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The effects of roadbuilding, logging and burning upon stream

runoff responses to individual storms are evaluated for the Alsea

experimental watersheds, located in the Oregon Coast Range, The

parameters analyzed are peak discharge, induced peak discharge,

time-to-peak, and storm-runoff volume. The volume parameter is

further sub-divided into total, quick, delayed, rising limb and falling

limb flows. The control-watershed approach and linear regression

method are utilized in this study.

Calibration of the main stations at Flynn Creek (502 acres) and

Deer Creek (750 acres) started in 1958. That for subwatershed DC II

(138 acres) and DC III (100 acres) started in 1962. Watershed treatments



included differing amounts of roadbuilding in the summer of 1965 and

logging in 1966. The percentages of each watershed area subject to

roadbuilding and to logging, respectively, were: Deer Creek main

station, 3. 7% and 26% of area in roads and logging, respectively,

DC II, 3. 1% and 20%, and DC III, 12, 1% and 72%, One small portion

on the main watershed also received burning treatment in 1967, Flynn

Creek was preserved in its natural state as a control. Data were

analyzed through 1968.

The storm-runoff responses of the treated watershed were found

to relate to the type of treatment applied and percent of area treated,

Roadbuilding resulted in significant increases in peak and induced peak

discharges on DC III, which was subjected to the most intensive treat-

ment. Logging generally demonstrated a more pronounced effect on

runoff than did roadbuilding, since more vegetation was removed. Al-

though highly significant augmentations in peak and induced peak dis -

charges were detected after logging on subwatershed III, only minor

changes were observed at the main Deer Creek outlet,

The time-to-peak parameter was generally not affected by the

land manipulations in this study.

Separation of the annual data into the assumed recharging and

recharged periods, based on antecedent soil moisture conditions, was

selected for seasonal comparison over the use of an arbitrary cutoff

date.



Changes in flow volume parameters due to roadbuilding were

insignificant. Rising limb flow on DC III as well as at the Deer Creek

main station was moderately increased after logging. Although an in-

crease in delayed flow and a decrease in quick flow occurred at the

main station, these are considered to be compensating errors.

Effects on design floods after treatments were indicated by the

sharp increases in peak discharges, based upon flood frequency and

statistical analyses.
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SYMBOLS AND TERMS

areal-inch - 1 inch depth of water over the area considered.

cfs - Cubic feet per second.

csm - Cubic feet per second per square mile.

DCM - Deer Creek main station.

DC II - Deer Creek subwatershed II.

DC III - Deer Creek subwatershed III.

Flynn - Flynn Creek watershed.

Yearly - Full-year data.

Recharging - Recharging period for moisture in the soil profile.

Recharged - Recharged period for moisture in the soil profile.

Pre - Pre-treatment period or calibration period.

Post - Post-treatment period.

Road - Post-roadbuilding period.

Log - Post-logging period.

Max - Maximum.

Min. - Minimum.

n - Number of observations.

r - Correlation coefficient.

ts - Computed student's t statistic for regression coefficient.

tv - Computed student's t statistic for vertical position at

mean of means and at different levels of recurrence
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intervals.

- Significant (0.05 level).

- Highly significant (0. 01 level).



STORM RUNOFF RESPONSE FROM ROADBUILDING
AND LOGGING ON SMALL WATERSHEDS IN THE

OREGON COAST RANGE

INTRODUCTION

A major portion of the earth's surface is covered with forests

producing valuable resources of wood and water. In Oregon, forest

and range lands yield over three-quarters of all the water supply; at

the same time Oregon's lumber and timber products rank first in the

nation (West. Wood Prod. Assn. , 1968). Therefore, the effect of

logging on stream runoff, water quality, and subsequent uses for fish

and water supply is of particular importance in this state.

Numerous studies have had as objectives the determining of

effects of land manipulation on annual water yield from forested water-

sheds. However, few have been aimed at stream-runoff response to

individual storm events. The past experience of land-use effects on

the individual hydrograph parameters is sparse, especially in the

highly permeable soils of the western Oregon where clearcut logging

is an everyday practice. More recently, Gilleran (1968) and. Harper

(1969) have separately looked into the effect of roadbuilding and clear-

cut logging in the .Alsea watersheds. Due to the scope of their studies

many often raised questions are left unanswered. What are the

streamflow responses to patch-cut logging? How is peak discharge
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altered without an influence on base flow? What is the significance of

increased peaks on design-flood frequency? From their work, it was

indicated that more research was definitely needed on the character

of hydrograph changes from different watershed practices.

Objective s

It is not enough to know whether forests influence
streamflow, it is necessary to know how much,, at what
season, and under what condition of climate, soil and
topography, and the variation between different kinds of
forests as well (Bates and Henry, 1928).

With these words in mind, the objectives of the study are as

follows:

(1) to determine the effects of roadbuilding and logging on

stream runoff parameters such as peak discharge, induced

peak discharge, time-to-peak and storm-runoff volumes.

(2) to compare the land-use effects for watersheds that were

subjected to different road densities and degree of clear-

cutting.

(3) to develop a better seasonal separation of storm-runoff

events based on an index of antecedent soil-moisture condi-

tions.

(4) to investigate the effect of treatment on design flood fre-

quency.
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Scope

Stormflow information was utilized from three experimental

watersheds of the Alsea watershed study in the Oregon Coast Range.

These watersheds were unlogged for a number of years before road-

building, logging and burning. The watersheds were analyzed for peak

discharge, induced peak discharge, time-to-peak and storm-runoff

volumes. The storm-runoff volume parameter was further subdivided

into total, quick, delayed flow, rising limb, and falling limb flows.

The control watershed method was used in this study. All

parameters except flow volume were analyzed seasonally based on an

index of antecedent soil moisture conditions. The effect of land treat-

ments on design flood frequency was investigated using Gumbel's

distribution and regression analyses.

A brief review was given of the possible inherent errors that

may have a bearing on the accuracy and precision of this research.
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LITERATURE REVIEW

The removal of vegetation on stream runoff from watersheds

has long been recognized as an alternative in water supply augmenta-

tion. Trees generally use the largest amount of water of all natural

vegetative types. This occurs primarily by interception and transpi-

ration. When trees are removed from forest land, processes are

modified, less water is lost, and water yield is augmented.

