following equation:

volume = pi x (radius)
2
x total length

Results

In the past, this reach has been managed for hazard trees and any identified hazard tree along the

bank was removed. In-channel woody debris was also removed because of the perceived hazard
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to bridges and rafters. In the mid-1990's, the woody debris removal program was discontinued

in this reach. This new policy provides an ideal opportunity to document natural woody debris

loading associated with a large flood and to differentiate loading rates from floods versus annual

or background rates.

A total of 94 pieces of wood were inventoried in the 2400 foot long section of channel from

Clarks Bridge to Sugar Pine Bridge. Seven groups of large woody debris and 14 individual

pieces of large wood were mapped.

Fifty-nine percent of the wood in this reach was included in three large woody debris piles or log

jams. All debris piles were located on the left bank outside the summer low flow channel and

did not influence the summer flows or contribute to summer aquatic habitat. The largest groups

of wood were located at the upstream end of the overflow channel at Sugar Pine Bridge.

Figure 22 is a histogram of the mean diameter of wood pieces in four diameter class sizes: small

(0.5-0.9 ft), medium (1.0-1.5 ft), large (2.0-2.9 ft), and very large (>3.0 ft). Class sizes were

based on class sizes used by Ruediger and Ward (1996) for a large woody debris inventory for

the Stanislaus National Forest, California. About 72% of the wood inventoried (68 pieces of

large woody debris) had a mean diameter between 1 to 1.5 ft. Of the wood in the largest size

class (> 3 ft), the largest four out of six pieces were root wads.
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Figure 22: Distribution of large woody debris (LWD) by mean diameter, in the reach

from Clarks Bridge to Sugar Pine Bridge.

Large woody debris did not influence sediment storage and provided little influence to channel

structure in this section of the Merced River. Less than ten percent of the wood (8 pieces) was

located within the bankfull channel in the reach and those pieces accounted for less than ten

percent of the total volume of wood. In general, these logs were parallel to the bank and never

angled more than 50 degrees from the bank in a downstream direction. Only three logs formed

scour pools along the bank, with depths ranging from 3 to 5 feet. None of the wood

significantly influenced sediment retention and no accumulations of sediment were observed

upstream or adjacent to wood. Nearly all (>90%) of the large woody debris in this reach is only

available during very large flood events; that is, when floodwaters occupy the overflow channel

or flow across the floodplain.

The density of woody debris loading in this reach that had an effect on summer aquatic habitat or

channel structure averaged about 1 piece per 100 m (density data reported in the literature is in

metric units). This woody debris density was significantly less than for other reaches of the
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Merced River in the Yosemite Valley (Table 2). However, the density of large woody debris

averaged 9 pieces per 1 00 m.

Table 2: Density of large woody debris loading in the Merced River

Site
Number of Pieces

of Wood

Approximate

Length of

Reach (m)

Mean
Density

(#/100m)

Merced River

Clarks Bridge to Sugar Pine Bridge 8 730 1

Ahwahnee Bridge Control
1

28 300 9

Stoneman Bridge Restoration
1

13 110 12

Stoneman Bridge Control
1

13 190 7

Sentinel Bridge Restoration
1

15 180 8

El Capitan Picnic Area 1 28 260 11

Devils Elbow Restoration
1

16 100 16

1 USFWS preliminary data subject to revision

Average density of wood loading on the Merced River was significantly less than the density

observed on unmanaged reaches (18 pieces/ 100 m), but was similar to the second growth riparian

reaches (9 pieces/ 100m) in the Stanislaus National Forest (Table 3). The similarity between

mean woody debris density on the Merced River and second-growth riparian reaches on the

Stanislaus National Forest is probably an artifact of the past management of riparian trees along

portions of the Merced River. Ruediger and Ward (1996) found that density of large woody

debris on Sierra Nevada streams, on average, was lower than in streams in the Coast and Cascade

Ranges of Oregon. Our preliminary results support their findings.
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Table 3. Comparison of density of large woody debris on the Merced River with

streams in the Stanislaus National Forest. Study reaches vary in length.

Site

# Study

Reaches

Mean Density (#/100m)

Mean (range)

Merced River, Yosemite Valley
1

7 9(1-17)

Stanislaus National Forest

Unmanaged (no stumps in riparian area)

Salvaged (some stumps in riparian area)

Second Growth (riparian area harvested)

57

18

18

18(1-50)

13(1-60)

9(1-24)

1 USFWS preliminary data subject to revision

2 Ruedigerand Ward, 1996

The longitudinal profile of this reach (see previous section) documented five pools along the

deepest part of the channel. These pools were associated with man-made structures or boulders,

and not woody debris.

Large woody debris did not span the channel in this reach. The bankfull channel widths (average

194 ft) in this reach were significantly wider than the average length of large woody debris

(averaged 46 ft and ranged from 8-133 ft). Extensive bank erosion occurred here in the past,

making it even more unlikely that fallen trees would span the channel.

Observations of large woody debris loading are specific to this reach. Other sections of channel

had different responses to the flood and differing amounts of debris loading and corresponding

function in the channel. Farther downstream woody debris plays a more important role in the

channel and providing instream habitat and structure (see USFWS report in progress).
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IV. SUMMARY

The results of our studies support the conclusions and recommendations made by Jackson and

others ( 1 997). Their recommendations included setback of infrastructure from the river as

much as possible, locating more valuable structures higher in the floodplain, and accepting the

risk of occasional inundation. The Valley Implementation Plan is consistent with restoring

natural processes and effective floodplain management. In most of the areas studied, the

damage to natural resources was minimal, and restoration sites withstood the high flood levels

without many problems. Most of the problems associated with the flood involved buildings,

roads and other infrastructure rather than damage to the Merced River channel.

The January, 1997 flood was the largest recorded by the U.S. Geological Survey, which began in

monitoring water flows in the Merced River in 1916. Although this particular flood is estimated

to be a 100-year flood (Jackson and others, 1997), overbank flooding in Yosemite Valley has

occurred several times in the last few decades. Future flooding should be expected every 10 to

20 years, and park infrastructure and planning need to reflect the reality of occasional overbank

flow and inundation of much of the Valley floor. Damage in Lower Pines Campground was

especially severe in the downstream portion, where the elevation of the floodplain was lower

than the upstream campground, and flow from Tenaya Creek influenced the hydraulics of the

floodwaters. Similar conditions should be expected in future flooding. Moderately high

velocities of 5 to 6 ft/second in floodwaters crossing this floodplain resulted in the transport of

picnic tables, ripping up of asphalt, scour around restrooms, deposition of coarse sediment, etc.

If the floodplain were heavily vegetated, floodwater velocities would be lower; however, if the

campground is to remain open, park management must realize periodic flooding of the area will

occur. The restoration of a thickly vegetated, multi-storied riparian zone at least 50 ft wide

along Lower Pines Campground might decrease the amount of cobble and sand deposition on the

campground surface in future floods.

