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ABSTRACT  Pi pefl ow dynami cs are being studied at Caspar
Creek Experinental Watershed in north-coastal California
near Ft. Bragg. Pipes have been observed at depths to
2 mwithin trenched swal es and at the heads of gullied
channels in small (0.8 to 2 ha) headwater drainages.
Digital data |oggers connected to pressure transducers
moni t or di scharge using calibrated standpipes. During
storms, pipeflowup to 81 s! has been neasured,

while, within the sane swales, no surface channel flow
occurred. Pipeflow discharge has been correlated with
ant ecedent precipitation.

| NTRODUCTI ON

Most of the geomorphic literature attributes drainage network
evolution, except in karst areas, to surface runoff processes.
Recently, the influence of near-surface groundwater flow in

promoting subsurface erosion in non-karst areas and the devel opnent

of drainage networks has received increasing attention (H ggins,
1984). The geonorphic features resulting fromerosion by the flow

of subsurface water in non-cal careous rocks have been referred to as
"pseudokarst" (Vl | aday, 1960; Parker et _al., 1964).

In arid regions, the role of piping in gully devel opment has been
recognized for some time. In hunid regions, however, the geonorphic
significance of piping was largely overlooked until Kirkby & Chorley
(1967) presented a nodel of soil water throughflow and saturated
overland flow as an alternative to Horton overland flow on vegetated
sl opes.

FEJnder favorable conditions, subsurface drainage can pronote
accel erated erosion by chenmical (solution), physiochenical
(suffusion), and physical (piping and landsliding) processes.

Bi ol ogi cal processes generate organic acids that accelerate the
dissolution of primary soil minerals and also disperse secondary
mnerals (Durgin, 1984). These nminerals can be transported through
the soil, and eventually to a stream channel, by subsurface drainage.
As chemical erosion progresses and the soil beconmes nore porous,
water flowi ng through the soil candetach and nmove colloids through
soi|l pores-a process called suffusion. Suffusion can lead to soil
piping as progressively larger material is eroded.

In addition, stress fractures in the soil, as well as biotic
activity by invertebrates and vertebrates and by root networks may
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contribute to the initiation and subsequent devel opnment of piping
systenms.

VWater infiltrates the pipe as lamnar flow, but within the pipe,
flow becomes turbulent and erosion is primarily by corrasion and
undernining of pipe walls (Dredge &Thorn, 1976). As subsurface
erosion continues, pipe roofs may collapse, forning pseudokar st
topography. Coldsnmith &Snmith (1985) summarized the conditions
essential for piping: (a a source of water, (b) a surface
infiltration rate that exceeds the subsurface permeability at some
depth, (c) a zone of potentially dispersive soil, (d) a hydraulic
gradient to cause water to flow, and(e) an outlet for the lateral
flow

METHODS

Study area

The study is located near the headwaters of the Wrth Fork Caspar
Creek Experimental Watershed on the Jackson Demonstration State
Forest. The 508-ha watershed is approxi mately 10 km south of the
city of Fort Bragg, California (Fig. 1).

The doni nant aspect of the watershed is south-southwest. The
el evation ranges from 37 to 320 m Topographi c devel opment of the
area is youthful, with uplifted marine terraces deeply incised by
antecedent drainages. Sopes are noderate, ranging from 30 to 70%
being steepest near the stream channel and becoming nore gentle near
the broad, rounded ridgetops.

The soil at the study sites is conmposed of the Vandame soil
series a soil derived from sedinmentary rocks of the Cretaceous Age
(California Department of Forestry, 1985). This series accounts for
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FIG1 North Fork of Caspar Creek: (a) location,
(b) piping sites.
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approximately 40% of the North Fork watershed, and is found al ong
the ridges and upper slopes. The depth to paralithic contact is
typically 100 to 150 cm It is a well-drained soil formed in
material weathered from sandstone and nudstone. The particle-size
averages from 35 to 45%clay. Gavel content ranges from0 to 10%
The Cr horizon is highly weathered saprolitic sandstone and nudstone
that slakes in water. The soil shows a nmixed mineralogy with
moderate amounts of kaolinfte and vermiculite (Rittiman, personal
communi cation). The infiltration capacity of the Vandamme soil is
very slow and the rate of water transmssion through the subsoil is
moder ately sl ow.