In order to better understand the effect of different land uses on

runoff, it is essential to investigate the various runoff processes

from the time rain falls on a watershed until it leaves the watershed

outlet as streamflow. or returns to the atmosphere by evapotranspi-

ration. Each of these processes may be modified to a degree by

vegetative removal from a forested watershed (Storey, 1958).

Runoff Processes

The runoff processes in a vegetated watershed begin with rain-

drops striking a forest canopy and end with surface and sub-

surface runoff into stream channels. Much of the rainfall during the

first part of a storm is stored in the vegetal cover as interception

(Leonard, 1967). If infiltration rates are limiting, surface detention

occurs through the formation of a film of water covering the soil

surface (Linsley et al. , 1949). Assuming that no major depression
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storage exists on a small watershed, precipitation soon recharges the

depleted soil mantle and becomes soil moisture storage and sub-

surface runoff. Overland flow is possible only in rare instances on a

fully forested watershed (Storey, 1958).

Vegetation plays a significant role in this runoff process. A

change in vegetal condition may alter the timing and the magnitude of

peak discharge as well as the flow volumes from a watershed.

Hibbert (1967), in a review of the subject, found that forest reduction

suppressed evapotranspiration, and hence augmented annual stream

yields. He concluded that results from individual treatments varied

widely and were often unpredictable among different geographical

areas sampled. .Nevertheless inferences can be drawn from other

-literature on the runoff process, treatment effects and research

methods. In this literature review, emphasis is especially placed on

soil-water movement and storage, which are the factors most likely

to be influenced by road.building and logging.

Soil-Water Movement

Infiltration. Infiltration is the passage of water through the

soil surface. The infiltration rate is usually high over a well devel-

oped forest floor. This is because leaf litter and under story vegeta-

tion help to protect the soil surface against the sealing effect of

raindrops as well as to impede the movement of surface water. At
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the same time the biological activity under the dense vegetation tends

to stabilize the soil aggregates and favors soil-water movement

(Harrold et aL , 1962). Road surfaces and logged areas, on the other

hand, are more compact than for natural forest conditions. Infiltra-

tion rates can decrease on denuded soil under the impact of raindrops.

When surface runoff developes, puddling produces a faster and longer

overland. flow (Chow, 1964; Bullard, 1966). Dunford (1954) found that

the removal of litter from a Ponderosa pine stand in Colorado reduced

the infiltration rate to such a degree that overland runoff was seven

times that of an adjacent undisturbed area.

The infiltration capacity has been demonstrated to decrease

after burning. In southern California, an hydrophobic layer formed

on the soil surface and was shown to reduce infiltration rates (DeBano

et al. , 1967).

However, burning may not consistently affect infiltration.

Anderson, Duffy, and. Yamamoto (1966) have interpreted an increase

in streamflow, after burning of a fern watershed in Hawaii, due to a

reduction in interception. Increased infiltration may be induced by

revegetation; Rothacher (1953) found infiltration greatly augmented

on 28 plots of White Hollow Watershed in Tennessee following refor-

e station.

Percolation. Percolation is the movement of water within the

soil. The traditional understanding of this process is that streamflow
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is maintained by adjacent ground water bodies. Water in the saturated

profile, driven under a difference in potential (piezometric level slop-

ing toward the channel), feeds the stream. However, many research

studies have concluded that ground water bodies are often missing

during low flow periods and that base flow in mountainous streams is

sustained by slow drainage of soil moisture (Hewlett, 1961; Edlefsen

and Bodman, 1941; Nixon and. Lawless, 1960).

In 1941, Wenzel stated that ground water may react very quickly

to precipitation. He also noted that a subsurface flow from up-slope

may cause a sharp increase in the slope of the water table at the

stream edge. Roessel (1950) suggested that rainfall immediately

affected ground water through a change in hydrostatic pressure:

When the, field moisture deficiency is satisfied, a drop
of rain does not need to traverse the zone above the
capillary fringe to exert its influence. Its added pres-
sure at the top will permit a drop at the bottom to
reach the fringe and make the water table rise.

Hewlett and Hibbert (1967) proposed a 'Pulse" theory to explain the

rapid response of stream runoff to precipitation. They hypothesized

that a drop of water entering a saturated or near-capacity soil mantle,

instead of percolating down the profile, displaces one drop of the

same volume at the outlet to the stream channel. This theory implied

that the outflow to the stream is from pressure displacement rather

than percolation. The water movement through saturated and unsat-

urated soil profile can be used to delineate slow dry-season flows.
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The "Pulse" mechanism is essential for the rapid response of stream-

flow to rainfall.

Descriptions of the effects of land manipulation on percolation

rate are rare in the literature. Nevertheless there is enough research

to prove that a forest is particularly effective in increasing perme-

ability and creating large pores within the soil. This is important in

the reduction of peak discharge (Storey, 1958). The deep-rooting

trees and the activities of burrowing animals and organisms are re-

sponsible for higher percolation capabilities.

A comparison of the percolation rates has shown a signi-

ficant difference between a forest soil and a cultivated soil in Ohio

(Schiff and. Dreibelbis, 1949). The percolation rate of the surface

soil in the forest was shown to be nearly twice that for the cultivated

area. And the sub-soil percolation rate in the forest was five times

that of the cultivated area. This implies that raindrops entering the

forest soil can move downward more rapidly. The top one-foot of

surface soil in the forest provided a temporary storage for up to three

inches of storm water which might otherwise have joined the flood flows.

Soil-Water Storage

Forest vegetation consumes significant amounts of water through

evaporation and transpiration. Reductions in evapotranspiration

following watershed treatments often lead to increased soil-water
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storage. The overstory of forest, with its large surface-area, inter-

cepts rainfall and exposes the wetted surface to solar radiation, con-

vective heat, and air movement. Consequently, evaporation may be

greater as compared to a logged-over area. Thorud (1967) artificially

applied water to the foliage of small potted ponderosa pine trees to

determine the effect of wetting on transpiration rates and soil-moisture

storage. The reduction in transpiration induced a net interception loss

when water was freely available, Penman (1963) has indicated a re-

striction in evaporation from bare soil surfaces as the surface drys.

The dependence of interception loss on the duration and intensity

of rainfall has been widely noted (Zinke, 1967; Leonard, 1967). Light

dry-season storms may be completely intercepted, but only very

small proportions are intercepted from Long, intense wet-season storms

(Kittredge, 1948; Trimble and Weitzman, 1954; Rothacher, 1963;

Krygier, 1963). Therefore, it would be reasonable to postulate in-

creased storage, higher peak discharge and shorter time to reach the

peak if vegetation is absent.