The cutoff channel at Sugar Pine Bridge is problematic. Constriction by the bridge and road
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prism exacerbates the problem of flow being diverted into the channel and accelerating bank

erosion. Removal of the bridge would alleviate some of the problem. Nevertheless, the meander

bend has changed radically since 1919 when there were several small channels across the

floodplain. Due to the extent of bank erosion and channel bed scour in the overflow channel

since 1919, it will be difficult to restore the channel completely, but bioengineering techniques

can help stabilize the channel and prevent further enlargement.

For the most part, revegetation of bare streambanks withstood the January, 1997 flood. If the

river erodes the base of high banks below the rooting level or vegetation, bank erosion will

occur. The riprap revetment that is still in place along the Merced River controlled bank erosion

at those sites. If riprap is removed and banks revegetated, natural processes will be encouraged.

Bank erosion, however, is a natural process and some banks may retreat even though they are

revegetated. This is especially true for sites on the outside of meander bends where high velocity

flows are forced against the bank.

Woody debris loading increased in the Merced River as a result of the 1997 flood. In addition,

there is a supply of in-channel wood available for eventual transport in Tenaya Creek and

upstream of Happy Isles. Although the increase in wood in the channel will probably improve

aquatic habitat, it presents a problem for bridges in future flooding as debris piles up against

bridge abutments and decks, and presents a hazard for rafters. The U.S. Fish and Wildlife

Service's surveys offish utilization and in-stream wood accumulations (in progress) will help

determine the importance of wood in providing aquatic habitat for fish. Once their report is

complete, park managers will be able to weigh the relative risks and advantages of retaining

woody debris in the river channel.

V. RECOMMENDATIONS FOR FUTURE MONITORING:

All monitoring should be coordinated by one division, preferably the Resource Management
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Division. Coordination between physical and biological monitoring efforts is essential. Several

studies have now been conducted in the Merced River in Yosemite Valley. We recommend that

Yosemite National Park construct a map and database that documents the location and type of

study, objectives of study, monitoring technique, investigator, period of study, list of products,

etc. Such a compilation would be extremely helpful to park administration, resource managers,

and future researchers. In addition, the park should develop a baseline channel map showing

pertinent features and channel distances, on which all future river work can be referenced. Aerial

photographs of the channel enlarged to a scale of about 1 :500 would be useful for documenting

future studies.

1. Cross section monitoring:

a. Resurvey cross section sites every five years or after moderately high (10-year) flows.

b. Use a GPS to document cross section endpoints for expedient and reliable relocation of

monuments for future surveys.

c. Rephotograph photopoints at cross sections when transects are surveyed.

2. Longitudinal Profile monitoring:

a. Resurvey channel thalweg on same schedule as cross section surveys.

b. Extend the surveys to monitor the same reaches as in the USFWS survey.

3. Large Woody Debris surveys:

a. Conduct periodic woody debris inventory of selected reaches to determine annual loading

rates.

b. Need to compare woody debris loading in other reaches of Yosemite Valley and conduct

literature search for comparisons to other Sierran streams.

c. Compile information on orientation of logs to provide general guidelines for orientation and

placement of logs during channel restoration and woody debris loading projects.

d. Determine decay resistance of wood in channel and the residence times of wood.
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e. Conduct a more detailed study of the role and function of large woody debris in the Merced

River. Compare and contrast the woody debris loading in different channel reaches.

4. Hydraulic characteristics:

a. Install crest stage gages at several locations in the floodplain to accurately determine the

extent and depth of inundation during future flooding events.

b. Conduct analysis of long-term USGS gaging records from the Happy Isles and Pohono

Bridge sites to determine hydraulic and bed level changes since 1916.

c. Expand river corridor studies to the watershed scale to incorporate effects of rockfall, debris

flows, wildfires and other influences on the Merced River and its tributaries.
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APPENDIX A: PLOTS OF CROSS-SECTIONAL CHANGE AT MERCED RIVER

TRANSECTS, 1989 TO 1997, AND CUMULATIVE CHANGES IN STREAMBED

ELEVATION
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Merced River X/S 40 (Upstream of Sentinel Bridge)

c
o

>

LU

— 1994

1997

Distance (ft)

050

0.30
c
-—-

"

o 0.10
LU

E -0 10
3
()

-0 30

-0.50

X/S 40

1

I
'

I
'

I
'

I
'

I
'

I
'

I
'

I

1989 1990 1991 1992 1993 1994 1995 1996 1997

YEAR



Merced River X/S 41 (Upstream of Sentinel Bridge)

c
o

>

ID

1994

1997

Distance (ft)

80

(J

uu

60—
40—

E

o
20—

0.00

-0 20

X/S 41

i i i n i i i

1989 1990 1991 1992 1993 1994 1995 1996 1997

YEAR



Merced River X/S 42 (Downstream of Sentinel Bridge)

c
o
ro
>
.22

LU

1994

1997

Distance (ft)

90

70
<r

o 050
LU

E 030
3
O

10

-0 10

X/S 42

I I I I I I I
|

i

|

i

|

i

|
i

|

1989 199C 1991 1992 1993 1994 1995 1996 1997

YEAR



Merced River X/S 43 (Downstream of Sentinel Bridge)

c
o
73
>

UJ

1994

1997

1 70

1 50

1 30

~ 1 10

o 90
UJ

F 70

50

30

10

-0 10

Distance (ft)

X/S 43

1989 1990 1991 1992 1993 1994 1995 1996 1997

YEAR



Merced River X/S 44 (Downstream of Sentinel Bridge)

re
>

UJ

1994

1997

Distance (ft)

o
LU

E

o

1.00-

0.80-

0.60-

0.40 1

0.20-

0.00-

-0.20

X/S 44

I
|

I
|

I
|

I
|

I
|

I
|

I

|

I

|

1989 1990 1991 1992 1993 1994 1995 1996 1997

YEAR





r*
ON

00
3
<

• ——-—— - —
u.
o
>

1

NO

o>

O)
B 01

cu

eg

5

v.

00
T3
_o

c
op
lo

u

1

•—

B V 73

B
-=

u 'o
Cu

01
Q.
O

- s K
Im
O
cu

<—
o
0)
ex

B
0»

E
3
S

0)

! i
o E g

C

Q
Z
UJ

U c

_Oi 0)

o 3 2
S -A X)

0) **

1 s

co as

B

CO

O
0»

E

*-
u
«
s

o
u.

o

OX
c
s o» ^ eg

u --> o»

ex

0)

a
Ol

x:
so

O
E

b e« S
CU </l

*- x. e

,2? a o
J= o

0)

Cm
o

0)

CQ
e5

,?
' o
V

0) o o
r/5

o
U

3 O « Ui

U. CO CO
o>

5 -J Bj 3 Q
Vh- O) 00 1—

O 03 T3 0)

>>
CU X) o»

0)
00

3
C/3 CO

o
0>

Q.
O

T3

CQ s CO CO i U
j. ol J> J, 2 uO UJ X i co co

CJ
c
CO

01r
to CO o5 Q. u CO Q£ -J cc •• > -J H Lu CQ CQ _J Of -1 Q: s a

at ^< l_
CO

E c
o B

0)
C u 0>

00o ^
s< £» '*_ T3

ft.

