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I | NTRODUCTI ON

For nearly 15 years, the Redwood Creek watershed in north
coastal California has been the focus of both U S. Geol ogi cal
Survey (USGS) and National Park Service (NPS) studies designed
to docunment and quantify the nature of erosion, sedinmentation
and sedi nent transport processes active in the basin. Wile
none of these studies were specifically designed to assess
possi bl e cunul ative effects resulting froml and use, we can
denonstrate, by synthesizing a nunber of study findings
t hroughout the watershed, that sonme | and use practices do
result in long-termand persistent changes to hill sl opes and
st ream channel s.

For this discussion, "Cumul ative Effects" are viewed as
mul tiple, persistent inpacts which are separated in either
space or tinme fromthe original |and use disturbance. Although
each increnental disturbance may have an insignificant effect
when vi ewed al one, the inpacts may becone cunul atively
significant when seen in aggregate or when nultiple erosion
sources are triggered sinultaneously by a large storm For
exanpl e, an undersi zed cul vert whi ch becones plugged or whose
capacity is exceeded by stormrunoff can cause erosion at the
site where it is installed as all or part of the fill crossing
is washed out. In addition, streanflow can be diverted fromthe
channel and cause consi derabl e erosion in downsl ope areas where
gullies will form and in far renoved fish-bearing streans
where the sedinment is finally deposited.

In addition to being spatially displaced fromits source,
the effect may al so be delayed in tinme. The undersized cul vert
may not plug or its capacity be exceeded for nmany years, and
the resultant erosion and sedi nentati on may not occur for
decades after the original disturbance. An entire road
network, which is not being permanently nmaintai ned or whose
cul verts have been underdesi gned, may not reveal significant
erosional inpacts fromroad construction until a major storm
causes W despread cul vert failure, streamcrossing erosion and
stream di versions. The effects of |and use are then additive,
occur essentially instantaneously over | arge areas, and are
di spl aced both spatially and tenporally fromtheir source and
time of initiation.

The objective of this brief report is to describe how
specific land use practices can cause nultiple on-site and



of f-site geonorphic inpacts which nay beconme obvious only years
following the | and use disturbance. Additionally, we wll
briefly outline how a | arge percentage of these persistent
effects can be avoided entirely by m nor changes in road con-
struction techni ques.

I MVETHODS

The results presented here are a conpil ation of published
and unpubl i shed study findings by park researchers in the Redwood
Creek watershed over the |ast eight years. Al results were
obtained froma National Park Service study initiated in 1978 to
formul ate a sedi nent budget for the Redwood Creek watershed. O
t he published studies, we have drawn heavily from four
publications (15, 9, 13, 10).

Weaver and ot hers (15) discuss the nmagni tude and causes of
hillslope gully erosion in the 197 kn? | ower Redwood Creek
wat er shed for the study period 1954 to 1981. The publication
details how various site factors have influenced gully yields.
Kel sey and others (9) field mapped and neasured the vol unes of
streansi de | andslides and vol unes of stored sedinent in the upper
one-third of the Redwood Creek watershed, as well as in 15
tributary streans throughout the basin. Pitlick (13) presents
detailed results from nmeasurenents in 16 tributary basins
conparing sedi ment production and sedi nent storage. He docunen-
ted the effects of high intensity stormevents and ti nber harvest
patterns on sedi ment production. Mdej (10) mapped, neasured,
and categorized all sedinent stored in the Redwood Creek channel .
The vol une of sedinent stored in Redwood Creek, estimated from
aerial photographic studies, historic records and survey dat a,
was quantified for a tinme period spanning 35 years. Ages and
residence tinmes for stored sedi nent were al so estinmated

[ STUDY AREA

The 720 knf Redwood Creek basin, |ocated in coastal northern
California about 480 kilonmeters north of San Francisco (Figure
1), is one of several circumPacific regions which display
increases in both the anount and rate of |andsliding and fluvial
hill sl ope erosion over pre-disturbance (land use) conditions (8).
Because of differences in climate, |ogging history and vegetation
patterns, we have divided the Redwood Creek basin into three (3)
di stinct segnments of approxi mately equal |ength. Each has a USGS
gaging station at its downstream end. The upper section extends
fromthe headwaters to State Hi ghway 299, the m ddl e reach or
mddle 1/3 of the basin is situated fromH ghway 299 down to the
sout hern or upstream boundary of Redwood National Park, and the
| oner reach stretches fromthe upstream boundary of the park down
to the town of Orick, |located near the nouth of Redwood Creek
(Figure 1).
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FI GURE 1

LOCATI ON MAP OF THE 720 KM REDWOOD CREEK BASI N SHOW NG TRI BUTARY
WATERSHEDS DI SCUSSED | N THI S PAPER AND THE LOCATION OF U. S. G S.
GAG NG STATI ONS

The Redwood Creek basin is underlain by rocks of the Fran-
ci scan Assenblage (1, 7), which is a Mesozoic to early Cenozoic
accumul ation of weakly indurated and pervasively sheared con-
tinental margin deposits. The G ogan Fault, expressed as a well
defined, NNWtrending |lineanent, roughly bisects the basin and
j uxt aposes unnet anor phosed and slightly netanorphosed clastic
sedi nentary rocks to the east agai nst mnetanorphosed schi stose
rocks to the west. Soils devel oped on these rock types are
hi ghly varied and have been extensively studied by Marron (11)



and Popenoe (unpublished NFS reports). 1In general, soils are
noderately coarse in texture and have high infiltration capaci-
ties but possess little cohesion and very | ow shear strength.

The course of Redwood Creek is structurally controlled by
the Grogan Fault, resulting in an el ongate basin geonetry
(elongation ratio = 0.34). As a result, there are 74 tributary
basins drained by third order or higher streans which flow
directly into Redwood Creek. The drainage basin is
characterized by high relief (1500 neters), noderate to steep
hill sl opes and narrow vall ey bottons. Janda and ot hers (8)
estimated the average hill slope gradient to be about 0.26 (14.4
degrees). Mst hillslopes exhibit a distinct convexity with the
steepest hill sl ope segnents adjacent to stream channels and nore
noderate gradients at mddl e and upper sl ope positions.

For nost study results presented in this sunmary paper, the
peri od of record extends from 1947 to 1980. The tinme franme for
this and a nunber of the other erosion and sedi nentation
investigations in the watershed was selected for three principle
reasons: (a) it includes a period of w despread tinber harvest-
ing; roughly 72 percent of the coniferous forest was | ogged
(Figure 2), resulting in the construction of approximtely 2,000
km of roads and over 9,000 kmof skid trails (2), (b) a series
of five intense stornms occurred with recurrence intervals of 10
to 50 years (6, 3), and (c) extensive data on watershed changes
and erosion rates are available fromaerial photographs, field
mappi ng and stream gagi ng stati ons.

