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Magnitude, cause and basin response to fluvial
erosion, Redwood Creek basin, northern California
D. K. HAGANS & W. E. WEAVER
Redwood National Park, Arcata. California
95521, USA

ABSTRACT Detailed erosion inventories and geoaorphic
■apping document the aagnltude and causes of fluvial
sediment production froa hillslopes in the 197 ka^ lowerRedwood creek basin. Sedi.ent production fro. ̂ rior
fluvial erosion processes (gully erosion. 37*; washed out
stream crossingis, 7*; and surface erosion froa bare soil
f^or-a^* naterial derivedfrom nass aoveaent processes (52*). The leading cause of
^ rt erosion js the diversion of streaaflow at loggingroad and skid trail stream crossings. A siaple
predictive methodology, based principally on road
gradient, successfully identifies streaa crossings with a
high potential for streaa diversion (DP). Undersized
culverts. Infrequent culvert maintenance and the
occurrence of high DP streaa crossings have coabined with
euHv'\"rr; '''T Widespread

?  "■ effects of fluvial erosionInclude Increased hillslope drainage density, enlarged
stream channels and downstream effects including bank
erosion and decreased pool frequency.

INTRODUCTION

associated with commercial timber harvestingand road building in mountainous terrain is the increased rate of
soil erosion and sediment yield frequently associated with these
landuse Practices (Anderson. 1979; Kelsey. 1980; Swanson. 1981)
IbLf^r^ north Countyabout 480 ^ north of San Francisco. California) displays
ornhv^i^ by a coabinationof physiographic, geologic and cliaatic factors, together with
complex landuse patterns (Kelsey _et al.. 1981; Janda et al.. 1975),
porf !! erosion on harvested forest land in theRedwood Creek basin has been significantly increased over

probably to a greater degree than erosion
figTeTnnfT®"^? processes (Janda et al.. 1975). Nolan et al.

^rn in the tasln-wide abundance of gninil froawidespread timber harvest. Idaddition, preliminary data from sediment budget studies amggest
hillslopes contributed 68* of the sedimentInput to the main channel of Redwood Creek above D.S Hiehwav 299between 1956 and 1980 (Kelsey e^^.. 1981; Fig. 1. thjf^r)

tr?h intense gully erosion has also been recorded in severaltributary basins (Weaver et al.. 1981; Best et al.. in press).
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r:i°: pt::;" t!:i'/newly formed channels greater thLTl^m^" ns
In addition fluvial P^nc^«!^^ V " 1- cross-sectiona] area.
trail stream crossings, as well frfrom^surr

(  ) to extrapolate the volume of eullv anri nthar •' i '

mmrnrn
(d) to discuss the lonp term effprre nf
erosion on the Redwood Creek bisin ^^"^"-^-caused fluvial

STUDY AREA

-oiiTd:o:nr::rhS'*j?irir""h:"H;^ -is underlain by rocks of the Franciscan'Assembl^f^Hfrderet'^f"

C";r'^hS'Hr "•£ "
The drainage basin is characterized by high relief /T?nn » ♦ i

'r? .ifiisiT'
ror^\"d%r%\"''6ra^"nJs'ar.idI?r£^u'%Ts'l'° "'""'^hannetrand
o^'c";red'"et::ee^"o^\^"her\\rMa"'° -^'orwMchlor'
non^°J T' results presented in this summary paper theperiod of record extends from c. 1947 to 1980 ?hL

SreadUmSer'h""";?'' ® PeriodT'
was WaeH harvesting: roughly 81* of the coniferous forest

f^srms°~^ -id^^"n^^^°^B1st^"8^r^i^ fZ^^sTCoghlan. 1984;°Hardef^ral~w?er''Lr(^ -- i
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GULLY EROSION IN THE LOWER BASIN

Nine study sites in the lower Redwood Creek basin, totallne 22 ka^,
were geoaorphlcally napped at a scale of 1:1200 (Fig. 1). The study
sites displayed the variety of geologic bedrock types, soil
aaterials. hlllslope positions, slope gradients, drainage densities,
logging and reading histories and flood producing storn histories
present in the basin (Weaver et al. . in press). Several of the
sites were specifically chosen because of their apparent low rate of
fluvial hlllslope erosion.