CO
>
_4>

lo
> 3 o

E
u.
X!
<*—

"3 0) 1)
-a CO

CO
0>

O
c

CO
Co

c
CO CO

0)
T3

-3
3

'So

1_

.5

CT3

<
o>
00

u
o
xi
<

O.
3
<ci

CN
no

to

CO

CQ
c
o d

T3 CO
c

on

C ^ Z
o-J OO

OQ
to

"o>
00

0>
>
o
X>
CO

J>>

a
•u

0)
oo
-a

a.
3

'co
00
CO

—
c
z
w
ft.

ft.

CO
H
Z

O
II

c
_o

w
>

0>

J*
I—
CO

CO

U
<*-

o
0)
00
T3
0)

e
CO

T3
'C
CQ

CO

u
c
op
Lo

CO

CO
CO

C
0>

E
3
i—

to

00
c
E
CO
_0)

oo
_o

.2a C

oi

®
cu

D
C/5

o
1

X

© 3
cu O

P Q
en Z
< 2
Q oo _J

UJ

©
Cu

2
< 2

CJ

0)
1—

uo
a.
3

E
o

c
o
m 0>

3
z
5

CO
to

0>

cc

C en CQ m

1—

®
0)

OQ

U CQ U 'a U CQ CQ

«

^ CQ CC

D
E-

CQ CO
OQ

CJ

o c
0) OQ CO S > U L,

.
^ cyj c OQ cC CL Cu u cu a.

. ^4 u
'

CJ
UJ u d. y a. CU

u CD -J en CQ CO a: on c/f <s c/:
" U (^\U CO c/f * t/J c/f c/f <x. C/3* CO CO * co" ty; CO CO co"

u
01

C3

s m o NO o c r» NO NO NO o CN Ol in o> 00 o _ CN o oj m ON
«
£ o

0)

Q

in vd >^i Tt v- ^r -r ro r-i rn o m r«i r«"i r^ r<i •^: Tt Tt ir •^r in ^:

01
u 55

.«<—

.

c
o

VO ^« r- r - oo NO (N NO m ON NO m CN -* in NC R * ON3
CO

^r ^t <T r^ NO r- tT r- NO NO 'St >n -T NO VI in r >»

-w (N (N <N r
o

fS r (N rj fN4 o CN CN CN r (N CN CN o (N
00
ON

n CNu
S3 OO OO 00 oc 00 OC 00 oo OO 00 00 00 cc OO 00 00 oc oo

01 > OS ON ON o- ON o- ON ON On ON ON ON o> On On ON a- On
eg _o>

UJ

<3

01
c
o

00 ,«4 <N r V r^ ~— fN — ro 1^- CN « K ON rn NC
CO ^'

^3-

5 T3 m ^ On 'S r<- in S ON ^— — ^ m o ir TT o NO

jS DQ

U

r^ NO NO 1- r- oo OO 00 ON ON On ON On OC oo CO

ON

r~

ON *
r~

03 r- r~ r~ r- r- r~- t^ r- r-- r^- r^ r~- r~- t» r-~ r^ r~-

>
Ol

Ov ON ON o- o ON ON Ov ON ON ON ON ON o ON o ON

W
w

^— 0) CN m r-~ 00 NC r- on
r~ — NO CN

(N

NO
NO

IT!

NO ON oc * s in 00 rn CO CO 00
OS

Ol

c
o>
c CN

NO 'T o V) NC > c Tf oo (N ir! r~-' CN NOO
NO

-r S u-
o >n

oo

CN
00
r-

c — rj •^*

s
S3

eg oo oc
CN

1 o
rr

oo — -3"

>o
NO >n CN

cc
NO c
00 On

"3-

ON

U 5



I
i

;

CQ

ujC/5

D
H
oo

LU

o
OO 00

CQ CD

CL U
oo" oo"

oo
CL

D
E-

UJ
-J

:®
Z
<
O

o
-J
u.

o
-J

<
00
O
of
UJ

Q
Z
o
o-

ca cq d.

u u u
oo" oo" oo"

U

00

<
Q
UJ
U

cq q
U oo"

oo" CO

12:
iUJ

S
5
UL
p
oo

z
o
'f-

CL
|P

o
a:
u.

OO

UJ
<J
Z
<
oo

5
UJ

>
p
<
o
UJ

Z
oo C/l 00 oo
u. u. CQ CQ

O
•x

a O
x
g

-J 3C -J x
a. a.
H f-

— Os r~ — p» os m (N

^ ^ ^ m H is ri

a. cl

oo
X

LU

a
<

o
o
a:

-j

O
o
a.

of

D
O
u
oo

oo

ico
-J

Z
o
o
o

oo oo cq" oo

UJ <^
-J

CL

pp
oo

13
c
c
CO

u CL

a. S
2 P

oo
f-
oo

Z
<
a
<

- n? D
Lu
Lu

oo CJ
X

fc'2^.9

U CD u
cq" (J oo"

CL ""

CQ CQ" CQ

CJ u'u
«H uj
U -J

Q oo

S 2
00

PL

U oo

C CO

J u
U -o

± 2
S u. Bd

Ul V i_

° n <
oo Q >.
3 rah

a u u.

aa
2
z
o
_J

o
o
a.

a:

U oo

o
o
-J

z
UJ
-J

<
Ul

>
CO

,J
o
o
Dm

oo oo

a
z
><

UJ c—
CL O
£ O
il u.