IV RESULTS

Cunul ative effects in the fluvial systemnmy be divided
into several categories, including both hydrol ogic, and erosion
and sedi nentation. Oher authors in this volunme and el sewhere
have dealt with possible hydrol ogi c changes. Qur enphasis wll
be on measurabl e erosion and sedi nentation effects. These can
be divided into four possible categories: increases in surface
erosion, increases in the volunme of mass erosion, increases in
fluvial erosion (i.e. gullying, bank erosion, etc.), and in-
creases in the volume of channel stored sedinment.

I n Redwood Creek, sedinent production from surface erosion
has been judged a m nor constituent of total basin sedinent
yield and of conparatively |esser geonorphic inportance than
other sources. For exanple, in the 197 kn? | oner Redwood Creek
basin, the total ampunt of sedinment delivered to stream channels
by surface erosion processes (raindrop, sheetwash and ril
erosi on) between 1954 and 1980 was estimated to be 124, 400 n?
conpared to a total sedinent yield, fromall sources, of 3.1 x
10° n? for this time period (Hagans and Weaver, unpublished data,
Table 1). The anobunt of surface erosion was determ ned by
anal yzi ng National Park Service sedi ment trough data and USGS
erosion pin data (12), by determning the total surface area of



bare soil present follow ng | oggi ng which could deliver sedi nent
to stream channels, and by estinmating recovery tines and revege-
tation rates. Results suggest surface erosion processes acting
on bare soil areas, while directly linked to |and use practi ces,
account for a maxi mum of only four percent of the total | ower
basin sedinent yield in the 27-year study period. W conclude
that in the Redwood Creek basin, surface erosion processes are a
m nor contributor to downstream erosi on and sedi nentation

I npacts.
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FI GURE 2

TI MBER HARVEST | N THE REDWOOD CREEK BASI N SHOW NG CHANGES | N
PERCENT OF BASI N LOGGED FROM 1945 TO 1978

TABLE 1  MEASURED SEDI MENT SOURCES | N THE LOAER REDWOOD CREEK
— BASI N (1954- 1980)

Sedi nent Sour ce Vol une (n?) Per cent ?anotaI
Yi e
GQullies 1, 157, 400 37
Er oded Stream Crossi ngs 225, 600 7
Sur f ace Erosion 124, 400 4
Streansi de Landsl i des 1, 600, 000 52

Total s 3, 107, 400 100



Mass erosion, originating froma variety of |andslide
mechani sns, is of nearly equal inportance to fluvial erosion in
its total contribution to sedi nent production in Redwood Creek
(Table 1). However, a clear cause and effect relationship
bet ween mass erosion and | and use activity is far nore difficult
to establish than for fluvial sources. Analysis of sequenti al
aeri al photographs and field mappi ng show that the nunber of
| andsl i des occurring on unl ogged sl opes as opposed to | ogged
slopes is nearly the sane (Table 2). However, the slides
associ ated wth both roads and harvested sl opes are substantially
| arger and account for nearly 80 percent of the total nmss
erosion (13, 9). Simlarly, road-related | andslides (i.e., road-
fill or cut bank failures not necessarily associated with tinber
harvesting) have contributed nearly 40 percent of total sanpled
| andsl i de volunme in the Redwood Creek basin (Table 2).

TABLE 2 | NVENTORY OF LANDSLI DES LARGER THAN 281 n? AND SI TE
CONDI TI ONS PRI OR TO FAI LURE I N 16 REDWOOD CREEK

TRI BUTARY BASI NS (MODI FI ED FROM PITLI CK, 13)

UNL OGGED L OGGED
SELECTI ON-
CLEAR- CUT
ROAD- CUT TRACTOR-
ReLaTED?  TRACTOR- CABLE- YARDED
FAl LURES YARDED YARDED
Nunber of slides
Imgr ger than 281 222 109 47 46 37

Total vol une of

sedi ment 429,900 nt| 749,800 m? 379,200 nf 290, 200 m? 152, 400 n?
del i vered (m)

Aver age slide

vol urre 1, 900 n¥ 6, 900 nt 8,100 n? 6, 300 nt 4,100 m
Percent of total
i nventori ed 21.5 37.5m 18.9 14.5 7.6

slide vol une

'Slides occurring in unlogged areas nay be related to upslope or upstream tinber
harvesting. However, in nost cases, the association between the slide and tinber harvesting is
not direct or obvious.

’Road related failures are those types of slides associated with failure of the road fill
and/ or the cut-bank upslope and are not necessarily associated with tinber harvesting.

Wiile there is a strong associ ati on between sedi nent
producti on caused by | andsliding and the occurrence of road
construction and tinber harvesting, data needed to define a
strict cause and effect relationship are difficult to obtain.
This, in turn, nmakes it difficult to directly attribute neasured,
downstream i npacts to specific land use activities, although data
clearly suggest their potential inportance. For this reason,
rather than addressing their on-site inpact or effects caused



by their volunetric contribution to sedinment storage in the nmain
channel of Redwood Creek, this paper will enphasize the basin-

wi de sources of fluvial erosion and their contribution to

sedi nent vyi el d.

An anbi guity between cause and effect does not exist for
sources of fluvial erosion throughout the watershed. W wl|
denonstrate that in Redwood Creek, increases in fluvial erosion
and changes in stored sedi nent can be unquestionably linked to
specific land use practices. As will be discussed later in this
report, the relative magnitude of these |ong term changes are
often significant whether we inventory a snmall portion of a sub-
wat er shed or the whol e basin.

Fl uvi al erosion and sedi nentation effects can be conveniently
broken into three | ocations of occurrence: (a) on-site changes which
af fect the individual harvest units, (b) off-site downsl ope changes
occurring on older cut blocks or in old growth areas bel ow a gi ven
harvest unit, and (c) off-site downstream changes whi ch occur either
in higher order tributaries or in the main stem of Redwood Creek
itself.

A. On-site Effects

The types of on-site long-term | and use rel ated changes which
have been quantified in the Redwood Creek basin include: (a)
i ncreases in drainage density, (b) increases in stream channel
di nensions, and (c)increases in fluvial erosion and consequent
sedi ment vyield.