The climate of the study site is typical of coastal northern
California. The fall and winter seasons are characterized by a
westerly flow of nmoist air which typically results in lowintensity
rainfall and prolonged cloudy periods. In the winter, the southerly
position of the north Pacific subtropical anticyclone allows
frequent storms to enter the region, but in the spring this weather
system migrates northward and rainfall is much less frequent.
Sunmers are relatively dry with cool coastal fog.

Tenperatures are nild with nuted annual extremes and fairly
narrow diurnal fluctuations due to the noderating effect of the
Pacific Ccean. Mean January tenperature is about 10°C and nean
July tenperature is about 13°C. The frost-free season is 290 to
365 days.

Mean annual precipitation at Caspar Creek is approximtely
1190 mm -ranging from 838 to 1753 mmsince 1962. Ninety per cent of
this total annual precipitation occurs between the nonths of QOctober
and April. The frequent occurrence of summer coastal fog makes a
smal | but unspecified contribution to the total precipitation in the
form of fogdrip. Snowfall is arare event at these elevations in
this region.

VWile the Caspar Creek study site has been included in the region
known as the rain-dominated Pacific Northwest, its climate i s not
entirely typical of the overall region which enconpasses Northern
California, Oegon, Washington, and British Colunmbia. This
experinmental watershed lies at the southern border of the region and
is only about 5 kmfromthe Pacific Ocean. Because of the |ower
[atitude, proxinity to the ocean, and |ower elevations of the Caspar
Creek site, the tenperature regime here is warmer and |ess variable,
and precipitation is less than the normfor the overall region.

Forest vegetation in this coastal region is the product of
favorable climatic and soil conditions. The area supports fairly
dense stands (averaging 700 m? hal) of second-growth
Dougl as-fir (Pseudotsuga menziesii (Mrb.) Franco), coast redwood
(Sequoi a senmpervirens (D.Don) Endl.), western hem ock (Tsuga
heterophylla (Raf.) Sarg.), and grand fir (Abies grandis (Dougl. ex
D.Don) Lindl.). There are also some mnor hardwoods, including
tanoak (Lithocarpus densiflorus (Hook. and Am) Rohn) and red al der
(Alnus rubra Bong.), and some Bishop pine [ Pinus muricata D. Don)
scattering of old-growth redwoods remains within the Caspar Creek
wat er shed.

The understory vegetation includes brush species such as
evergreen huckl eberry (Vacci niumovatum Pursh), Pacific rhododendron
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(Rhododendr on macrophyl lum D. Don), and sword fern (Palystichum
munitum (Kaul f.) Presl.).

Historically, the nost significant |and management activity on
the North Fork watershed occurred in the late 1800's when nost of
the original old-growth forest was removed by clearcut operations.
Fol lowing the renoval of tinber, the watershed was burned. During
World War Il sone nminor pole and pile cutting was done, but since
the original logging of nearly a century ago, human-induced
di sturbances within the North Fork drainage have been
i nconsequenti al .

Field installation

In this region, the discharge ends of soil pipes are commonly
situated at the headwal |s or sidewalls of gullies or sinkholes.

These pipe outlets do not enter the gullies or sinkholes at any
consi stent level or position in the soil profile, but occur from
near the soil surface to a depth of about 2 m Pipe dianmeters range
from!to 100 cm  Upslope froma gqully headwall, the swale
frequently leads to several sinkholes which are interconnected by

pi pes.

During winter 1986, two nearby swales exhibiting similar
pseudokarst features were instrunented to study pipeflow  The
contributing drainage area of swale M is 1.4 ha (Fig. 2(a) and
swale Kl is 0.9 ha (Fig. 2(c)). Soil pipes were exposed by
trenching and enlarging existing gully features. Flow from
individual pipes, overland flow, and flow through colluvial wedges
was captured by driving metal flashing into the trench face and then
routing the water into upright PVC containers (15 cmin dianeter by
100 cmtall) (Fig. 2(b) and (d)). Drainage holes were drilled in
the side of each container and a |aboratory calibration was
establ i shed between stage and discharge. At  10-min intervals,
pressure transducers, placed in each of four containers, are
interrogated by a 4-channel digital data |ogger, and data
representing stage are witten onto an EPROM chip.