^ °
UJ OO

E-
o
o

O
00
Q

UJ
-J
U.
Ul

2
Ul

jO
CL

o

(J CQ CQ CQ

a.' — Cl CL

oo" CJ Cj" U

as so >n cn oo r- so
— — — ro O — —

in rs — so in — \o o n — r~- so rs o
©rsrs — rsrororsrsjrs — — — —

t P* os os oo os rNm m so <n v> m r~-

ri (N in n ri (n (N
oo oo oo oo oo oo oo
OS OS OS Ov Os OS Os

o o o o o
mo SO

r~
OsO 00

Os OS (N
rso SOo Os

r^
ro

CM
SO

CNo OS Os in
OS
rn SO i/-i

o

OO
Os

<N
OO
Os

OO
OS

OO
Os

00
OS

00
Os

00
Os

o —
00
OS

00
Os

o
00
OS

o
00
Os

O
OO
Os

OS

Os

Os
r-
Os

00
r-
Os

00

Os

Os

Os

oo
r-
Os

00

OS

00

Os os

tj- f» os os oo r~ (N
so oo *r\ <r> so fN m

00 Os Os
r~- r* r-

o o
00 00

o\ os <?* o^ o^ o~< <y*

ci m so os oo os —— oo rsi oo — (N sq
— o — oo — o Os
oo oo oo r~ oo oo r-»

Os Os Os Os Os Os Os

rs so r~ r^ — <n <N
in oo oo «-) oo in tj-

o oo oo oo r^ so in
oo r~- r- r~ r~ r~ r-
Os Os Os Os Os Os Os

1^- r- TT
SO r- rf r- t-
r- SO r» SO t*>
CJs r^ r^ r~ as

Os OS Os

r^
r-
Os

Os

oo m in Os
in in SO SO OS

u Os oo _ sO Os

B
00
OS o SOO r~o

mm

rz

-C

oo~--:-OOsosOoomso u;'a-rsmTj-inos — oo — csir-csioo"!^^^^^gdrrobosr-sbos^soinosrn — rs »r o so m' — ossbj^Ri£i££lSrN — ino^osrsSmsoooo^osrsTTr-ooor^S:



i

I

I
I

i !

i i

lu
lu
2
t-

u-
O
LU

O
Q
LU

oo J
-J O
O !fltf

a; a. LU

u r*
>

< U 2
>
< < is
Z < a oa m
LU z z oi 2

LU £ ®.®
"5

fi

,

o Pd B£

j o eg LU LU

b. O > >

Z

z
o
u
o

LU

Q

en
Q

LU
LU

u.
B
IN

RI

BINRI

LU
ii O u a

2 o 03
00 _j j

n D ^ u- u.
g lu u <j) a. °°. o o
o oo a. (j oo cj CJ oo co
u D 00 m CJ ou co D Q

00 CO
LU LU

QQ

CJ

a."

oo*

LU
IO

; 12
: jea

iUJ

i !

S
I

a.

a:
<
IO
rD
co

u.
: io

|Q
co

CO

p
CQ CL ffl 00 ID w !2

CJ CJ CJ oT co a.' yj
co' co* co* U U U.X

LU

a
a
2
|CQ

LU

z
a.

a:
<
a
p
CO

Uu
o
LU
Q
co

CO

p
CO*

LU

u
a
2
CQ

UJ

Z

D as

<
LU LU o
O U 3
a Q CO

5 2 (9)
CQ CQ r-
LU LU OS

z z O
;_)

a. c_

ai a:

< < OO
3
a
3

00 00 'h 00

Z Z !> CQ

o o <
X a I
a z a
i J CJ -T

CQ
2
o
z
o
-J
<
eu

a!
.

iJ3

S.s

'CO
;CQ

a. a. LU
CQ

O

<
•n in

CO CO
X X
X
-J

LU
a
a
2
CQ

LU

LU

z
a.

a:

<
a
D
go

a

u
<->.

z
a 1

1 1

LU
! !

j

CO
:

!

oi
<

LU
O
Q
2'
CQ
u.

0|
00 i ico

Q
j oo I ou

U CQ U
oo* iO :

CO*

CQ °r

oo

LU
-1
Lu
U_

12
Lu

|o
a.
O
H S £

a:
a
CQ

aL
LU

gj«
o s
^2 2
LU t

CQ CU QQ

Cu* CO Cu*

u u u

S2g
5 ^

- -J LU
CJ CU CJ

CQ

$- © r-; © in —- * N a * m os so r~; ,© o
— — — in in it* so r-' v© r<i <n Niri fi in

u t-
2 as

oo r^ — »-- oo in in — in — <n — ^ oo - it*m (>. »o t* >o;vo io wi ^o I'Oi'Oi^t |VO! ,T|90ji'
i
jts

OSOsOsOsOsO*OsOsOsOSOsOSOsOSOs

Trinrs)soasooin<nso'<i'n MiMin.N — m (N (N O
© © '© o © © © "* T * T

QN • Qs • Q\ ' OS ! <^ i ON CTs ; ON . OS O**

m io in wi in in
r-» r~* r- 't- r-» r-

oo vi (N - >
a rs

CQ r-

tt r~- © r*-> >n in
in rN tt os

— m
t- c~-

tt m ©
r— r-~ r-~

— in — (Nin
so OS

<N oi

— rr oo — r^
r- oo — ^ <n
rr Tf Tf O Os
i^ r~ i^ r* soOsOsOsOsOsOsOnOsOsOsOsOsOsOsOnOsOs

Tj-intNsoosooinmsOTr— r~-sooooor»^inoo©oo
oo'odt^oo'— rsirsi — — oo
sosososot~-i~-r-~r-r~soOsOsOsOsOsOsOsOsO^Os

SO_ so

e d

u

osoor~socs)<Nsoinin
oo<Nin'3"00<N'3-oo — m
—^od — ri , so <n so so rn -;

<nso©(NTj-sooo<Ninos

— r~- so oo in <n

OS Os O © © © O(N(sl(N(S(Nrsi(N(N

m — fS i©

SO oo
rs (N n wN (N (N (N

<n
Os

©
II

r^ ro m tn to <n ro (n fi <n
n in ^ ci ^f * ri ^ oo nooosinosmTrooo©(nT^rinmsososot^i^r^MM(N(s|(N(s|(NMMfs!



! i

<
X
u
z

1

CO
UJ ;

! U
>

UJ
E-
UJ

|

i U UJ
r

)

i z 1
-J Z< ' O o

OS
CQ

H u
i

O <
60

CQ
i

H
-J z

O
UJ
U
Z
UJ

H
O
H

O
Z
<
X

s u
D ac >•
_j u_ CQ os
u.
z X 2 a

OS
<
CQ

o
u
UJ
-J

UJ

u

co

o
z
o
j
<

UJ
U
Z

U u. u. o UJ

IT)
2
o

u.

5 UJ
-J

CO
u. co

u.

CO
CQ

co
m

_j

Z
UJ

UJ Cu oi u. J 72
03

'

O Q
J
CQ

LU

5
UJ
ro

X
O o

<
X
H
O
u

s u !°t cu cu
Cu

CO X -i X ^ jO cu
;

o a. CQ a. CO O < u a. B. Cu Cu U cu cu U
u co U u u H CO Q_ H H H H cu'U CO CO

,os

z
O
co

O
O
OS

h-
,D
lu
oi

CJ CO

Cu CU Cu CJ

O CO CO CO CO CU

CQ
J
z
o
PC
<
CQ

u
o
eS
-J

CQ
os

z
o
OS
u
CO
UJ

I
u
os

<

<
>•

o
os

u.