Tabl e 3 denpnstrates changes in drainage density for seven
study sites in the | ower Redwood Creek basin. The sites ranged
from1.4 to 4.1 knf in area and had pre-roadi ng and pre-|oggi ng
"natural " drai nage densities of 4.1 to 6.1 knmf knf of hill si ope.
Clearcutting, tractor yarding and road construction on these sites
occurred during the 1960's and 1970's, and nobst units have since
experienced at |least three ten-year return interval storns. Post-
| oggi ng (c.1980) drainage densities (including gullies and natural
stream channel s) on the seven study sites ranged fromb5.4 to 14.4
kmf knf. This amounts to increases in drainage density ranging from
Six percent to 136 percent. On average, drainage densities
i ncreased by 71 percent on the 16.4 knf sanpl ed areas.

A map of the South Copper Creek site graphically shows the
extent and length of gullies conpared to original stream network
(Figure 3). The gullies are w despread and conpl exly intercon-
nected. They represent the dom nant sedi nent source contributing
to increased post-harvest sedinent yield and changes in drai nage
density on this and all the study sites. Increased drai nage den-
sities were commonly caused by stream di versions and the resultant
creation of lengthy and large hillslope gully systenms (Figure 4).
Stream fl ow was di verted onto adjacent bare hill sl opes when
cul verts plugged or where | ogging roads and skid trails crossed
epheneral and intermttent streans which had not been fitted with
cul verts.



TABLE 3 CHANGES | N DRAI NAGE DENSI TY ON SEVEN STUDY SI TES I N
THE LONER REDWOCD CREEK BASI N

Post-logging Increase in
Pre- | oggi ng dr ai nage dr ai nage

_ Ar ea dr ai nage density density
Site Nanme (knf) density (km?) (km?b (per cent)
Sout h Copper 2.5 6.1 14. 4 136
(79-4)

Maneze 1.7 4.5 9.4 114
(80-2)

Nort h Copper 4.1 4.4 7.5 70
(81-1)

Upper Slide 2.4 4.1 6.8 66
(81-3)

Lower Slide 2.0 4.2 6.8 62
(81-2)

Dol ason 1.4 5.2 7.0 35
(80-5)

Bond 2.3 5.1 5.4 6
(82-4)
TOTALS 16. 4 4.8 8.2 71

On the seven sites, 70 percent of the total length of newy
formed channels were attributable to three principle causes: (a)
cul vert pluggi ng and subsequent stream di versions al ong | oggi ng
roads (17 percent), (b) diversion of streans at skid trai
stream crossi ngs on |ogged hillslopes (37 percent), and (c) |ack
of culverts at |ogging-road stream crossings, w th consequent
di version of streanflow into roadside ditches and eventually
across overland areas or into nearby stream channels (16
percent). The newy formed gullies are now an integral part of
t he drai nage network. \Wether they are still actively evolving
or are inactive, they intercept near surface stormflow and
carry runoff to higher order channel s downsl ope.

The second type of on-site effect is an increase in channel
di nensions, primarily on | ower order streans (first, second and
sone third order channels). As with increases in drainage
density, the diversion of streamflow at road and skid trai
streamcrossings is primarily responsible for the enl argenent of
natural stream channels. The substantial and relatively rapid
adj ust nrents of channel norphol ogy occur as a result of increased
di scharges and sedi nent | oads. Because of the difficulty in
graphically reconstructing original channel dinensions after
gul lying has already occurred, our approach has been to
determ ne the length of natural stream channels which have been
"significantly" enlarged or gullied, based on detailed field
mappi ng and conparison with uni npacted reaches. Enl arged
channel s di splay near vertical and raw streanmbanks and are
characterized by abundant young vegetation which is actively
toppling fromthe sideslopes into the stream channel, (Figure 5).



0 250 500 feeat

- 0 150 meteors
T ) )r’ .
J S /N

-
S - -

LEGEND

Twer =stream

o qul | 'y

*e e igullied stream channel : REE'\'
“*=="Tstudy site boundary

':5"7 oggi ng road

FIGURE 3

DETAI LED VAP OF MEASURED GULLY NETWORK AND ENLARGED STREAM
CHANNELS ON THE WESTERN SI DE OF THE SOUTH COPPER CREEK STUDY
SITE. TOTAL MEASURED GULLY ERCSI ON FOR THE MAPPED AREA | S
40,600 nf. ROAD CROSSI NGS AT LOCATIONS A AND B DRAIN 29- AND 8-
HECTARE WATERSHEDS RESPECTI VELY. THE DI VERSI ON OF STREAM FLOW
TO THE | NBOARD DI TCH AT THESE LOCATI ONS RESULTED IN THE MAJORI TY
OF GULLY EROCSI ON AND ENLARGED STREAM CHANNELS SHOMWN ON THE MAP

By inventorying the sanme seven study sites used in the
drai nage density analysis, we found the total |engths of natural
stream channel ranged from7.5 to 17.9 kmper site (Table 4).
On these sites, 0.3 to 5.3 kmof the natural stream channels had
been enlarged or gullied; this represents 3 to 30 percent



GROUND PHOTOGRAPH OF TYPI CAL GULLY | N REDWOOD CREEK BASI N. GULLY
AVERAGES TWO TO THREE METERS W DE BY TWO METERS DEEP. NOTE THE

| NCOVPETENT NATURE OF FRANCI SCAN ASSEMBLAGE BEDROCK EXPCSED | N
THE GULLY WALLS. DI VERTED STREAMFLOW AT ROAD CROSSI NGS
FREQUENTLY DEVELOPS LARGE GULLI ES BEFORE A COARSE LAG DEPOSI T
CAN ACCUMULATE AND ARREST FURTHER DOWNCUTTI NG AND ENLARGEMENT.

of their original lengths. On average, 19 percent of the total
| ength of natural stream channel has been enlarged on the 16.4
knf study area.

The third type of on-site effect is increased fluvial
eagsion and sedinent yield. On nine study sites totalling 22.1
knt, Weaver and others (15) nmeasured 76 kmof gullies with a
total volume of sedinent yield equalling 329,500 n? (Table 5).
Based on inventories of several site variables, including degree
of ground di sturbance, soil and bedrock characteristics, slope
gradient and hillslope position, we extended the gully vol unes
from mapped areas to unmapped areas and estimated the total
fluvial sedinment yield for the 197 kn? | ower Redwood Creek basin.
The total gully erosion equaled 1.2 x 10° n? (Table 1). O her
sources of fluvial erosion, including failed or eroded road and
skid trail crossings, totaled 0.3 x 10° n? of erosion. For
conpari son purposes, the total measured | andslide volune in the
| ower basin equaled 1.6 x 10° nf, or roughly the same anobunt as
that occurring by fluvial erosion processes (Table 1).