At each swale, a large pipe, having a dianeter from 15 to 45 cm
and 3 small pipes,having diameters from2 to 8 ecm were
instrumented. The large pipes generated storm peak discharges up to
8.5 1 s'1. The hydrograph response was sinilar to that of
adjacent surface channels, in that baseflow was maintained between
storm events. The small pipes generated storm peak discharges up to
0.31 st with flow occurring only during peak periods of storm
events. The large pipes were lower in the soil profile (1to 2 m
deep) than the small pipes (0.5 to 1 mdeep).

Rainfall is measured at 5 locations within the 508-ha North Fork
Caspar Creek watershed using tipping bucket raingages. These
raingages have a |-nmresolution and are interrogated at 5-mn
intervals. One raingage is located on the ridge near the headwater
of swale M. Streanflow and suspended sedi ment discharge is
measured continuously at 12 stations within the North Fork
watershed. One station (K) is about 5 mupstreamfromthe nouth of
swall e KI, and another station (M is about 500 m downstream from
swal e M.
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FIG 2 Topography of swale systens (a) ML and (c) K1,
and cross sections of piping sites (b) M and (d)KIL.

RAI'NFALL AND Pl PEFLOW RELATI ONSHI P

I stock &Boersma (1986) studied surface runoff in coastal Oregon
drainages of similar size to those in our study. They found
antecedent precipitation before the stormto be a nore inportant
predi ctor of runoff processes than either rainfall magnitude or
intensity in climates, such as ours, where lowintensity rainfall
predom nates. Wile they were not studying subsurface flow
processes, their research demonstrated that soil rmoisture conditions
prior to the stormare a doninant influence on flow paths taken by
stormrainfall in this setting. Qur analysis was directed toward
clarifying this relationship.

The antecedent precipitation index (API) is comonly used to
model the residual effect of previous precipitation on current soil
moi sture or runoff. For our study, the APl at any time (i) was
calculated by:

APIi = APIi_, cAt + pi
where ¢ is the decay constant characteristic of the particular
recession, atis the time interval, and P. is the precipitation
that occurred during the ith interval of duration at. By
inspection, a c-value of 0.7 was found to provide the best average
approxi mation of pipeflow hydrograph recession.
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Pipe discharge at Caspar Creek is predoninantly a quickflow
process, with some amount of soil wetting being required to initiate
a pi pefl ow response. Once this response is achieved, additional
rainfall input is rapidly reflected in pipeflow hydrographs. Seven
stormevents occurred between January 1986 and January 1987. During
each storm time and discharge were nmeasured for (a) start of storm
(b) peak, (c) trough, and (d) end of storm Some of the storns
produced nul tiple peaks and troughs. The pipes were grouped into
two classes--1arge discharge pipes (MO06 and K102) and smal |
di scharge pipes (ML90, K105, and K107).

The coefficient of determination, r?, between each hydrograph
conponent, Y, and the APl variable, X, was maxim zed by cal culating
a series of regressions (Zemer, 1984) with various values of the
time interval, at, for each discharge class (Table 1). The val ues
for at that were tested ranged from0.04 to 0.5 d. The smaller the
val ue of at, the greater the responsiveness of the index to
short-termrainfall intensities (Fig. 3). In addition, each
regression series was repeated using one of several lag times. |a
time is the time difference between the hydrograph conponent and the
associ ated APl value, and was used to determine if there was a del ay
inthe time of precipitation input and the hydrograph response. The
lag times ranged from 0 to 0.5 d. For the 7 storns anal yzed, using
a non-zero lag time did not inprove the performance of the
regression nodel .

Start of storm

The regressions between the start of stormdischarge and the API
variable were only significant for the class of small pipes

TABLE 1 Tine interval (at) which produced the regression having
the maxi mum coefficient of determination(r?) between the

di scharge (Y) for each hydrograph conponent and the APl variable (X)
for sanple size (n)

Large pipes Small pipes
2 2

Hydrograph n At r n At r
component (d) (d)

*
Start 12 n.s. 0.21, 23 0.50 0.35,
Peak 19 0.25 0.66, 33 0.50 0.60,
Trough 15 0.50 0.61 13 0.04 0.60
End 1" n.s. 0.09 22 n.s. 0.02

Regression significant at the 1% level.
Nn.s. Regression not significant.
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FIG3 Discharge (Q fromlarge pipe K102 and APl using
two values for at during one storm

(Table 1). The snall discharge pipes are ephemeral and require some
initial rainfall before they begin to flow A simlar observation
was nade by Tsukanoto et al. (1982). They reported that pipeflow
did not begin until groundwater saturation reached the pipe |evel.