On eight of the study sites, totaling 1968 ha. gully widths and
depths were estinated at least every 21 a. Volunes were then con-
puted by nultlplying the cross-sectional area by the corresponding
length of gully reach. On the 246 ha South Copper Creek study site,
all gullies were neasured with tape and survey rod. Cross sections
were neasured at 6 n intervals or nore frequently If a significant
-change^n-gully size or—shape-occurred.-^iiltoEe frequent .and-accurate
field neasurenents on t-he South Copper Creek unit were eventually
used to conpare with and evaluate results fron less intensive
sanpllng on the other eight study sites.
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The nine sites yielded 329 son *3 **#•At the tl.e Of the Inventory! there v""?" ''•
?nhle"t^rhe "T

Bond Creek study site yielded only 3 .^/ha the
dlffe^rlncLIn^ Ph^sJoal^s'Ite^riah!"''
tinlng of logging relative to aajor sto« ° » ^ ""e

inceotisols with 7 Coppercreek series of
This soil is deep (lOO-lsrcmfand characteristics,
displaying lower gullv vIpIHc I o»pared to soils on the sitesand very few ̂ avel-size a^d iar^r
and B horizon^ ?he subsoH Ja'K J°k ^^e A
cohesive. resistanrstructuiaJ^^^^ sufficient clay to develop
fragments to produce rstabiUzinf:f: '' sufficient rock
(Weaver et al.. in press). erosion has begun

LOWER BASIN FLUVIAL EROSION

esjuated^rordau oSuInedTthf0!°' VT *"""dology used Is explained In Weaver et ^ Un 0^^;

":ser^r^^!J:iiro" X- -;^or^er?:-tte^-r"'Beologlo. geoaorp^hlo J"npu"iar
TABLE 1

basin
Gully erosion on nine sites In the lower Redwood Creek

Site naae Area Gully

length

(ha) (km)

South Copper 246 20.3
North Copper 410 12.7
Maneze 172 8.5
Lower Slide 198 6.0
North Bridge 304 14.8
Upper Slide 239 6.4
Dolason - -- 144 - 2.-6
South Bridge 275 4.7
Bond 226 0.8

TOTAL 2214 75.8

Nuaber of Total
cross gully
sections voluee

(B^)

3168

377

380

149

826

474

132

238

37

87 ICQ

108 500

36 000

34 400

23 300

17 300

'^•^00

14 300

700

Gully Gully
yield density

(■^/ha) (■/ha)

354 83
265 31
209 49
174 25
77 49
72 27
55 18
52 17
3 4

149 34
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history and fluvial erosion rates obtained fro® the study sites.
High yield terrain from.Table 1, where gully erosion was

estimated to average 260 m /ha, occupies 31* of the selected land
base in the lower basin but yielded approxinately 75* of the eroded
volume. In contrast. 30* of the land base (thai area included in
the low yield category) , was estimated to account for less than 2*
of the total gully erosion in the lower basin. Clearly a small
portion of the disturbed land in a watershed can contribute a large
proportion of the total sediment production from gullies. The
estimated total gully erosion in the lower basin aaounts to a volume
of over 1.3 x 30® (Table 2).

Data from the field study also suggested the voluae of gully
erosion far exceeded the volume of sediment derived from other
sources of fluvial erosion (i.e. sediment yield from erosion of
logging road and skid trail stream crossings, rill erosion, and rain
splash on bare soil areas) . To test these field observations,
erosion at 418 representative logging road and skid trail stream
crossings on 947 hectares of tractor yarded terrain were measured.
Erosion at the sampled stream crossings totalled 19 900 m .

Applying this sample stream crossing density (0.44 crossings/ha)
and erosion rate (48 m®/crossing) to the total land area which had
been tractor logged (10 770 ha), it is estimated that erosion of the
4740 road and skid trail stream crossings totalled 225 600 m
(Table 2). This volume of erosion, while significant, amounts to
only 15* of the total volume of fluvial erosion in the lower basin.

In Redwood Creek, sediment production from surface erosion (i.e.
rain splash and rill erosion) was the least important constituent of
total lower basin sediment yield, the volume of sediment yield
generated by surface erosion processes was determined by measuring
the total bare soil area present following logging operations in the
lower basin, determining which areas could deliver sediment to
stream channels (3600 ha), applying an erosion rate, and estimating
recovery times and revegetalion rates (ranging up to 30 years).