Roots may extract water from the soil, often for depths exceed-

ing eight or nine feet, to provide for transpiration. Hoover (1944)

demonstrated that a forest-stand with a dense shrub understory

uses 17 to 22 inches of water annually in transpiration. Removal of

this vegetation had been shown to increase streamflow by an amount
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equal to the estimated transpiration, if sprout growth is prevented.

In comparing the rates of water losses in openings surrounded

by forest, Ziemer (1964) reported the maximum savings of water

for one year in clearcut opening to be 6.9 inches in the top four feet of

soil in the Sierra Nevadas. By the fifth year, when some regrowth

appeared, the savings of water decreased to 20 9 inches; after ten

years to 1, 2 inches; and after 12 years to 0. 7 inch. The effect of

the clearcut opening, when extrapolated over time, disappeared in 16

years, which is good evidence of the diminishing effect of logging with

the elapse of time. The total amount of water saved over the 16 year

period was estimated to be between 24 and 49 inches.

Harrold et al, , (1962) showed that after reforestation and crop

production of an area in Coshocton, Ohio, the soil-moisture storage

capacity was greater during periods of rainfall. The inference was

that in the reforested and deep-rooted crop areas both the vegetal

cover and the roots accelerated the transpiration process. Thus

depletion of soil moisture between storms increased and a larger pro-

portion of each precipitation was required to satisfy the soil reservoir

before water became available to recharge the ground water. The

inverse land treatment of logging a watershed would then be expected

to increase peak discharge and storm-runoff volumes.
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Past Treatment Results

Vegetation removal has been demonstrated to decrease the

evapotranspiration rate, to result in compaction of the soil surface,

and to increase overland flow. These effects are expected to appear

in the annual yield as well as in parameters of the storm hydrograph.

Rothacher (1965) concluded from studies at the H. J. Andrews

watersheds on the western slopes of the Oregon Cascade Range that

clear-cutting of a 237 acre Douglas-fir forest increased the annual

yield one year after logging by 21.2 inches, or 39%. During the sec-

ond year, the yield was 18.2 inches greater than the pre-logging

average yield. However, no significant increase in peak discharge

was found after access roads for logging were constructed on 8% of

another watershed (250 acres), nor after an additional 25% of the

watershed area (62 acres) was clearcut. An annual yield increase of

only 1.3 inches was reported in an earlier clearcut study in the

Colorado Rockies where annual precipitation was only about one-fifth

of that in the Oregon Cascade Range (Bates and .Henry, 1928).

Ursic (1969) observed that in the first year after burning of

abandoned fields in northern Mississippi, the average instantaneous

peak flows were three times greater than for unburned fields. Dur-

ing the second and third years, 27% of the peak discharges were sig-

nificantly higher than for unburned conditions. He concluded that the
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soil-moisture storage of the upper six inches of soil was not affected

by the burning. Thus, changes in peak flows probably resulted from

an altered soil surface.

Experiments conducted by Nakano (1967) in Japan showed that

the removal of forest vegetation increased annual flow, low flow, and

direct runoff from 8 to 58% and peak flow by 69 to 114%. It was

speculated that these increases were probably due to the red.uction of

transpiration and interception, and the decline of infiltration on soil

disturbed by logging.

Three watersheds in the humid forest-type of central Ari-

zona have been studied since 1938. After a calibration period of 15

years, 36% of the basal area of the mixed conifer forest was removed from

1953 to 1955. The effect of forest reduction did not reveal any signi-

ficant changes in water yield. Hydrograph charts for days preceding,

during, and after the cuts were essentially the same (Rich, Reynolds,

and. West, 1961). The reason for no change detected in the stream-

runoff responses probably lies on the small percentage of watershed.

area treated.

The Tennessee Valley Authority (1951) has reported on the re-

sults of reforestation and erosion control activities on the White

Hollow Watershed. Discharge rates during storm periods were only

8 to 27% of those prior to the establishment of forested conditions.

No significant reduction in peak discharge was detected for the
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extremely large storm events. The falling limb portion of the storm-

flow hydrograph was decreased. Low flows were generally unaffected

except for watersheds that had large ground-water contributions to

streamflow, where a sizable decrease was present. The reasons for

these reductions in stream runoff were given as augmented infiltra-

tion and percolation rates. The reforestation increased mulch and

litter. At the same time, evapotranspiration from the forest cover

consumed significant amounts of annual water yields.

Watershed experiments in snow zones have demonstrated that

forest cutting increases the annual yields of snow-fed streams. At

the Fool Creek Watersheds, Colorado, about half the merchantable

timber (lodgepole pine and spruce-fir type) on 714 acres was harvested

by strip clear-cutting. The logged-over surface consisted of 35 acres

(11.9 miles) of road system and 243 acres of clear-cut strips. During

the first year, water yield was increased by 37%, or slightly over 4

inches, and in the second year the water yield was increased by 17%,

or 3.4 inches. General observations indicated that less snow reached

the ground under a forest stand than in open areas. Snow on tree

canopies apparently received 50% more solar radiation than that on the

ground, hence, the rate of vaporization from branches was much high -

er, Therefore, when vegetation is removed from a watershed, more

water becomes available for stream - runoff,

Espey, Winslow, and Morgan (1969) studied urban effects on
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the unit hydrograph with a watershed of 1.03 square miles in Houston.

Texas. They reported that a 27% impervious cover of road-surface

and roof-tops as a result of urbanization had increased the peak dis-

charge by about 50% over undeveloped conditions. Further, they pre-

dicted that, for a 50% impervious cover, the peak discharge would

approximately triple that of the rural conditions, and the time-of-rise

for the flood peak would reduce by a factor of one-third. The reasons

for these changes were obviously the reduction of infiltration and soil-

moisture storage opportunities. The greater runoff efficiency of the

impervious "black-tops" and drainage systems resulted in shortening

the time to reach the flood peak.