Qur field studies have shown that the diversion of stream
flow at |ogging road and skid trail crossings has caused 89
percent (1.0 x 10° n?) of the total post-harvest gully erosion
By extension, this accounts for 33 percent of the total |ower
Redwood Creek sedi ment production from 1954 to 1980. Based on



sanpl ed plots fromthroughout the upper two-thirds (523 knf) of
t he Redwood Creek basin (Figure 1), it appears that |and use
rel ated and avoi dabl e fluvial erosion accounts for at |east 40
percent of the total basin-w de sedi ment production.

FI GURE 5

GROUND PHOTOGRAPH OF ENLARGED OR GULLI ED NATURAL STREAM CHANNEL

NOTE LARGE AMOUNT OF | NTRODUCED LOGG NG DEBRI'S ( BACKGROUND)

VWH CH DEFLECTS STREAMFLOW | NTO SI DESLOPES AND CAUSES FURTHER
BANK ERCSI ON

B. Of-Site Downsl ope Effects

Of-site downsl ope effects are essentially of the sane type
and nagnitude as the on-site effects, but the ultinmte "cause”
of the erosion always stens from upsl ope activities. For
exampl e, Figure 6 shows a portion of the existing |ogging road
network in Copper Creek, a | ower Redwood Creek tributary basin.
It denonstrates how 89 percent of the | ower basin gully erosion
and, based on sanple plots, a conparable or greater percentage
in the upper and m ddl e basin, has been caused by | and use; how
this erosion was preventable; and how it has resulted in |ong-
term and persistent changes to the watershed. The region above
the 1 ogging road may be thought of as the area experiencing on-
site effects, and the area below the road as the off-site
downsl ope area or area bel ow the harvest unit. The figure shows
a streamnetwork with gullies originating fromfive different
causes (labeled by italic print). Al five causes of gullying
were associated with disruption of the natural drainage pattern
on the hillslope. Inportantly, individual gullies resulting
from nost causes are generally snmall (less than one neter w de




TABLE 4 ENLARGEMENT OF NATURAL STREAM CHANNELS ON SEVEN SI TES
I N THE LOAER REDWOOD CREEK BASI N

Ar ea N;otalI N Perﬁeqﬂ]of |
. tura at ur a anne
Site Name e Channel %gkﬁﬁ&ﬁd Enl ar ged
(Knf) (Km (K (percent)

North Copper 4.1 17.9 5.3 30
(81-1)

South Copper 2.5 14.9 3.5 23
(79-4)

Maneze
(80- 25 1.7 7.6 1.6 21

Upper Slide 2.4 9.9 2.0 20
(81-3) g

Lower Slide 2.0 8.4 1.1 13
(81-2)

Dol ason 1.4 7.5 0.7 9
(80-5)

Bond 2.3 11.4 0.3 3
(82-4)

TOTAL 16. 4 77.6 14.5 19

TABLE 5 GULLY ERCSION ON NINE SITES I N THE
LONER REDWOOD CREEK BASI N
Qully  Number of Tot al Gully Mean gqul |y
_ Area Cross guily Yield &ully Cross
Site Nanme | enat h ; Densi ty g
(ha) (kij sectiony  VQlwre (myha Tha)’ - sectionl

South Copper 246 20.3 3, 168 87,100 354 83 4.3
(79-2)
Nort h Copper 410 12.7 377 108, 500 265 31 8.5
(81-1)
Maneze 172 8.5 380 36, 000 209 49 4.2
(80- 2)
Lower Slide 198 5.0 149 34, 400 174 25 6.9
(81-3)
Bridge 304 14. 8 826 23, 300 77 49 1.6
( 80- 6)
Upper Slide 239 6.4 474 17, 300 72 27 2.7
(81-3)
Dol ason 144 2.6 132 7, 900 55 18 3.0
( 80- 5)
Bri dge 275 4.7 238 14, 300 52 17 3.0
( 80- 3)
Bond 226 0.8 37 700 3 4 0.9
(82- 4)
TOTAL 2,214 75.8 5,781 329,500 149 34 4.3

! Mean gully cross sectional area - total gully volune divided by total gully |ength.



and deep). However, when these gullies nerge, or if streanflow
is diverted out of a channel as shown at |ocations A and B
(Figure 6), exceptionally large gullies may devel op off-site and
downsl ope fromthe harvest area. Their off-site inpact to stream
systens is nearly i mredi ate since neasured delivery ratios for

t he devel oping gully systens exceed 90 percent. Likew se, the
relatively rapid creation of these new "stream channels,"” usually
during larger stornms, can al so cause the gullying or enl argenment
of natural stream channels downsl ope as | arge vol unes of sedi nent
are routed through the stream network (Figure 6).
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SI MPLI FI ED MAP SHOW NG CAUSES AND EXTENT OF GULLYI NG ON LOGGED
LANDS | N THE REDWOOD CREEK BASI N. LOCATI ONS A AND B ARE DESCRI BED
I N THE TEXT

Thus, whil e sedinent production nmay decrease to near back-
ground levels within one or two decades after reading and tinber
harvesting, sone |and use practices have resulted in long-term
changes to hill sl ope norphol ogy and sedi nent yield. These are
nost graphically denonstrated by increases in drainage density
and changes in channel geonetry caused by stream di versi ons.



C. Of-Site Downstream Effects

Qur discussion of off-site downstream effects focuses on
hi gher order streans, mainly the mgjor tributary streans, as
well as the main stem of Redwood Creek. The types of off site
downstream effects of fluvial erosion that we have been able to
guantitatively docunent include: (a) increases in the volune of
stored sedinent, including that deposited in "conpartnents”

di splaying relatively | ong residence tines, (b) increased
i nci dence of bank erosion, and (c) decreases in pool nunber.

Long term changes in channel geonetry do not seem as
w despread in steep third, fourth and fifth order tributaries
when conpared to the effects on the hillslopes and in snal
streans. Miuch of this lack of persistent changes or effects
appears to be controlled by channel gradient which in turn
affects residence tines of introduced sedinent. Mst of these
hi gher order tributaries have average gradi ents between 0.05
and 0.30 mmand drain snall watersheds ranging from1l.6 to 44
knf. Their channels are, in general, deeply incised and have
narrow, discontinuous floodplains (Figure 7).