In contrast, response of the large discharge pipes is nore
conplicated at the beginning of the storm The results inply that
there was a conponent of rapid contribution froman anastonosing
network upslope, as well as a component of |ong-term delivery and
drai nage of the phreatophytic surface prior to the onset of
rainfall. Qur choice of t and ¢ values was directed to evaluating
short-termtrends within storm periods, and may obscure the
rel ationships governing the initiation of stormresponse in this
class of pipes.

Jones & Crane (1984) studied piping processes in a humd upland
basin in md-Wles. The perennial and epheneral pipes they neasured
produced greater discharges than those that we studied, but the
hydrographs were simlar in shape. They found that prestormflow
| evel s for the perennial pipes were correlated with total rainfall
inthe preceding 7 days. They also noted that for the epheneral
pipes, short-term antecedent conditions were nore significant than
longer,term conditions. Jones & Crane cal cul ated antecedent
conditions as an accumul ation of precipitation over specified
periods. They did not utilize a decay factor in their antecedent

cal cul ati ons.
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Storm peaks and troughs

Jones & Crane (1984) reported that peak discharges in perennial
pipes were correlated with flow levels prior to the stormand to
total stormrainfall. For epheneral pi pes, peak discharges were
controlled by rainfall intensities occurring before the peak,
Wlson & Smart (1984) | ooked at pipeflow in another catchnent in
VMl es. They noted a fairly linear correlation between peak discharge
and total stormrainfall when high soil moisture conditions
receded rainfall input. Pi pefl ow response time was observed to
ecrease with increasing soil noisture.
For both the large and small pipes at Caspar Creek, the AP
variabl e produced significant regressions for both the storm peak
di scharge and within-stormtrough hydrograph conponents (Fig, 4).
For peak discharge from large pipes, the time interval (at) which
yielded the greatest r was 0.25 d, whereas, for the small pipes,
the "best" value for at was 0.50 d (Table 1). This inplies that
once the stormis in progress and the hydrograph is rising, flow
fromthe large pipes I1s nore responsive to short-term rainfall
intensities than is that fromthe small pipes. This observation is
different than that reported by Wlson & Smart (1984).
~ \Wen the falling linb of the hydrograph is interrupted by the
rising limb, a trough is formed. Discharge at this point can be
consi dered a special case of the start of storm hydrograph
conponent, in which the soil is still draining fromthe previous
storm and basefl ow has not yet been attained. The small, epheneral
pipes are still flowing. Under these conditions, the "best"at
value for predicting trough discharge for the |arge pipes was
0.50 d, and for the small pipes was 0.04 d--indicating that the
smal | pipes were responding to shorter-duration rainfall intensities
than were the large pipes.
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FIG.4  Relationship between discharge (Q) and APl for
|l arge (A) and small (0) discharge pipes at sites Ml and
K1 for (a) storm peaks and (b) troughs.
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End of storm

Wlson & Smart (1984) found a relationship between persistence of
pi pe discharge after the rainfall event and total stormrainfall.
For our pipes at Caspar COreek, we could find no significant

rel ationship between the APl variable and end-of - storm di schar ge.

CONCLUSI ON

Nearly all of the discharge that we observed at our sites came from
pipeflow. There was very little seepage fromthe excavation face,
even during storm periods. This is simlar to observations by
Tsukamoto et _al. (1982). They reported that pipeflow was

responsi bl e for 95% of the outflow froma small granitic headwater
catchnent in Japan. Seepage through the soil matrix at their
location was negligible. In another setting, Jones & Crane (1984)
found that pipeflow accounted for 46% of the streanflow generated
from their study area.

Cimte and geology vary for the linited nunber of studies of
pipeflow hydrol ogy conducted to date. These studies firny
establish the concept that macropore and piping networks are locally
significant mechanisnms for routing water and sediment from steep
upl and  wat er sheds.
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