Streamflow response to treatment is highly variable, and, for

the most part, unpredictable (Hibbert, 1965). The above land use

studies and numerous others (Love, 1955; Pereira, 1962, 1964;

Schneider and Ayer, 1961; etc. ) indicate this central point. Drawing

some inferences from these studies, we would expect that roadbuilding

and logging to augment peak discharge rates, reduce the time-to-peak

parameter, and increase storm-runoff volumes. Furthermore, the

effects of vegetation removal probably- depend very much on the type

and the condition of forest, the intensity and method of treatment, and

the time elapsed after the land manipulation.
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Past Research Methods

Many different methods have been used in the past to detect

storm runoff responses to different land uses. Among them the unit

hydrograph, flood formula, double-mass, and control-watershed

approaches were often utilized separately or jointly in experimental

watershed studies. Also, in most cases when direct runoff and base

flow as well as total flow were investigated, a consistent hydrograph

separation technique was required.

Hyd.rograph Separation

Runoff caused by precipitation reaches the stream channels by

several routes, namely, surface runoff, interflow, groundwater flow,

and channel precipitation. It is impossible to measure the volume of

water following each route to the stream or to separate the volumes

once in the stream channel. However, it is of importance to hydrolo-

gists to be able to separate the storm hydrograph in such a manner

that the components of the hydrograph which are affected by the forest

manipulation can be reasonably identified.

At least four arbitrary hydrograph separation methods are

customarily used in dividing stormflow into direct runoff (that part of

runoff which enters the stream promptly after the rainfall or snow

melting) and baseflow (the sustained or fair-weather runoff) (Linsley,



Kohler and Paulhus, 1949; Chow. 1964). Figure 1 demonstrates the

rules used for separation purposes.
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Time

Figure 1. Methods of hydrograph separation.
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The simplest method is separation by the straight horizontal

line AA'. The disadvantages of this method are its extremely long

time base and the inconsistency of the time base from storm to storm

depending on the flow level at the point of rise. The second method

is to draw line AB from the initial point of rise to some point in the

recession limb N days after the peak. N is a function of watershed

size. This method overcomes the shortcomings of the previous rule
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by having a shorter time base. But if the initial point of rise is high

due to antecedent conditions, then it will not yield realistic results.

A third rule is shown by the line ACB. The segment AC continues the

recession trend prior to the storm until under the peak; and the part

CB corresponds to a rise in the ground water reservoir, assuming

that recharge begins when the peak is reached. The fourth, line ADB,

involves tracing a mirror image of the approaching base flow, start-

ing at the initial point of rise and stopping at D, directly below the

point of inflection of the recession curve. Segment DB is an arbitrary

line which connects to the recession limb. This method is best for

watersheds that have quick ground water recharge rates.

A modification of the second hydrograph separation method has

been developed by Hewlett and Hibbert (1967) for small watersheds in

humid regions. They examined many storm events from about 200

water-years of records collected on 15 small forested watersheds of

various sizes, mean elevations, slopes, forest cover, soil and vegeta-

tion types in the Appalachian-Piedmont area. Then they proposed a

projection line increasing at 0.05 csm per hour, starting at the point

of rise of the hydrograph and continuing until the line intersects the

recession curve. The advantages of this method, other than being

simple, are that: (1) it removes personal bias from the separation

procedure, thus making the pre- and post-treatment comparisons

more uniform; (2) it is applicable to computer analysis of all
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hydrographs; (3) it is empirically sound and in line with normal hy-

drograph separation practices. The two volumes thus obtained were

renamed "quick flow" and "delayed flow" in place of the conventional

names of direct runoff and base flow (see Figure 2). This separation

method was selected in this research after it was tested on a number

of hydrographs collected at the Alsea Watersheds. All separations

examined appeared to be consistent and reasonable according to

customary separation methods._ It is also hoped that such a consistent

hydrograph separation method will make inter-watershed and inter-

regional comparisons of response meaningful in this study.

f

0

Delayed flow

Time

Figure 2. Quick and delayed flow separated by projecting a line
0.05 csm per hour from the point of rise to the recession
line.
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Unit Hydrograph

The unit hydrograph may be simply defined as the hydrograph

that produces one inch of direct runoff from a storm of specified

duration (Figure 3) (Folse, 1929; Sherman, 1932). The unit hydro-

graph method involves several assumptions: (1) all the watershed

characteristics are reflected in the hydrograph shape; (2) the time

base is constant for all amounts of excess rainfall of a given duration;

(3) peak discharge is directly proportional to the runoff volume;

(4) the hydrograph is independent of any antecedent conditions;

(5) uniform precipitation occurs in time and space. Individual storm

hydrographs may be obtained by multiplying the ordinates of the unit

hydrograph by the ratio of excess rainfall in inches and adding an

appropriate base flow (Chow, 1964).

Uniform precipitation

1 inch of direct runoff

Time ow.

Figure 3. Diagrammatic sketch of unit hydrograph.
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When applying this method to detect changes in peak discharge

and hydrograph shape, one should first construct unit hydrographs for

various excesses of rainfall observed during the calibration and the

post-treatment periods using precipitation and runoff records of the

watershed. Superimposing the two sets of hydrographs for the same

duration would reveal any change in stormflow response that may

have occurred due to the treatment. The advantage is that no control-

watershed or continuous streamflow record is necessary. Barnett

(1963) studied the storm runoff characteristics of three small water-

sheds in the H. J. Andrews Experimental Forest in Western Oregon.

He found that the unit hydrograph assumption of identical time dis-

tributions of runoff from all unit storms was not met. Van Sickle

(1962) used the unit hydrograph as a means of detecting the effects of

urban development on storm runoff in Houston, Taxas. Urban effects

on the unit hydrograph were also investigated by Espey, Winslow and.

Morgan (1969). They concluded that the development of the unit

hydrograph, together with development of design storm-rainfall data,

involved such complex and time-consuming procedures that they could

not be substituted satisfactorily for other rational methods.

Flood Formulas

Flood formulas are often used to estimate maximum discharge

values of a flood for small watersheds where more costly methods may
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not be justifiable. It is also possible to use such formulas for detec-

tion of land treatment purposes. The procedures may be developed

as follows: first, correlate certain meteorological factors in an

equation to predict information sought for a watershed that is to be

treated. After the treatment, another equation having the same form

and parameters is developed. Statistical comparisons can be made

between the pre- and post-treatment coefficients to evaluate the effect

of treatment applied.

A widely used flood formula is the so called "rational formula"

(Kuichling, 1889).

Q=ciA
Q = Peak discharge in cfs.

c = Dimensionless runoff coefficient.

i = Intensity of rainfall in inches per hour.