FI GURE 7

CHANNEL OF DEVI LS CREEK
(NEAR SOUTH PARK BOUNDARY)
EXHI BI TS COMMON CHARACTER-
| STICS OF REDWOOD CREEK
TRI BUTARY STREAMS: STEEP
S| DESLOPES, COARSE BED
MATERI AL AND LI TTLE
FLOODPLAI N DEVELOPNMENT

Pitlick (13) showed that for the npbst part, tributary
streans are very efficient transporters of sedinent. Using



measured | andslide volunes in these tributaries for conparison
pur poses, Figure 8 shows that while relatively |arge sedi nment
vol unes were introduced to these streans, very little of the

introduced material was still in storage by 1981. On average,
these tributaries have stored between 9 and 66 percent of the
introduced material. If fluvial hillslope contributions (i.e.

an additional 30 to 40 percent not shown in Figure 8) are

consi dered together with | andslide volunes, the tributaries
actually store between 5 and 30 percent of the total introduced
material. Thus, except where tributary gradients are naturally
low, or locally reduced behind | og jans, the off-site geonorphic
effects of increased upstream erosion appears to be m ni mal

| nstead, steep high order tributaries serve as corridors through
which material introduced upstream and upslope is efficiently
transported to | ower gradient reaches in Redwood Creek.
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BAR GRAPH COVPARI NG MEASURED LANDSLI DE VOLUME FOR THE PERI CD
1954 TO 1981 TO THE AMOUNT OF SEDI MENT | N STORAGE AS OF 1981 ON
12 TRI BUTARY BASI NS TO REDWOOD CREEK. TAKEN FROM PI TLI CK (13)

Tributary efficiency is exenplified in a series of cross-
sections surveyed near the nouth of the 29.4 kn? Bridge Creek
wat ershed (Figure 9). It illustrates the exceptionally short
residence tine of stored sedinent in many higher order tributary
streans. One year after the March 1975 fl ood had deposited over
two neters of sedinent in the channel, well over one neter of
degradati on had occurred throughout the cross-section. Wthin



just three years, the channel had flushed out virtually all the
i ntroduced sedinent and returned to near its origina
configuration with little evidence of major secondary changes in
channel geonetry (e.g., bank erosion).
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FIGURE 9

BRI DGE CREEK CHANNEL CROSS SECTI ONS MEASURED OVER A THREE YEAR
PERI OD | LLUSTRATE THE SHORT RESI DENCE TI ME OF STORED SEDI MENT
N MANY H GHER ORDER TRI BUTARY STREAMS OF REDWOOD CREEK

Even though maj or geonorphic effects are commonly absent in
| arger tributaries, our studies show they are persistent and

wi despread in the main stem of Redwood Creek. There, nuch of the
sedi nent eroded fromhillslopes is tenporarily stored in the
channel bed. Pools fill as the channel aggrades, and gravel bars
beconme | arger and nore extensive to accommodate this influx of

sedi nent (Figure 10).

Figure 11 shows the cumul ative volunme of stored sedinent in
t he upper, mddle and | ower reaches of Redwood Creek plotted
agai nst the channel distance fromthe divide. Three distinct
time markers are used to illustrate Iand use related effects. The
1947 line represents the anmobunt of sedinent in Redwood Creek
under pre-disturbance conditions, prior to significant road
construction and tinber harvesting in the basin. Total sedi nment
in the Redwood Creek channel in 1947 was about 11 x 10° n?. By



1964 the ampunt of stored sediment had increased to over 16 x 10°
. The nost severe aggradation occurred in the upper reach

during the Decenber 1964 flood, a flood with a | ocal recurrence

i nterval of about 50 years.

| GURE 10
GROUND PHOTOGRAPH OF TYPI CAL CHANNEL CONDI TI ONS | N THE LOAER 20
km OF REDWOOD CREEK. THE CHANNEL |'S AGGRADED, BROAD, EXPERI ENCES

FREQUENT THALWEG SHI FTI NG AND LOCALLY DI SPLAYS MULTI PLE
CHANNELS DURI NG SUMVER LOW FLOW CONDI TI ONS
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FI GURE 11

CUMULATI VE VOLUMES AND SPATI AL DI STRI BUTI ON OF STORED SEDI MENT
| N REDANOOD CREEK AS OF 1947, 1964 AND 1980




By 1964 the anpbunt of stored sedi nent al nost doubled in the
upper reach and increased by 37 percent in the |ower reach.
Moderate fl oods during the subsequent 20 years eroded roughly
hal f of the sedinent in the aggraded upper reach, where channe
gradients (average 0.035) are gentler than major tributary
channel s, and transported it farther downstream The 1980 |i ne
(Figure 11) shows that the anmount of stored sedinent had de-
creased in nuch of the river by 1980, although continued aggrada-
tion near the nmouth resulted in a net anmount of sedinent still 5
x 10° nt greater than pre-disturbance levels. It is clear that
w despread erosion and sedi nentation, such as that which occurred
in 1964, and of which we can denpnstrate that 40 percent is
associated with streamdi versions at |ogging road and skid trai
stream crossi ngs, affect volunes of channel stored sedinment for
many years follow ng disturbance.

Not only is there presently a large increase in the anount
of sedinment 1n the Redwood Creek channel, but it will persist for

a long time. Residence tines for sedinent in Redwood Creek were
estimated by dividing the volunme of stored sedi nent per unit

di stance by the bedl oad di scharge rate (nmeasured at six USGS
gagi ng stations in the Redwood Creek basin). Details of the
procedure used, adapted fromDi etrich and Dunne (5), are given in
Madej (10). The persistence of recently deposited sedinent in

t he upper reach ranges from25 - 100 years, depending on how
close to the active channel the sedinent is stored and how wel |
vegetated the deposit is. To flush post-1947 stored sedi nent out
of Redwood Creek entirely would take up to 300 years. Likew se,
in the | ower reach residence tinmes range from 10-100 years.

Thus, once a large influx of sedinent is deposited in
Redwood Creek, it will remain for decades to centuries. Mjor
i nputs of additional sedinent fromthe hillslopes in the future
woul d only | engthen recovery tinme. Docunmented effects associ ated
wi th channel aggradation include a decrease in bed naterial size,
channel w dening and a decrease in the nunber of pools. Long
sedi nent residence tinmes inply that secondary effects will also
persi st.