O
X
(-

D
O

co

U

Z
o

<
H
co

Cu

cu

UJ
UJ

Z
I
<

<
05
o
U.

UJ

<
Z
u

U cu

co' co'

O
O
CU

u.

O
-J

<
H

CQ co

u'u
cu cu

UJ
-l
u.
u.

5
u.

O
UJ
CO
<
CO

UJ
o
g
2
CQ

,UJ
UJ

UJ

o
Q
2
CQ

X
o
D
O
OS

3C
h-

O
UJ

-J
<

UJ

o
Q
2
CQ

X
o
D
o
o:
X
h-

ai
UJ

<

—
O
(-
oi

<
CU

cu

cu U
O* co CQ*

CO

*; m n m
^ vi Tf m

o r- c> oo o r-; <n O o On CN T — ON >/"> OO </-> On O O — (NfMOOn^'^niNiNiNnrin'jwiobn-N-

CO
UJ
Cu

qS
CQ Q

— ^ oo rr ci r-— —. I/-} >/-) >/-> C>

Cl ci o ci
r- r- r~ r»
ON ON ON On

r-
ON

OO (N
(N c>

ci ci
r» r-
OS On

O O O O
(Nro>/"!(N(Nr'")T<Ncir'-> — r~ -<y

<N(N(N(N(N(N(N(N<NO(N<N(N Oi iri t* — O "

OnOnOnOnOnOnOnOnOnOnO*0*OnOnOnOn
c>

On

O

On

ON
NO
ON

O
ON

oo Tf ci r^m oo (N m
r^ p~ r- r~
ON ON On On ON

00 (N

ON ON

o
On CI
00 oo
NO NO
ON ON

00 TJ-

OO — r- OS r-

o o — o
r^ i^ r^ r»
Ov O^ On On

oo
NONO

ON ON

on in *3-

Tt O 00
NO O —
no r~ r»
On On On

iri

ON

On'

NO
ON

o * o ("N| NO m
r~- ^— in ON (N NO
r» 00 oo 00 ON CN

1^-

oo«rNi(NfNfNr^(Nm
JZ
U

NO NO lO— CnI TO O O
Cl CI CI

c^cicic^rornrncicic^cicir<->CNrncNcicici
t~-i: vdcf>i~di, (>iri'Tvi^: — odrxciorrr-t~~ONOOrNi>noo — ^ro<Ncir~-r~o — itivoonOO — — — — — <NCNlCN.CIOCNCNTTTr^-T3-*3-c^cicicicic^CNCiCNCiciCNcicic-icirncNC)



O
Q
5
ca

w
UJ

<

X
<

O

q

m
Q

! I

a.

w U

Q
P
<
O
'J

a:

:
^'

z
<
CO

o
z
o
'J
<
a.

<
a.

u u
a." Q."

to C/5

c/5

Lu en
u.

33

X £ s
O1 -J X

a. a. CL

H H H

1/5 C/i

o
-J

a.
H

-tf o tt r-
1- ^ 1- tn

(j U a CQ a, (j

CL CL U'CJ'U CL

t OO 00 t » M O O N'O ^ -
c-> (N — — — © — — — — o —

m >* t >n ©

"J
1

o
&

ON (N ro ~~ ON
-i o O — — ©

!

co c*"i ro c*"i r**j

r^ r^ r^ r- r-
Q\ O^ Os On On

O O O O
On
ON

00o r<-> o ON in NO
NO NO rn ON

CO
r-

oo
NO

NO OO
NO

ON ON
ON
m
ON

«N

ON On ON

c-i

ON ON On ON ON

o _;

ON ON

o _:

ON

o _:

ON
p-
ON ON

_ o o © ©

On r— c"> >— On
T3 O NO — r» r»»

,2 — od on od on
en r~- no no no no

On On On On On

m oo
NO CN
ON ©
no r»
ON ON

m cn| rf — no no
no — r~ no m —
p- r- r- r- r- r-
On On On On ON On ON

r-
in

rn
NO (N

OO
to

m
00 (N

OO
ON

ri
NO

ON

o
ON

O
ON

o
r-
On

ON
NO
ON

On
NO
On

ON
NO
ON

ON
NO
ON

r» t-- r» r~ r»
mm rn m m m rn
*£ 00 NO — NO Tf
r — m no r~ o= >n iri <y-i in no
5 <~n m rn m en

r~r~r--r--r--r--r~r~r~r~r--p-mmmrnrnmrnmmromm
•<3: odinodoomON'^: r~ — r-iTj-TC^mNOONrnTj-OTj- — mNONONor--r-r-oooooNONOOrnmrnmrnmrnrnmrnTr^J-

r- r- r* t^ r- P«
C*1 rn rn m m ro
o NO NO _ m T
ON (N IT) NO oo Oo — — ^« IM (N
•3- T ^r T T -r



u
^j 00
o a

i/i ,o <u

^4 Cl "^

o '-> OJ

o c -C
i— o— <*.

o 3 o
<Sl O

<L>

E5
o

to

L. 3 o
^—

,—^ CJ

CO

i—

>

M£ on
O
E_J <u U

en SB
z to -o E
O CQ

ca u CO
0)

UJ Cd
a>

ca L-

UJ
2 f- §

COa
io
Q.
3

H Z -J
UJ
>
UJ

'—

X5 3
l

r

Z
UJ
_J UJ

UJ

D
OS

CO

1>

P O
O
E «tJ

_J UJ -J J4 <c 00

<
u_

f-
00

Z
o UJ

CJ
<
2
oL
UJ
H

z
O

<

OX)

^2

(J
o
1—

00
H
Z
u.

O
h-

U
<
3
<
o

Z
UJ
J
_J

<
u.

u.

O
Q
Z
UJ

Z
®
03
J
z
o
a.

2

U
Q
UJ

<
Q.

2
u.

o
Q
Z

i

00

®
O
UJ

CQ
-J

z
o
UJ

z
a.

a
z

Im

CQ

c
ca

E
o
c
o
00

3

UJ
-J

E
o
0=

c

CO
as

OX)

c
o
CO
<L»
1—

OS

II

c
'5

o.