A = Drainage area in acres.

The rational formula, like others, requires certain assumptions and

had a number of weaknesses. The more important assumptions are:

(1) the precipitation is uniformly distributed over the watershed and

occurs at a steady intensity for a time at least equal to the time of

concentration (which is far from realistic); (2) the runoff coefficient

and time of concentration are constant from storm to storm and during

the storm. Ramser (1927) found the second assumption to be invalid.
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He argued that "the time of concentration is most difficult to evaluate,

except by the use of vague empirical relationships. " The runoff coef-

ficient is a function of antecedent conditions, infiltration rate, land

usage and other basin characteristics which vary seasonally, from

storm to storm, and during the storm. In spite of its limitations, the

rational formula is a simple and useful approach in peak discharge

predictions once the runoff coefficient has been evaluated.

Nakano (1964) used the regression relation between different

runoffs (annual, low, direct, and peak) and the corresponding climatic

factors in his land treatment analysis. Utilizing the least-squares

fitting of the best equation to the data, runoff of the watershed could

be predicted by precipitation duration, precipitation intensity and

other meteorological parameters. Edson (1951) used a two-parameter

equation of watershed characteristics in evaluating time-to-peak and

the peak discharges. Multiple regression techniques were often

employed in formulating mathematical prediction equations. Precipi-

tation, watershed characteristics and antecedent moisture conditions

were fitted into a three-parameter mathematical model by Reich

(1962) in predicting the instantaneous peak discharge.

The burn-planting treatments were investigated by Anderson

et al. (1966) in Hawaii, using peak discharge relations to pre- and

post-fire hydrometeorologic parameters with a "paired watersheds"

technique. The multivariates considered were 15-minute intensity of
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rainfall, 7-day antecedent precipitation, total storm rainfall and sea-

sonal class, etc. Harrold et al. (1962) also utilized the measurable

climatic parameters,, such as temperature and seasonal precipitation,

in formulating annual streamflow estimation equations for a treated

watershed. They found that when climatic variation and any natural

trend were removed this way, the estimate of the land use and treat-

ment effect was improved.

There are various other flood formulas found in the literature,

such as those by Horton (1939), Roe and Snyder (1943), Anderson and.

Trobitz (1949), Pistilli (1951), etc. However, the majority are old

and empirical. Application of most of them is restricted to certain

localities and needs the evaluation of one or more constants by per-

sonal judgment. Often the dimensions are misleading and unsound.

Since watersheds change with time, errors are often involved in pre-

diction of events by such formulas.

Double-Mass Curve

The double-mass curve is most frequently used for testing the

consistency of hydrologic records and for making required adjust-

ments (Kincer, 1938; Weiss and Wilson, 1953; Kohler, 1949). How-

ever, when appropriately applied, it can be a graphical approach for

detecting land use treatments on an experimental watershed.

Searcy and Hardison (1960) prepared a manual describing the
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statistical analysis of the double-mass method for watershed and land

use studies. The principle is based on the comparison of the accumu-

lated annual or seasonal runoff on a treated watershed with the concur-

rent accumulated values of the controled station. An abrupt change

in the slope of the double-mass curve corresponding to the time of

treatment indicates the effect of that particular treatment. However,

because the magnitude of the land-use effect often varies with time

after treatment, the slope of the double-mass curve will not stay con-

stant. Therefore it is difficult to evaluate the significance of the differ-

ence in slope before and after treatment.

Anderson (1955) used the double-mass plotting of hydrologic

events against a meteorological control (calculated from the maximum

daily precipitation and antecedent conditions) in analyzing the land

treatment effects on peak discharge, annual yield and reservoir sedi-

mentation at Santa Ynez Watershed, California. In a case study, the

annual runoff of a 295 - square mile drainage of Ochoco National Forest

in central Oregon was compared with the land use history for the per-

iod 1921-1965 (Berndt and Swank, 1970). Utilizing the double-mass

approach, it was possible to demonstrate the effect of forest cutting,

mining, grazing and wild-fire on annual stream runoff.

Control-Watershed

Most of the flood formulas were developed to predict peak
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discharges. Therefore if other runoff parameters such as time-to-

peak and runoff volumes are concerned, the control-watershed method

probably is by far the most effective approach presently known.

Principle. The principle of the control-watershed method is to

compare two watersheds of similar conditions during a period of cali-

bration, and then to treat one while leaving the other as a control to

determine the effects of treatment. The calibration period correlates

the natural relation of the watersheds to one another so that the un-

controlled variations, such as precipitation and other climatic factors

not associated with the treatment, may be minimized by statistical

methods (Wilm, 1949). The treatment is then applied to one of the

watersheds. The difference between the actual value after treatment

and the predicted value using the calibration equation will demonstrate

the conclusive effects of the treatment (Goodell, 1951).

The control-watershed method was first used in the Wagon

Wheel Gap study of 1911 in the Colorado Rockies (Bates and Henry,

1928). Since then, many researchers have utilized the same technique

with little variation. Reinhart and Trimble (1962) tested four differ-

ent logging practices on small forested watersheds in West

Virginia ranging in size from 38 to 96 acres. The effects of treat-

ments were detected using annual discharge, growing season dis-

charge, low flows and water quality parameters of the storm flows.

Bethlahmy (1963), Rothacher (1965), Gilleran (1968) and Harper (1969)
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all used the control-watershed approach in detecting the effects of

roadbuilding and logging on peak discharge, time-to-peak, height -,of-

rise and other individual hydrograph parameters on Oregon coastal

watersheds. They found that the length and the accuracy of the cali-

bration period governs the outcome of the experiment.

Length of Record. With limited manpower and financial re-

sources, as is often the situation for research projects, the lengths

of the calibration and treatment periods need to be as short as pos-

sible. Yet they must be sufficient to give conclusive results. Wilm

(1949) recommended equal lengths of time before and after treatment,

so as to expose the watersheds to the same opportunities for varia-

tions in climatic and other factors. He estimated that a minimum of

ten years is required to yield satisfactory results in predicting annual

runoff. Kovner and Evans (1954) developed a series of curves for

estimating the required lengths of calibration and treatment periods.

They obtained results which agreed closely with Wilm's recommenda-

tions. However, there is one major shortcoming in having equal pre-

and post-treatment periods: the effect of land use is a function of

elapsed time after a treatment. Most research has shown that the

year immediately after a land alteration demonstrates the most signi-

ficant changes and that the effect diminishes with time due to the

recovery of the watershed.