Erosion rates applied to the total bare soil area were determined
by analyzing NFS sediment trough data and by applying results from
USGS erosion pin studies (Marron et al.. in press). Sediment
trough data indicated between 0.05 and 0.1 cm of ground surface
lowering occurs during the first winter following ground
disturbance. In succeeding years, erosion rates are dramatically
reduced because of revegetation and an araoring effect as fines are

TABLE 2 Measured sediment sources in the lower Redwood
Creek basin (c. 1954-1980)

Sediment source Volume (m^) Total yield (%)

Fluvial Erosion
Gullies
Eroded Stream Crossings
Surface Erosion

Mass Soil-Movements—

1 157 400
225 600
124 400

Streamside Landslides

Totals

1 600^

3 107 400

37
7
4

52

100
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data yieJded co.parabie efe^t
tractor-logged sandstone slopei^rTaf " o"
sJopes (Marron el_aK'. Jn pre's) tractor-Jogged schist
terrain types Iden^^Ierbrthe gulir«ud"

::r::td:' ̂ erion't- -s°f the total fluelal eroslL i! rs ° <»• roughly a"
results Indicate surface erosion ^ "" 2>- These
areas, while directly linked to acting on bare soli
contributor to downstreL erosion la Practices, are a .Inor
Redwood Creek basin. sedlaentatlon l.pacts in the

We estiaate total fJuviai hin i
Creek drainage basin to be over i Redwood
Idespread logging and road building Por " advent of

Kelsey et_^. (in press) .easured ifnrt.ni ecparison purposes,
basin adjacent to Redwood Cieck and^rn u
They concluded 1.6 x lO^ tribuUries
of landslide mechanisms, ccntributenn ^
channels between 1954 and I98[t n«M basin stream
sediment production by fluvial Redwood Creek,
denying) is nearly eglai Jrli™"! "'r"" (pri.arlly'
■ovement processes. sediment generated by mass
CAUSES OF GULLY EROSION

streannor«'']ogg°ng®lid '^i-'crsion of89M1.0 X 106 .if J the total caused
In the lower basin (Weaver et al Post-harvest gully erosion
This accounts for 33* of the t i i ? Ptcns; Hagans et al. igge)production (free alllour e ,'1?! '
studies and sanple plots fron tl Boscd onRedwood Creek (419 kn,^), gmjy ellfl"""® T®'' ^xo-tWrds of
accounts for at least 40* of the flaf tT" i ""orslons
production. The Importance of strl! a sedinenterosion and aechanisu of drainage basin^rr^""^ ®
disturbance cannot be overlookef response to landuse

streamflow Is diverted out 0? a Itnr fora whenor skid trail and across the adjacent^ ha ® hogging road
resulting gullies are widesprearanJ'f ""slopes. The
networks. Gullies on roads are rllatlve? interconnected
sectional dlaenslons generallv ""nsr
diverted waters cascade off the road dHsb^ a a^ """^'nr when
hillslopes (>170), gujj dJnpn«i!^„ a iiic steepfrequently-- exceed' ®2.o'xlT^'?or a^d
documented link between the specific llnd ® enHy.-rhe-crossing construction). streai^ dJ^^rJ road
erosion Is quite clear. erslons. and consequent gully
Of ln:re"a:ed eTo^f^n'^ffer^o^e'^fe" ste^Jraul'^'^^™:
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potential" rating system was developed for stream crossings in
Garrett Creek, a 10.8 km^ tributary basin in the Park Protection
Zone (PP2)(Best et al. . in press; Fig. 1, this paper). The
diversion potential (DP) is a measure of the probability that
streamflow would divert down the road, rather than flow directly
across the road, if the culvert were to plug or its capacity were
exceeded. The rating system was based solely on the gradient of the
road as it crosses a stream channel.

Stream crossings were examined in the field and assigned one of
two ratings. For crossings with no DP, the road sloped into and out
of stream channel at the crossing (I.e. the road gradient from the
stream crossing in either direction was a positive degree). For
crossings with a high DP, the road surface was found to slope away
from the stream crossing in at least one direction. All crossings
with high DP have been inadvertently designed to result in diversions
and thereby create extensive gully systems on adjacent hillslopes.

Recorded DP ratings were compared with the frequency of actual
stream diversions for 161 logging road stream crossings on five
sites. Diversions on the sites occurred in 28-71% of the crossings
with a high DP and in none of the no DP crossings (Hagans et al..
1986). An average of nearly 60% of the stream crossings with a high
DP had actually diverted at least once since they were originally
built, only to be reconstructed with the same high DP.