tn

J2

IE

i*-

o-j D UJ UJ > -J z
I
Z3

< 00
Q 00 t 00 UJ

_J
< <

UJ

3
c
O

H < UJ r- — •o
t/1

CO
•^

£ a. U U CO CJ U O. CL
BJ

a. c CO
>

O y CJ CJ a. a! 0. a. o CJ 00 U CJ 0.' CJ CJ < CJ U 00 00 CJ a
c

3
o

y 00 00 00 00 oo' oo' oo' 00 oo' OO' oo' 00 oo' oo' oo' OQ oo' oo' U U oo' U UJ U (- UJ

u
u 1- -s- m •o >n r- SO _ o (N SO -r oo m ro r~- r^ rn 00 oo 00 O
CI

(N (N (N <N (N (N (N m "3" T co m (N (N <N T T "* CO ^r in 00
A

cu
o
£ OO o -o VI co 00 N in SO so OS r~ CO ^t Os t»- ^ UO

__ OS3 >n >n in >n W1 >n >n >n in m >/-> V\ »/-> in in 1/1 sO r- so
oo _ _ _ _ _ __ __ _ _ — __ __ __ _

_

o -— __ — ^^ r-~
i_ r- r* r^ r- r- r- r- r~- r-~ r~ Os r- r- r^ r~ r~ r- r~-

1

—

OS
c^ r« OS

CJ Os as Os Os Os Os Os Os Os Os OS Os OS Os Os Os OS OS OS

co OS SO SO co oo 00 rj in SO Os rsi rn OS Os r- "T
r-~

Os "*
a (N — ri OS O 00 Os '* in co oo — oo (N (N 00 oo CO OS 00 "T
4J as Os Os oo Os oo CO ob r~~ r» so OO 00 OS OS sb SO r~~' sO

OS

SO <o SO
cc sO SO so o SO so SO so SO so Os so so SO sO SO «o sO SO o Os
O Os OS OS OS Os Os Os OS Os OS Os Os Os OS Os Os OS Os V

r~ r~ r- r^ r^ r- r» r- r- r« r> r- r-~ r* r- r- r- r~- r~- r~- r- r- CO
-— co co co co co co co co co co co co ro ro rn m ro cn CO CO CO CO
o co _ — >n co (N (N o OS Os OS <N o Os __ ^r _1 Os OS Os CO Os (Nmo

in
*

c co r^ o n r- Os <N in Os cj r~ rj SO OS >o o i

—

>n 00 r^ r~ rsi
c (N rsi co co co co Tt TT Tt >n m SO sO sO r~- 00 oo cc oo OS OS o

U
<r Tf T t T T >» T TT T t "3" Tf ^ ^*" ^r -T TT TT TT rj- >n



j
o

5
o

e
E

CI

c

O
c

c

u

c
c

o

i
o

1
o

5
E
E
3
If)

c

O
c

c
-C
o

£

c

i»f
c
nj

CD

_J

c
o
N
CL

o
c5

(A
OJ

u
Q.

tl

O)

en
c

o
E
re

c

n
0)

"(5

o

W)

i5
ai

a
"S

E
CO

—

c

i
o

o
c
5
E

E
o

E
o

u

a)
c
o

o
CO

o~
c
CL

CO

o
£
o
ro

e
m
v>
a
I

to

-z.

LU

5
O
O

c

1
c

c
CTJ

CD

_j

C
o

a.

o
(5

o
t
o>
>
o

o
at

3
tA

-)

a.
u
O
6

OJ
>
o
-O
«

nj

OJ

E
00

l0

>
o

00

I/)

00

OJ

E
ro
i/)

OJ
>
o
-Q
m
t/i

(U

OJ

E

>

£>
(TJ

lit

(TJ

E
ts

IA

0)

>
o
X)
03

co

OJ

E
03

>
o
-O
ai

*/>

0>

E
nj

IA

OJ
>

i3
m
<A
03

OJ

E
m

ro

O

c
«
en
ro

~o
V

a.

Q.

E
3

Q-

E
-3

i/i

c
o
Q.

o»
c

I

Z
O
i-
<
z
LU

Ct_

o

E
03
<D

10

C

o
a

en
o

U

c
n
en
ro

r>
0)

CL

ai
cu

2,

O
CD

o
CM

o
o

LU
CL
>-

a?
TJ
o
o

r-

cd
z
CL
D
o
a.

CD

s
cd CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD 3 D D CD CD es CD CD CD CD CD CD CD CD CD

>
<
o
LU
a

CO
co

o

"a?
TJ
o
o
- = - - > — - - - - > = - - - - > = > - - = - > - - > - - - - - >

i-
D
Q.
Z
o
LU

2

a?
TJ
o

to
o
ll

to
o
LL

to
o
LL

03
O
LL

o
li-

z
<
CD

_l

z
<
CD

z
<
CO

z
<
CD

_J

"to

o
LL

z
<
CD

_j

TO
O
LL

03
O
LL

o
LL

o
LL

03
O
LL

z
<m
_i

"co

o
LL

03
O
LL

"co

o
LL

"co

o
LL

"to

o
LL

"co

o
LL

Z
<m
_i

to
o
LL

"co

o
LL

03

o
LL

"co

o
LL

to
o
LL

"co

o
LL

to
o
LL

to
o
LL

to
o
LL

to
o
LL

to
o
LL

to
o
LL

o
>

CM

CM
00

co 00 en
CM

en

CD
CM

CM

CM
CO CO

CJ)

CO
en

CM

O
CO

LO CD

CO
CO

LD

CMO
CM

CO

cn
CO

LD CM

CD
CO

CD

CO
00

00

LD

CM

CD

CM

CD
CM

CO

o
CO

CD

CO

CD

00

CM

CO

O
CO
CO

CD

CD
CO

CD O
CM
00

O
do
O
CO
CO

CD

CO

o
CO CO

00

>>-

T

in

CM

0)
CD

a:
LU
i-
LU

<
Q

E
03

Q
c
2

d)
o>
TJ

m
CD
c
CL
u_

co

("D

CM
>,
03
TJ

~3

o
o
>

-

>.
CO
TJ

(0

CD

""3

o
>

<

in
*—

o>
a;

c.

5

E
03

a
c
03
CD

co co in CO 00 o CO t LD r^- o CO CO CD 00 CO o (M CM 00 CO 00 CO LO t— O - in co T CO CM T co CO CM

"55

£

H
cd
Z
LU
_l

~cd

c
c
03

O
c

o O o o o o o o O o o O o O O O o O O O o o o o o O o o o o o o O o o o

h_

co

Q.

to
cz

o
to
Z
0)

1
CD
l/)

o
>
L_~

CD

>
tr

TJ
<u
u

1
co

Q

3
CO

O
*-»

E
co
0)
L_

"to

o
TJ

0)

CJ)

•a
l_

CD

in

!k

co

O
x:
o
03
<D

to

o
(-

co cr>

CO r-- T— CD
CM CD

CMO CO oo
0-
0-

CM
co

LD CD
CM

CD
CM

CM
CD CD

O
LD

CO
LO
o
CO co

CO
CD

CD
CO

r- COo in
<*
CM

CO
in
o

LO in m CD

O
O
or

Q
<
<:

Z
> >- >- >- > > >- >- > > >- >- z > > >- z >- z >- >- Z >- z: >- >- z > >- >- >- >- >

CO
LU

o
LU
0.
CO

o
03

O
cd
TJ

<
ai

<
03

O

I—

o

03
TJ
0)

O

1_

o
a)

a
o
O

03
TJ
0)

o

03

TJ
0)

O
o
CJ

0)
c
a.