According to statistical theory, the accuracy of the prediction
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equation is directly proportional to the number of observations used

to establish the equation. Therefore, since several observations of

the individual hydrograph parameters are obtainable each year, the

length of both calibration and treatment periods can be substantially

reduced without affecting the conclusiveness of the results. Bethlahmy

(1963) utilized this idea in developing a rapid calibration method for

watershed studies. The findings of Gilleran (1968) and Harper (1969)

proved that only 2.5 years of calibration and one or two years following

treatment were needed to reveal significant treatment effects.
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WATERSHED DESCRIPTION AND INSTRUMENTATION

The watersheds selected for experimental comparisons of runoff

characteristics are Deer Creek and. Flynn Creek, both with stream-

gaging stations at their outlets. Deer Creek is divided into subwater-

sheds that are also gaged. All watersheds are tributaries of Drift

Creek and, ultimately, the Alsea River, which travels about ten miles

west into the Pacific Ocean (Figure 4).

Watershed Description

Deer Creek drains an area of 750 acres. The main channel,

identified hereafter as DCM, receives water from two subwatersheds

of particular interest in this study, identified as DC II and. DC III.

They are located in the northeast and northwest corners of Deer

Creek, with drainage areas of 138 and 100 acres respectively. Flynn

Creek, with a runoff area of 502 acres, is contiguous with the eastern

edge of Deer Creek watershed. Needle Branch watershed, also shown

in Figure 4, was part of the overall study of the Alsea experimental

basins and has been studied by Harper (1969).

Topography

The elevation of Deer Creek varies from 600 feet above sea

level at the outlet to 1600 feet at the top of DC III. Slopes are quite
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Figure 4. Map of the study watersheds.
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steep at places far from the stream channel, with an average slope of

40%.

Flynn Creek has an elevation range from 680 to 1,400 feet

above sea level and an average slope of 34%.

Deer Creek and subwatershed DC II are more elongated in shape

as compared to Flynn Creek and DC III. The drainage pattern of all

the watersheds is dendritic. Except for DC III, the direction of the

main flow is southerly. Therefore major slopes face either east or

west. DC III is the smaller of the two subwatersheds and the smallest

of all the watersheds considered in this thesis. Its stream channel

runs from west to east with slopes facing north and south. Drainage

density of all the watersheds is around 3 miles of stream channel per

square mile of drainage area.

Vegetation

Two dominant species, Douglas-fir (average 120 years-old) and

red alder, covered the study area. In Deer Creek, about 60% of the

overstory is Douglas fir and 40% is red alder. In Flynn Creek, how-

ever, the overstory is composed of 70% alder and 30% of Douglas-fir.

The heavy understory of both watersheds consists of salmonberry and

sword fern with scattered vinemaple brush.
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Climate

The climate of the study area is typical of the Oregon coastal

forest, with long rainy seasons from late September to early May.

Summers are usually dry, with less than five percent of the average

yearly rainfall of 95 inches falling in this period. Westerly winds

bring the moist air inland from the Pacific Ocean. The topography

of the watershed may affect the distribution of the precipitation, but

there are few data on the watersheds studied.

The water year begins October 1, at approximately minimum

streamflow. Fall precipitation in excess of evapotranspiration re-

charges the depleted soil mantle. The soil moisture usually is near

saturation through the winter and spring seasons. Snow is rare.

Rainfall intensity is low and is generally quite uniform over wide

areas. The average growing season is about 200 days. Temperature

ranges from 20 to 90 degrees Farenheit, with a mean of 51 degrees.

Soils and. Geology

The underlying rock is developed from the Tyee formation,

which consists mostly of arkosic sandstone and siltstone. Bohannon

and slickrock are the two major soil types in this region. The A and

B horizons are generally seven and forty inches thick, respectively.

Total depth of soil is between 24 and 40 inches. The moisture storage
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capacity is moderately high with fast drainage characteristics typical

of this area (U. S. Soil Conservation Service, 1964). For a detailed

breakdown of each horizon for both soil series, see Corliss (1961).

Instrumentation

Records of streamflow at the Flynn Creek and Deer Creek main

stations began in September 1958, and have been taken continuously.

The stream-gaging stations consist of V-notched weirs set in broad-

crested concrete dams which extend to bed rock on either side. The

control sections were not constructed to any theoretical model, as

discharge measurements were made to develop rating tables. Instru-

ments at each station are housed in standard U. S. Geological Survey

shelters and include both a Leupold and Stevens A-35 strip-chart

recorder and a Fisher-Porter Series 1540 punch-tape water-level

recorder.

The subwatershed.s of Deer Creek, DC II and DC III, are

equipped with venturi-trapezoidal flumes. Sixty-degree V-notched

weir plates were installed at the downstream faces of the flumes to

measure the low flows during summer -months. Belfort FW-1 clock-

driven recorders were installed in October, 1962, and were replaced

by FisherPorter'punch-tape recorders in 1965.

A weather station was established in October, 1963, on the for-

est service road south of the two main watersheds. Instruments in
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the station include a maximum-minimum thermometer, a sling

psychrometer, a hydrothermograph and a Fisher-Porter recording

raingage. The weather station is maintained to check the climatic

trends.
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EXPERIMENTAL METHODS

Treatment History

The pre-treatment calibration period began in 1958 for Flynn

Creek and Deer Creek main stations, and in 1962 for the sub-

tributaries DC II and DC III. Logging access roads were constructed

between May and October of 1965; logging was undertaken between

March and December of 1966 (Figure 5). The lower clearcut of Deer

Creek was burned in 1967 following timber removal. Since the per-

centage of the burned area was small, and for practical purposes the

two treatments were simultaneous, burning was not analyzed sepa-

rately in this study. The major treatments were completed before the

onset of significant fall and winter storm events. Hence there is uni-

formity of effects and more-parallel comparison in time.

The length of the calibration, post-roadbuilding, and post-

logging periods are schematically represented in Figure 6. Data for

one year were utilized for the post-roadbuilding period, and two years

for post-logging which also included the roadbuilding. Percentages of

area treated are tabulated in Table 1 for clarity. Flynn Creek was

maintained as a control watershed throughout the study period, with

no treatments applied.
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Figure 6. Treatment history of DCM, DC II, DC III, and Flynn Creek.