To further illustrate the extent of off-site downstream
effects, bank erosion was studied in detail using aerial photo-
graphs and survey data. For exanple, in a 30 kmlong m ddl e
reach of Redwood Creek, 51 |ocations of nmjor bank erosion
(greater than six nmeters of l|ateral scour) occurred between 1955
and 1978 (Figure 12). Channel w dening was associated with
severe channel bed aggradation of up to five neters at some
| ocations. At 71 percent of the bank erosion |ocations, the
channel renmai ned wi der for decades following initial erosion and
has not recovered to its pre-disturbance channel configuration.
Figure 13 dramatically illustrates the | ack of recovery of
original channel width during 12 years of record at a cross
section in the |l ower reach of Redwood Creek, where najor bank
erosion is also occurring. Between 1973 and 1985, the right
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FI GURE 12

Pl E DI AGRAM DEMONSTRATI NG PERSI STENT CHANGES | N CHANNEL W DTH
CAUSED BY MAJOR ( GREATER THAN 6 METER) BANK EROSI ON ON A 30 km
SAMPLE REACH OF REDWOOD CREEK BETWEEN 1955 AND 1978
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FI GURE 13

CROSS- SECTI ON #3, LOCATED ON REDWOOD CREEK NEAR THE MOUTH OF

HAYES CREEK (NEAR ORI CK), |LLUSTRATES LACK OF RECOVERY COF

ORI G NAL CHANNEL W DTH DURI NG 12 YEARS OF SURVEY RECCRD. BANK

EROSI ON CONTI NUES AS A RESULT OF SEVERE BED AGGRADATION IN THI' S
REACH




bank of the channel w dened by nore than 40 neters. The mmpjority
of this w dening occurred between 1973 and 1977, with no recovery
in the subsequent eight years to 1985.

Severe bank erosion changes the flow and sedi ment transport
characteristics of a channel. 1t also reduces the anount of
canopy cover for a stream which can lead to increased water
tenperatures, at times a limting factor for fish. Al these
changes are persistent effects on the channel system

Pool frequency is also affected by aggradation. In north
coastal California, an undisturbed gravel bed river has a profile
of alternating pools and riffles at fairly regul ar spacing.

Pool s are commonly forned by scour around obstructions such as
bedrock outcrops and | arge organic debris. Pools provide

i nportant habitat for anadronous and resident fish popul ations.

A typical result of aggradation, however, is that the pool-riffle
sequence i s snoothed out; that is, the pools becone filled in
with fine bed material. In Redwood Creek, pool nunbers and
dept hs have decreased foll owi ng aggradation. This conclusion is
based on cross section surveys, aerial photographic
interpretation and di scussion with | ocal residents.

Var num and Ozaki (14) have shown that in reaches where
streamrecovery has occurred since aggradati on, pool nunbers have
i ncreased again. A conparison of two reaches, one where aggrada-
tion is actively occurring and one that is recovering, illust-
rates this fact. Longitudinal profiles were surveyed for two
1000-nmeter | ong reaches about 16 kmapart, with simlar channe
gradients (Figure 14). The anount of |arge organic debris and
exposed bedrock in the two reaches were essentially the sane.
Based on cross section surveys, the upper reach has been degrad-
ing over the last seven years and the thal weg has remai ned
entrenched in the sane |ocation through runoff events for this
time period. The lower reach is still actively aggrading. Over
a six year period, the nean depth of degradation in the upper
reach (based on profile surveys in 1977 and 1983) is 1.1 m
whereas the nean depth of aggradation for the lower reach is 0.4
m (14)

Thal weg sl opes were cal cul ated by regressi on anal ysi s of
theodollte surveys and the associ at ed coeff|C|ents of determ na-
tion (r? were calculated for the reaches. The r? val ue associ a-
ted with the upstreamreach (0.62) is |lower than that for the
downstream reach (0.93). The lower r? value in the upstream
channel segnent reflects the increase in bed variation seen in
recovering reaches, where the nost well defined pool-riffle
sequence occurs (Figure 14). Conversely, the higher values of r
are associ ated with aggradi ng reaches of Redwood Creek where
pools are not as deep or frequent (14). Presently, there are 15
km of channel in | ower Redwood Creek that are actively aggrading.
Thus, in reaches where Redwood Creek stores increased anounts of
sedi nent, and streanbeds are aggraded to higher than pre-distur-
bance el evations, pool frequencies are reduced.

2
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FI GURE 14

A COVPARI SON OF LONG TUDI NAL PROFI LES FOR TWO SEPARATE 1000
METER REACHES W TH SI M LAR CHANNEL GRADI ENTS I N THE LOVNER
REDWOOD CREEK BASI N. THECDCOLI TE AND ELECTRONI C DI STANCE METER
SURVEYS WERE PERFORMED DURI NG THE SUMVERS COF 1977 AND 1983

V DI SCUSSI ON

Dickert and Tuttle (4) suggest the existence of two broad
met hodol ogi es for dealing with cunul ative effects: (a) a
conpr ehensi ve approach and (b) an increnental approach. 1In the
conpr ehensi ve approach, an a priori determnation of system
threshold | evel s nust be nmade. Future |land use is then
regul ated to stay below this established threshold | evel so that
cunul ati ve effects never exceed the capacity of the systemto
buffer or absorb them |In steepland fluvial systens, background
variability in erosion and sedinent yield is high. A
multiplicity of variables and processes interact to produce
observed norphol ogi ¢ and bi ol ogi ¢ responses to change.

Therefore, the identification of natural thresholds is extrenely
difficult.

For this reason, regul ators and managers have | argely
chosen the increnmental approach. 1In this schenme, projects are
reviewed on a case-by-case basis wi thout reference to other
proposed or conpl eted projects, and wi t hout know edge of any
bi ol ogi ¢ or geonorphic systemthresholds. Project-by-project
anal yses and mtigations are continued until inpacts are recog-
nized, usually followng a major storm at which tine further
projects nay be deferred or nodifi ed.

The increnmental approach also has severe linitations.
Currul ative effects theoretically becone evident only when the
accunul ation of individually insignificant effects exceeds sone
systemthreshold or otherw se becones unacceptable. Wthout
long term nonitoring of biologic and geonorphic conditions,



system change nay go unnoticed for years until unacceptably
obvi ous synptons appear.

Thus, by the tinme cunul ative effects can be assessed, as in
Redwood Creek, incipient watershed threshol ds may have al ready
been irreversibly exceeded or the resultant environnental damage
may be uncorrectable. Oten, hillslope processes are set in
nmoti on sinmultaneously throughout an entire watershed, usually in
response to a large scale, |low frequency stormevent. |[If system
"stress" (severe aggradation) is already evident |lower in the
wat er shed, existing and continued i npacts may be irreversible
and systemrecovery through land use mtigation on future
projects is no | onger possible.