C-

L.
CO
TJ
CU

O

CO
TJ
0)

O

CO
TJ
CD

CJ

I-

LL I—
CD
TJ

<
c
CL

CO

o

LL

4)

JE

03
TJ
0)

O
o
o

CO

TJ

<
o-

L_

CO
TJ
a>

O
o
CL

»
CO
TJ
0)

O

CO

TJ
CD

O

to
TJ
CD

O

CD

C
CL

CO

TJ
CD

CJ

OJ

<
r-
co

"cd

D
O
cc

CD

« CN CN CM CN CN CM CM CM CM CM CM CN CM CN CM CM T in CD r— to- h- r- >>. »- p>- N- N- 0- h-



c c
o o

1 o o
it

to m -6 'D
_J -j

J Zc c o oo o
a a. o o
E E
a 3
« W o o

X)
c

c
c
ro

c
c
1^ xr n £1

s O aj u u
o
c

x; o o
j* en CT) c •tr

n
xi

3

o
3
ro
u >

o

at
>
o

o <A VI c c Id

= v> § § b
c q: (X 0) m 4J cu i> QJ

c c c C c c C
E

XI c c c c c C c c c io
OJ 4j (1 ra ro ro M ro

a 3 .* -C -C x: x: >C x: -C g <-6

c
u
a m cB

o o
?
o

u
J
o O o

.

1 c <N fN" E t: tr x: t: •c €
g OJ 4) 4J OJ CD

<0 (/) > > > > > > >
£ CJ

s 5 o o O O o
o

c c C V OJ i 4) 0) o o o o o a
a. £ CO o o c c c c c a -o T> T) o n XJ

co

z
UJ

2

E 1
m
B

c
ro

c
n

c
ra

c
n

c
ra

c c
•

c C c c c

Z
o m c

o
o

ro

a c
2

8
£

8
u
?
o

?
o

u

o

u

o E E E

=3

E

ID

E

Z3

E E

i
o o o o a

i
o o

i
o o

i
o

i
o

E
03

c o
a> 01 u) € Tz E •6 t ro ro o o o o o o o o o o o o

<
5
O

o ot a c XI X)
a
E
ro

a.

E
ro

V
> > > >

0J
> Q Q a Q a a a CL Q. a Q. Q. CL a CL D. a. a. n.

a> § 15 5 g o o
° ° ° ° °

§ 5 g § g g g UJ a; OJ OJ o OJ OJ OJ OJ OJ O OJ

h-
z in

o or u a. tr a a U O < < < < < _j _i _J a. a a 0- 0- CL a. a a a a a.

LU c en
a>

O o
Cl o -a

1— ,f—

O a
_J LU h-
o a 5o >- o
CL K o

co

cd
z
0-
D
O

< CD D D D D CD O CD D D CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD CD

< or:

Q
Q

CD

>- CO
_l < CO "a?

LU

CO-

O
LU 3

T3
O
O
— > > — — — — — — — — = = — — > — > > — = > — = > > > — ~ = > > > — >

u
X
Q

CO

or
m

Q o

H
Z>
a.
z

X
o
LU

2

a?

o
03 03 03 03 < 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 03 CO 03 CO 03 CO 03 03 CO 03 CO CO m <X1

Z LU O O o O m O O O o O O O O O O O O O O O O o O o O o O o O O o O o o o o
LU
Q.
0-

<

Q
>
Q
o

o U_ u_ LL LL
_i

LL LL LL LL LL LL LL LL LL LO- LL LL LL LL LL U- IL LL LL LL LL LL LO- LL LO- LL LL LL LO- LL LL

Q _J

o
>

5?
CO o O T~ <r T T- T CO 00 T

—

co CD CD CO r- CM !»« 1^- r- CM CD CO <r T- T" CO CO m CO m CN a> CO h- V
CD o O r*. CO CO CM O 00 CO TT CD CD CD m co r^ r- r^ r^- <r CD T o >T co m T- CO CM CO O) o CO lO CM

o 3 CM CM CO CD CM I-. un CM CM ID CM CO m CO CD CO co T— CM CM m t— T— CM CD T— CM •<T CO ^r CO Oi T
5
LU

_i O co *" T_ <» T~ CO t— T_

E
O j; ro

5
a)
Q ro CO

tz

or 2
LU

Eh-
LU aj

2
<
Q CO o O 00 CO T~ 00 CD o O O CO CO v™ o o m ^r o o o CO l>«-

<— O o T r^ CO •i- m ID CO in CO LO
c o r-- CO O ,— ,- T~ ^ T— CM CO T- o r— T— ,- v- r- <r ^ CM o CN

0)

en

CM Q 03
a;

2g n
l_

03

Cm -5 c3

a)
c
a
o
6
>

u

I
1-

C
03

-C

O
o o o O CO

co CO
CO o o o

CM O o o o o o o o O o o o o O * O o o o « O o O o o o O

03

en

CO

T-
CD
z

c

.*:
TO

LU 7c
r- <* CO

CN CO LO IT) T_ o t in CO m CD CO ^-

CO CO
oo o r^ in 00 CO to CO in m 00 O r- O) CO CO

i_

03
o T3 o ><r m N q- CO r^- ^, CD m CM CM ^r r-- CO ^T M- m m T~ CM ,_ CM CM CM CM CM r- T~ i^~ CM

CL E

to

"c

"co

c
o
TO

ra

CD

CD

h-
O
O
a.

Q
<
5

z" 5 >- >- >- > >- Z z >- >- Z Z >- Z z >- 5 5 z Z Z Z Z Z z Z >- Z z z z z >- Z

z 5 -

<u
o
tj CO

E
0)
l/l

o
>-

o
>

LU aT aj OJ 03 03 03

I—

o
o

o
o

03 (T3 j£ ^ 0) <3J ±C ro 03

i—

03 ro
k— m 0)

en
"O

CD

O
LU
Q.
00

T3
O
o

c
CL
O T3

<
C
Cl

T3
OJ

O
03

O o
OJ

O
o
0)

O
03

O
n
O <

C
LO-

c^ 03

O 0)

o
C
CL

T3
0)

O
T3

u
(^ r- p"

< O
p" c^ o t> o

01

O
P

(/) <
5k—

0)
I* <

0)
0)> 03 h-

CC O in
i_

o
co

0) -C >
0) D

<-> <U u
si O tt 1^- ao CO C T_ CM I'M C\] co ^r m CO CO CO CO CO CO n CO co CO CO to co CO CO (O coico CO CO CO co n CO n

1 0) To <u 3 cr 1

2 oicricoi
..



o
3 c

XI c
ra

X)

o
J£ a>
c
ro

b •D
X
X

o c O
F

a>

£
XI
3

13 OJ O)

X)
«l

>

C
ra

X)

a;

-*:

C
(0

o
OJ

a.
ra

jt

aj

I/)

3

in
Q.

ro
'ro To

o
n

O

0)

c
jt

flj

i- QJ

OJ

1
"o

o

o

o

ai O)

o
V
-g

Q>

ro

ai

c

ai
o
o
a>
CTl

E
JH

Q.

e
n
o
"O
c
a)

CO

Q

o

T3
OJ

O

CT)

O
_J

flj

O)

fi

ai
>

o
OJ

c
c
ra
X
u
c
>s

ra

c
ra
xt

o
Hi

1

c
ra
X)

o

OJ

TP

lO
ro

ai
c
c
ra

x:
u
T3

id o
o o

o
o
i

>
o

0)

o
ra o

o

a
ra
X u

ra

b

O

Cl

w
t-
z
LU

5

O
O

b K O)

a.