Table 1. Treatment area records of the Alsea study.

DCM DC II DC III Flynn

Area (acres) 750 138 100 502

Road length (ft) 26,000 4,700 9,100

Road surface (acres) 27. 8 4.3 12.1

Percentage of total area in
roads (%) 3.7 3.1 12.1

Logged area (acres) 195 27. 72

Percentage frOof total area
logged (%) 26 20 72

Burned ares (acres) 58

Percentage of total area
burned (%) 7.7
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Definition of Parameters and Data Selection Criteria

The major objective of this study is to determine the effects of

roadbuilding and logging upon streamflow hydrograph characteristics.

Consequently, peak discharge, induced peak discharge, time-to-peak,

and five different volume parameters were chosen for investigation

(Figure 7). One essential selection criterion for all the parameters

is that the particular storm has to appear in the flow records of both

the control and the treated watershed and be comparable in time and

magnitude. The reasons for this restriction are: (1) paired samples

are necessary for later regression analysis; (2) only when both the

control and the treated watershed were subjected to the same storm

could meaningful comparisons be achieved.

Peak Discharge

The maximum discharge of an individual storm event, in terms

of cubic feet per second or cubic feet per second per square mile,

is the peak discharge value. Since the runoff data are received in the

form of water stage, application of an appropriate rating curve or table

is necessary in order to get corresponding discharge readings.

The restriction in selecting a storm peak on a stage-time hydro-

graph, besides the general selection criterion mentioned above, is



Total flow

at a)
eL0

cd

-0 -0
0

r :21 Rising
limb
flow

Falling limb
flow

Delayedlflow

Time-to_
rpeak

Time , hour s

Figure 7. Definition sketch for the hydrograph parameters.
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that it must be a single-peaked storm, or the first peak 1 of a complex

hydrograph. For the longer calibration period, the above restriction

was followed quite closely, except for three major events that included

multiple peaks of two rare floods in 1964 and 1965 approaching a 100

year recurrence interval. For the post-roadbuilding and post-logging

periods, five well defined two-peaked storms were also used in order

to increase the sample number so that better prediction equations

could be obtained. In the analysis, bias from using both single-

peaked and complex hydrographs could not be avoided; however, the

percentage of two-peaked storms was small enough that it could be

assumed not to pose a serious effect.

Induced Peak Discharge

The induced peak discharge is that portion of peak discharge

attributable solely to a storm event. It is the difference in discharge

between the peak and the initial base flow. This parameter is devel-

oped to detect the rapid, storm-runoff response from roadbuilding and

logging without the influence of the initial soil-moisture condition. The

criteria for selecting data for this parameter are the same as for peak

discharge with the additional condition that the point of rise be

'Selection criterion: the falling limb of the first significant peak
must drop to at least 0.1 foot below the crest in a stage-time trace.
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discretely and clearly defined.

Time-to-Peak

Time-to-peak is the elapsed period of time between the initial

streamflow rise and the time when the crest of the hydrograph is

reached. This parameter is chosen in this study with the hope that

the effects of land use upon watershed response time may be revealed.

The selection criteria of this parameter are exactly the same as

those for induced peak discharge.

Storm-Runoff Volume

The integrated area under a hydrograph defines the streamflow

quantitatively. From an engineer's point-of-view, peak discharges

and maximum flow volumes are of vital importance in the design of

hydraulic structures. Furthermore, if storm-runoff volumes are in-

creased due to land uses, understanding which part of the hydrograph

is altered will aid the designer in flood routing techniques and give

useful information on flood control. For these reasons, the volume

parameter of a storm-runoff hydrograph was subdivided into total,

quick, delayed, rising limb, and falling limb flows.

Total Flow. This is the integrated discharge of a storm hydro-

graph during that time period from the point of rise to the point of

intersection by the hydrograph separation line. It is the total runoff
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of the watershed as a result of channel precipitation, surface runoff,

subsurface flow and ground water during a particular storm event.

There are many arbitrary methods used for hydrograph separa-

tion purposes, as mentioned in the literature review. In this study, the

constant slope of 0.05 csm per hour developed by Hewlett and. Hibbert

was used to separate the storm hydrograph into quick and delayed flows.

Quick Flow.; This is the portion of total flow that lies above the

hydrograph separation line. Quick flow arbitrarily defines the quick

response of a watershed to a particular storm, such as the surface

runoff and fast interflow.

Delayed. Flow. This is the part of the total flow that is below

the hydrograph separation line. This volume represents the flow

which is sustained by the ground water and the slower drainage of the

previous and present storms. Quick flow and delayed flow when added

together give the total flow.

Rising Limb Flow. This is the integrated flow from the water-

shed during the period from the initial point-of-rise until the peak is

reached. This parameter and the falling limb flow will aid in under-

standing the effects of land use upon the time distribution of runoff.

Falling Limb Flow. This is the portion of total flow that occurs

after the peak is reached. Rising limb and falling limb flow also add

up to total flow.

Two additional selection criteria associated with all storm



42

volume parameters are: (1) the point of rise must be clearly defined

in the records of both the control and the treated watershed;

(2) recession limbs must fall to a level close to the point of rise so

that intersection with the hydrograph separation line projecting from

the point of rise at a slope of 0.05 csm per hour is possible. In this

study, all flow volumes are expressed in areal inches for simplicity.

Data Reduction and. Analyses

The data reduction and analyses for this study involved five

major steps, subsequently discussed in greater detail.

1. Raw data were reduced to usable forms by converting stage

and time data taken from charts to discharge and time with

the aid of a digital computer (CDC 3300).

2. Storm-runoff events were regrouped into recharging and

recharged periods according to an index of antecedent soil

moisture conditions.

3. Peak discharges for various return intervals were esti-

mated utilizing the Gumbel distribution method.

4. Regression techniques were used to obtain the pre- and

post-treatment prediction equations for every parameter.

5. The regression coefficient, the vertical position of the ad-

justed means and the peak discharges for different return

intervals were all used in significance tests of the effects of
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roadbuilding and logging ( or logging and burning) on

stream runoff parameters.

Data Reduction

The reduced raw data were composed of paired values of each

parameter for the control and the treated watersheds. These were

subsequently used in various statistical analyses. General steps in

reducing the peak discharges, induced peak discharges and time-to-

peak data are as follows:

1. Selection of events from stage-time records.

2. Adjustment of records for various mechanical and technical

data collection errors.