Li kewi se, in the natural system thresholds nmay be exceeded
wi th no i mredi ate vi si bl e norphol ogi ¢ expressi on on the | and-
scape. This occurs because climatic stress, the driving force
for watershed erosion and sedi nentation processes, is applied in
a non-linear, episodic fashion with events of variable
magni t ude, Change is triggered only at discrete points in tine
during the occurrence of geonorphically significant storns.
Because of this, land use activities may exceed the systenis
buffering capacity well before any neasurable on-site or off-
site inpact occurs.

An inportant aspect of our cumulative effects definitionis
that many neasurable effects are separated both in tinme and
space fromthe original |and use disturbance. The ideas presen-
ted here suggest it is easy to overl ook or not recognize |and
use practices which have high probabilities of resulting in far
renoved effects which, once initiated, wll result in persistent
geonor phi ¢ changes. However, the recognition of future causes
of erosion and downstream effects can be predicted through
knowl edge of the relative inportance of various erosiona
processes operative in a watershed or sub-watershed. This
knowl edge can be quantified by field nmappi ng of erosional
features, successive surveys, aerial photograph interpretation
and utilizing stream di scharge and sedi nent transport data.

Most of the neasured fluvial erosion on study sites
t hr oughout the Redwood Creek basin occurred during relatively
shortlived, |arge magnitude storns. However, the storns nerely
triggered the accelerated erosion. Detailed erosion inventories
have clearly reveal ed certain | and managenent practices to be
the actual cause of at |east 80 percent of the increased fluvial
erosi on (15).

Stream di versions at |ogging road and skid trail stream
crossings were the | eadi ng cause of sedi nent production.
Diverted waters often created large, conplex gully systenms which
were responsi ble for docunented increases in hillslope drainage
density, sedinent production and yield, and enl arged stream
channels. These hillslope processes, in turn, led to further
off-site inpacts associated with stream channel aggradati on.



Triggering nechanisnms for streamdiversions are frequently
traceable to either culvert plugging, undersized cul verts whose
capacity is exceeded during storns, or the absence of a cul vert
at the crossing of an intermttent or epheneral stream
However, diversions can only occur if the streamcrossing itself
was constructed with a high diversion potential; that is, at
| ocations where the road and ditch system sl ope away fromthe
crossing in at |east one direction. This allows streanflow to
be di verted down the road.

To describe this situation, a diversion potential rating
system based solely on the gradient of the road as it crosses a
stream channel, was devel oped. In the exanple diagram of a road
systemin the | ower Redwood Creek basin (Figure 6), each crossing
was exam ned in the field and assi gned one of two potentials
(Figure 15). For the three crossings with no diversion poten-
tial, the road gradient on both approaches dips into the stream
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FI GURE 15

Dl VERSI ON POTENTI AL RATI NGS APPLI ED TO ROAD AND SKI D TRAI L

CROSSI NGS |N A PORTI ON OF THE COPPER CREEK DRAI NAGE BASIN. THE

RATI NG I S BASED SCLELY ON THE GRADI ENT OF THE ROAD AS I T CROSSES

THE STREAM "H GH' RATI NGS | NDI CATE DI VERSI ONS OF STREAMFLOW

COULD OCCUR, "NO' RATINGS | NDI CATE STREAMFLOW W LL ALWAYS BE

CONFI NED TO THE CROSSI NG, EVEN | F THE CULVERT PLUGS. LOCATI ONS
A, B, C AND D ARE DESCRI BED | N THE TEXT




FI GURE 16

ABANDONED LOGG NG ROAD STREAM CROSSI NG CONSTRUCTED W TH NO

DI VERSI ON POTENTI AL. THE ROAD RI SES AT THREE DEGREES | N BOTH

DI RECTI ONS FROM THE STREAM CHANNEL. SI NCE STREAM DI VERSI ONS AT

TH S TYPE OF CROSSI NG CANNOT OCCUR, EROSI ONAL PROBLEMS ARE

CONFI NED TO FAI LED ("WASHED OUT") STREAM CROSSI NGS. VOLUME OF
ERODED STREAM CROSSING |'S 600 nt

channel at the crossing (Figure 16). Even if the culvert plugs,
fl ow cannot escape the drainage system For the five crossings
wi th high diversion potentials, the road surface was found to

sl ope away (down) fromthe streamcrossing in at |east one

direction (Figure 17).

Uncontrol l ed streanfl ow at crossings constructed with no
di version potential can, at worst, only erode the volune of the
fill crossing and no extensive gully networks can devel op from
diverted water (Location A, Figure 15). However, crossings
constructed with a high diversion potential have been inadver-
tently designed to create extensive gully systens on adjacent
hill sl opes when stream fl ow exceeds the capacity of the
culvert, for whatever reason, and is diverted out of its
natural channel (Locations B and C, Figure 15). The |inks
bet ween the specific | and use practice (i.e. road crossing
construction), streamdiversions, and consequent gully erosion
is quite clear

There are many stream crossings throughout the Redwood
Creek watershed which exhibit high diversion potentials but
whose cul verts have not yet plugged (Location D, Figure 15).
Many ot her crossings have al ready experienced stream di versi ons
at | east once. For exanple, seventy percent of the | ogging road
stream crossi ngs surveyed in the | ower Redwood Creek basin were
constructed with a high diversion potential (Table 6). O
t hese, 56 percent have experienced diversions at |east once,
only to be reconstructed again with a high diversion potential.



Based on the sanpl e percentages, we estimte there are over 5,200
stream crossings in the Redwood Creek basin which have been

constructed with a high streamdi version potential. Wre ngjor
stornms to occur or if the streambed is very nobile at these
sites, the nechanismstill exists to once again significantly

accel erate fluvial sedinment yield.