E
ro

u
ro

«
Z

O
o

N

(0

o
u
iyi

"to

_i

CO

4)

cjj

CD

<D

XI
-3

8

TO

a
<u

CJJ

0)

H
4)

XI
=3

o
a

a;

c
o
-^
c
ra

X)

o

CD
O

CL

o
tz

i£
c
ra
X)

o

O)
o

ID
a>
a_
o
ra

a>

o

ra
c
4>

"o
crt

TJ
0)

£
£

t
ro
c

i-

o

C
0)

3

LL

CD

<
lS
CD

z
O
h-
<
z
UJ

E
CO
<D

in
c

o

0>
o
D
C
4)

O

o

o

Q.

5
a.

o

o

Q.

a

ro

X)

S

a
ro

D
n
o
Q

O
i
o

i
o

o

a.

o

o

o

a
QJ

0.

o

o

Q.

CL

"5
CD
"n

in O O
CO O

o Q CJ
CD

o
v"

CT
O

co UJ
CL TJ

(

)

> O m
Q. h- U O c

CD
Q.CD

z (/)

<
<

a
z>

o
ct:

D
6 CD cd CD CD CD CD CD CD CD CD CD CD CD Z> O o ^ D Z) =) 3 D cd"

CL.

CO

CD

O
LL

o
o CD

C
c

3
tr
_i
co
LL

CO

J*f
C
CD

u CD b
II

CL
<
2

"co

c

b
CD

CD

"ro

o
m

CDX
o

o
CD
TJ

in

u
_l
UJ

u.

>
<
o
UJ

co
co

5
TJ
o
c>

zz - - - = > - - - - - > > =: - 13 zz E - ~ -

CO u o 1—
CD CD

TJ

xi
ll

XI

r
a:
CD i-

D
n

I
o
in

a?
T>
o

CO CO CO CO CO CO CO CD CD co CD CD CO CD CO 03 03 03 03 03 CD
C
o

c
II

U
< o TJ

LU

Q
>-

o o o o o o o O O o o O O O o < O o O O O O u n CD -j
ID
l.

z ^ o LL u. LL LL LL LL LL LL LL LL LL LL LL LL LL U_ Li. LL LL LL LL Z
o
o

z
o
o
a.

XI

o
CD

r

OX
o
cQ

O
O

Q _i

O
>
H LO CO O CD 1^ lO r- cn m (N a> CT) O CO O O) *^- O CO O CD 00

CO CN 00 CO r-- cn r^- T cn a> h- LO O CO in o r-- ^r T™ O CO CO TJ o
IIJ LD ^r O CN co CN t 1^' <r CM (N •<T LO CO r^ a> ^

—

o CM CO CO m rn CD CO m
5 _l u T T~ T *" 3

O

CJ

b
b
CD
TJ

CD <
UJ

CD
tr

3

—~ E
CO

_)

C)

TJ
O
o CD

(D
0)

or:

Q
c
2

CDa
II

o
LU

CD
"O
c
13

J*

II

<
a

o
o

XI

ID
c
c

1 1

1

II (11

UJ

5
b
CD

a o CN CO CD o 00 r- o CO a> *T O co r~ CO o in CO CN o O

CO
XI
II

o
o
QJ

O x:
o
c

CD

en
TJ
u
CD

CM
>.
CD
TJ

~3

<
Q

c
CO
CD

CN co o
5
c
o
o
o

<
CD

c
CD

b
CD
>
O
b

CD
cn
c

II

c
c
COX
o

T3
0)

OX
(J
c
ra"cd

"CD

C
(l) o CD c II _l (- n

CL O
> I

1-

CDX
O
O o o O o o o * « o o O o o co

in o o o CN co
CO

o
o

LL

O
o
Q.
h—
ZJ

o

TJ
c
U
<

CD

en

CO CO

cd
z
UJ

1

c
cu"

c
CL

10
10
CD

F m

TJ
CDX
o

TJ
CD
XI

~<T>.*:
~C0

CO in CO O CO CD T— CD CO CN cn CO co a> o T

—

^r co
i_ o O t— m CO <r tf T CN <J- co CN >* CNI 00 T— u> CO r-- ^ CM co •^• CO II a n CO c
Dl E c:

1- 10
o co
<

co

"CD

CO
CO

c
CDX
o
c
o
CT
c

co
c
o
TO

z

CD
CD

c
5

CD

CD

h-
O
O
ct

a
< Z
> Z

O
1-

Ct.

O
> >- > > z >- Z > z Z z z Z > >- z 2 >

ID
"O
c
o
CL
ii

:>

cb
LU
a

"CD

II

1-

CO
LU
Q
O
O
LU
CL
>
_l

c

"CD
»•—

c"
CD

o
II

>

L0
CD
i—

LL

>
<f

u
o
o

o
o

jD

1
cd
10

o
>-

l_
CD

>

u
T3

CD

O)
;TJ

i_

CD

lo

CO

O
X

j

_l

o
>

<

in
I—

o
>.
0)

co
UJ

o
UJ
CL
C0

t>
o
o

c-

CD

c
CL

CD
tz

CL

Q)

<
CD

TJ

<
CD

TJ

<
O-

CD
-a
CD

O
o
O

CD

<

<D

<

CD

"O
CD

o
o- C" C^-

<
o- 0»

CD

T3
CD

o

CD
c
CL

c- o

0.

O
CL

CO
LU
a
o
o
CO

O
CJ

CO

z
<
I
o
<

tr

CO
LU
a
O
o
cr
in

to
CD

iT

CO

o
ct

<
h-
co

0)
CD

CD -1
LU —

o| a>
oi 5
CO 1 c O % co co CD ro CO CO CO CO CO CO CO CO CO co r-- I

s-- 00 ou CO U) o
CN

o o X
i

* coi <ui 3i rr (

>

111 h-
! SlQICClcOl (J 1 COI^ CL a Ol