Study results Indicated only on very steep roads (gradient >7°)
did the magnitude of the road gradient actually affect the diversion
frequency. Thus, all 17 streams which crossed very steep roads had
diverted at least once. For gradients less than 7°, the
relationship between road steepness and diversion frequency was less
pronounced. Of 95 inventoried streams which crossed gentle (<3°)
and moderate (3-7°) gradient roads, just under 50% in each category
had diverted since road construction.

Because of their causal link to widespread gully erosion, stream
crossings with a high DP represent the most obvious source of future
drainage basin response to landuse disturbance. Such crossings are
a ubiquitous feature of logging roads in the Redwood Creek basin.
For example, in the 121 km^ ppz (Fig. l),over 50% of the stream
crossings on the 280 km road network have a high DP. and over 60%
have culverts which are too small to pass the 25-year storm flow
(Weaver et al. . 1987). The potential erosional response is
heightened because nearly 80% of the road system has been abandoned
and drainage structures are no longer being maintained. These
factors guarantee a continuation of the accelerated erosion that has
been documented on forest lands in Redwood Creek.

LONG TERM EFFECTS OF LANDUSE-CAUSED FLUVIAL EROSION

Studies in Redwood Creek and in nearby drainage basins such as the
Van Duzen (Kelsey, 1980) have identified gullying as a major con
tributor to increased sediment yields since the advent of modern
logging and road building over three "decades ago. Fluvial erosion
accounts for between 48% (Table 2) and 68%'fKelsey et al.. ~lS81)"Of
all sediment discharged to Redwood Creek and its origin is very
clearly linked to specific landuse practices. Most stream
diversions occur during moderate or extreme periods of runoff and

■

I!
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create larp coiplex gully syste.s on hlllslopes. These processes
have resulted in long-tern and persistent increases in hillslope
drainage densities and lower order streaa channel diaensiohs

For exaiiple, on seven sites totaling 16.4 k«2, pre-roading and
pre-logging natural" drainage densities averaged 4.8 ki/ka^ Post
reading and logging (c. 1980) drainage densities (Including ̂ 111^^
and natural stream channels) averaged 8.2 km/kn^. Aaongst the sites
drainage densities Increased by 6 to 136* (x = 71*). The newly

i"*^«eral part of the drainage network.
Whether they are still actively evolving or are now stable, gullies
intercept near-surface stora flow and carry sediment and runoff to
higher order stream channels downslope. Their effect on drainage
basin storm flow hydrographs has not yet been evaluated

A second long-term effect is the increase in channel dimensions
lower order streams. The substantial and relatively rapid

adjustments of channel morphology occur as a result of increased
discharps and sediment loads carried by some watercourses where
prepflow from one natural channel is diverted into another We
fpnd that apppximately 20* of the 78 km of natural stream channels
on the seven stpy sites had been permanently widened and deepened.
Bppse field measurements indicate sediment delivery from

fluvial epslon frequently exceeds 90*. numerous downstream manifes-
°  drainage basin response also occur. These persistenteffects are associated with aggradation in higher order stream

chapels and result in increased Incidence of bank erosion, decreased
pool fpquency, and additions to sediment being stored in channel
compartments with long residence times (Hagans et al., 1986)

Mpej (this volume) indicates that additions to stored sediment
p the lower basin since 1947 have residence tines ranging from
9 to ip yprs, depending on their proximity to the active channel.
Channp bed aggradation has resulted in locally severe channel
wipning In the main stem of Redwood Creek. In a 30 km reach of
Redwood Cpek. 51 locations of major bank erosion (greater than 6m
ot lateral scour) occurred between 1955 and 1978. At 71* of the
locations, the channel has remained wider and not recovered to its
prepgpadation channel configuration. In addition, regression
analysis of pdwood Creek thalweg surveys in reaches with similar
channel grpients indicates that where some stream bed recovery has
pcuped since aggradation, pool numbers have increased (Varnum &
Ozaki, 10 press). Presently, there are 15 km of channel in lower
Repood Creek that are actively aggrading. Significantly, the last
Mjor input of sediment to Redwood Creek occurred in 1975 during a
p-par flood, yet 12 years later roughly one-third of the lower
bapn main stem is still responding to and being affected by upslope
and upstream sediment inputs.

CONCLUSIONS

ppurpents of fluvial erosion on large studyjUots in the lowr
Redwood Creek basin indicate gully erosion is responsible for
ppoxppely 37* of the total input of sediment to the main stem of
Redwpd Creek (Table 2). Erosion at stream crossings and by surface
epsion processes account for an additional 11*. Althou^ most of
the erosion occurred during four relatively large-magnitude storms
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