'\:ﬁ _..!:‘ L
FIGRE 17

LOGE NG ROAD STREAM CRCSSI NG CONSTRUCTED WTH A H GH DI VERSI ON
POTENTI AL. CULVERTS SHOW ORI G NAL ORI ENTATI ON OF STREAM CHANNEL |IN

RELATI ON TO ROAD. NOTE GULLI ED | NBOARD DI TCH DOMW ROAD FROM PO NT
OF STREAM DI VERSI ON ( CULVERT I NLET). STREAM DI VERSI ONS | N THE
REDWOCD CREEK BASI N FREQUENTLY CREATE GULLY_ NETWORKS ON ADJACENT
H LLSLOPES WHI CH MAY YIELD 2,000 TO 4,000 n? OF ERCDED SEDI MENT

TABLE 6 STREAM CRCSSI NG DI VERSI ON POTENTI AL AND GULLY YI ELD
FROM STREAM DI VERSI ONS ON FI VE SI TES TOTALLI NG 2, 131
__ha I'N THE REDWOOD CREEK BASI N

Cr ossi ng Qlly
Tot al Km of Di version Potenti al That Pét\}ethh:é Yield From
Site nane No. of roa?d Di verted Stream
Xi ngs Un- Di versi ons
No H gh Known No Hgh No Hgh (nd)
Sout h Copper 36 10.8 8 28 0 0 20 0 71 50, 800
(79-2)
Bri dge (80-3) 17 5.0 3 14 0 0 10 0 71 10, 900
Bond (82-4) 19 2.7 1 18 0 0 5 0 28 600
Bri dge (80-6) 32 11.8 12 20 0 0 13 0 65 12, 100
Garrett Creek 57 12.7 21 32 4 0 14 0 44 39, 900

Total s 161 43.0 45 112 4 0 62 0 56 114, 300



\ CONCLUSI ONS

A determ nation of cunul ati ve wat ershed i npacts requires the
system of cause and effect |inkages be well established (4). In
Redwood Creek, |inkages between | and use, resultant fluvial
erosion and its basin-wide effects are well docunented. Although
not detailed here, simlar anal yses suggest a significant but
unquantified proportion of the sedinment contributed by | and-
sliding is also causally connected to | and use activities. These
| and use rel ated sources of sedinent have resulted in neasurable,
persistent inpacts to both on-site and off-site physical and
bi ol ogi ¢ resources.

The concepts, techniques and data descri bed here are useful
for determ ning the existence, source and magnitude of cumnul ative
effects related to fluvial erosion. Park research indicates
gullying is a major land use rel ated source of sedinment in the
Redwood Creek watershed. Since the watershed is primrily
underlain by rocks of the Franci scan Assenbl age, a suite of rocks
subject to high fluvial erosion rates, gullying should be
consi dered a nmajor potential source of sedinment yield throughout
the Pacific Northwest where sinmilar rock types occur.

The quantification of sedinent sources, and the causes and
effects of increased erosion provide a basis to assess whet her
cunmul ati ve effects occur and whether these effects are additive
and persistent. For exanple, by first inventorying and quanti -
fyi ng wat ershed changes, we nave established the rel ationships
between certain | and use practices, consequent erosion processes
and basi n-wi de inpacts in Redwood Creek. This has allowed us to
separate human-i nduced from naturally occurring inpacts. As a
result, a clear basis has been established to nodify current
| and use practices and successfully dimnish fluvial erosion as
one inportant contributor to docunented cunul ative inpacts.

Bedrock, soil, and hillslope characteristics, as well as
| and managenent practices and climatic variability, presently
determ ne the magni tude, extent and frequency of fluvial erosion
in the Redwood Creek basin. On nountainous slopes nanaged for
ti mber production, |and use practices nust address and anti ci pate
t he occurrence of extrene storns which frequently trigger
wi despread erosion and sedinentation. This can be effectively
acconpl i shed by enpl oying preventive | and managenent techni ques.

For exanpl e, neasures which prevent stream diversions woul d
largely elimnate fluvial gully erosion and its long term
effects. Sinple | and managenent measures to acconplish this
include: (a) constructing road and skid trail stream crossings
with no diversion potential (i.e., both approaches dip into the
crossing), (b) perform ng regular and storm mai nt enance of roads
and drai nage structures throughout the |ife of the roads, (c)
putting unused roads "to bed" by renoving culverts and excavating
fill crossings, (d) installing adequately sized culverts, with
debris filters, and (e) excavating skid trail stream crossings



foll ow ng harvest operations. Recent changes in California's
Forest Practice Rules have begun to address the latter two
i ssues, but only with respect to future harvest operations.

Al t hough the persistent cunul ative effects neasured in
Redwood Creek are a direct result of |and use practices conducted
during a period of little |and use regul ation, current tinber
harvest and road construction regulations still largely ignore
the potential for streamdiversions - the principle cause of nost
gully erosion in the Redwood Creek basin. The results of both
earlier and ongoing practices continue to significantly affect
fluvial erosion rates, |lower order and main stem channel
geonetry, drainage densities, streambed structure and the vol une
and residence tinme of stored sedinent.

Vil SUWARY

Er osi on and sedi mentati on studies conducted in the 720 knf
Redwood Creek basin show that some | and use practices have
caused persistent geonorphic effects at the logging site, on
downsl ope areas and in far renoved stream channels. These
effects include on-site increases in drainage density and
channel di nensions; off-site, downslope increases in fluvial
erosion rates, drainage density and stream channel dinensions;
and off-site, downstreamincreases in the volune of stored
sedi nent and incidence of bank erosion, as well as decreases in
pool nunber.

Sedi nent budget studies and detailed mapping on 1.4 to 197
knf study sites reveal that fluvial erosion, mostly gullying,
accounts for 30 percent to 85 percent of the yield from al
sources since 1947. Up to 85 percent, or nore, result from
| oggi ng- caused stream di versions that create conpl ex channel
networ ks and i ncrease downsl ope drai nage density. Miltiple
net wor ks may devel op from one diversion and nore are expected
where hi gh diversion potentials remain uncorrected. Eighty
percent of all gully erosion was avoi dabl e.

Long-term changes in channel geonetry do not seem as
wi despread in higher (third and fourth) order tributaries due to
the short residence tine of introduced sedinent. Except where
tributary gradients are naturally low, or locally reduced behind
log jans, the off-site geonorphic effects of upstreamincreased
erosion are mninal.

Vol unes of stored sedinment in Redwood Creek have risen from
I 1xI0° n? in 1947 to over 16xI0° n? in 1980. Mich of this
i ncrease can be accounted for by | oggi ng-caused fluvial erosion.
Landsl i des al so add sedi nent, but the portion caused by |and use
is not easily determned. Contrary to one nodel, aggradation in
Redwood Creek has not itself triggered substantial stream side
| andsliding primarily because storage areas are wi de and fl anked
by gently hillslopes. However, as degradation has occurred over
the I ast 20 years, long termoff-site changes in channel norph-



ol ogy are persisting. Residence tinmes of nost stored sedi nment
ranges from decades to centuries.
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