3. Tabulation of parameters in the form of times and stages.

4. Development of computer programs to convert the crest

stages and the point-of-rise stages of individual storm

hydrographs into peak and induced peak discharges, using

various rating tables and equations 2 (Appendix IV, Corn-

puter Program 1).

The reduction of flow volume parameters included, in addition

to the above steps, the tabulation of enough data points to define the

complete hydrograph. Special care was taken to ensure that the times

2Rating tables and equations are on file.
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and stages for all breaks in slope of the hydrograph were recorded.

Furthermore, data points were not allowed to exceed 24 hours apart.

A computer program was then developed to increase the number of

data points to one stage each 15 minutes by linear interpolation of the

time-stage data input. Rating tables and equations (total of 17) were

internally applied within the computer according to time periods and

watersheds. Two subroutines served to integrate and separate the

hydrographs into various components and convert the final flow vol-

umes to areal inches (Appendix IV, Computer Program 2).

Antecedent Conditions

A similar watershed study used arbitrary cutoff dates to sepa-

rate stream rises by bummer, fall, and winter seasons (Harper, 1969).

In reality, the response of a watershed to storms does not depend

upon the date of the year; instead it depends upon the different soil-

moisture conditions prior to the storms. To correct to some extent

for this phenomenon, the initial discharge of each event was plotted

chronologically in an attempt to find a logical base flow level to sepa-

rate the recharging and recharged periods. The examination of nine

years of base flow characteristics revealed that dry summers in this

region depleted the soil-moisture to its lowest level. An example of

the separation method used for each year of record is shown in

Figure 8.
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Figure 8. Antecedent base flow levels of water years 1962 and 1963
used as a sample to illustrate the separation of recharging
and recharged soil profiles

After several small and medium- sized fall storms the base flow

began to rise gradually to 3 or 4 csm. A drastic ascent to a much

higher level usually occurred sometime in November or December.

Hence, a value of 3.5 csm was arbitrarily selected to separate the

assumed recharging and the recharged soil moisture conditions.

Although this level is indeed empirical, it is a more reasonable sea-

sonal separation method than is an arbitrary cutoff-date. The re-

charged period ends at about the beginning of May. Summer storms
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were small and rare. They were included in yearly analyses, but

excluded from the seasonal analyses which considered antecedent

conditions.

Flood Frequency Analysis

Most hydraulic structures are not designed to endure all pos-

sible floods that may occur on the watershed; rather they are designed

to withstand floods of specific frequency of occurrence, mainly for

economic reasons. The purpose of flood frequency analysis is thus to

acquire knowledge of the magnitude and probable frequency of poten-

tial floods in order to assure proper design.

Since the Alsea experimental watersheds only have a streamflow

gaging record of nine years, three approaches were tried in order to

bring about an accurate flood frequency relation:

1. Streamflow correlation. Data for the nine years of records

at Flynn Creek were graphically correlated with similar

data at the Alsea River near Tidewater, where 30 years of

records were available. However, due to the orographic

nature of precipitation in this region the correlation was

quite poor. For most of the other nearby stations the records

were either too short or the levels of correlation were in-

significant.

2. Precipitation Correlation. For the same reason, a correlation
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was rejected between the precipitation records of the study

area and those of the City of Toledo.

3. Flood frequency analysis. A single-station Gumbel flood

frequency analysis was performed on Flynn Creek (the con-

trol watershed). The computation of recurrence interval by

the Gumbel method is illustrated in Table 2. The partial

duration series was used to increase the number of floods.

This analysis was to illustrate how land use can affect design

floods. Further research with longer stream records is

necessary for making design recommendations. Figure 9

shows the plot of annual peak discharges versus recurrence

intervals on Gumbel distribution paper. A straight line has

been fitted through the plotted points. Peak discharges cor-

responding to return intervals of 2. 33 years, 10 years and

25 years were estimated to be 85, 120 and 140 csm respectively.

The third approach, is considered to be the best approach avail-

able. The highest recurrence interval of 25 years was chosen because

available records are short and most culverts and conduits on small

watersheds are not designed for much longer periods. The recurrence

travel of 2, 33 years is considered to give the average annual flood

(based on analysis of long term periods).

The effect of roadbuilding and logging on design floods was deter-

mined by first estimating Flynn Creek peak discharges for various
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Table 2. Partial duration series of singlestation Gumbel flood fre-
quency analysis of Flynn Creek, 1959-1967.

Water
year

Date and
hour

Flood
peak
(csm)

Order
number

(m)

Recurrence
interval

n+1 1/Tr = m

1959 1- 9-0400 68 10 1.40
1960 2- 9-0400 55 13 1.08
1961 11-24-0800 100 3 4.67

2-10-1100 82 7 2.00
1962 11-22-0800 59 12 1.17
1963 11-26-0100 83 6 2.33
1964 1-19-1700 81 8 1.75
1965 12-22-1130 115 2 7.00

1-28-1030 176 1 14.00-21
1966 12-27-2400 67 11 1.27

1- 3-2400 72 9 1.56
3- 9-1100 94 4 3.50

1967 1-27-2330 90 5 2.80

1/n = number of flood peaks (= 13).

?/TheThe 1965 January flood was estimated to be close to a 100-year
flood on watersheds of longer records.

150
ci)

50

Tr = 25
P.D.P = 140 csm

Tr = 10
P.D. = 120 csm

Tr = 2.33
-P.D. = 85 csm

1.01 1.5 2.0 3 5 10 20 30 50 100
Recurrence Interval, Years

Figure 9. Gumbel flood frequency distribution of Flynn Creek peak
discharges for water years from 1959 to 1967 (partial
duration series).
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return periods. They were then applied to the regression relations

for peak flows at the treated watersheds DCM, DC II, and DC III for

pre-treatment and post-treatment conditions to predict the changes in

flood peaks due to treatment. Statistical methods were utilized to

further investigate the significance of any changes.

Regression Analysis

Computer cards containing the paired values of each parameter

for the control and treated watersheds were made for the development

of correlation equations. Stepwise and simple linear regression pro-

grams from the Oregon State University Computer Center Library

were utilized to determine the calibration and post-treatment predic-

tion equations. Examinations of the regression coefficients, the ad-

justed means (mean of means) and the peak discharges for three

return intervals were made to justify the significance of the changes

due to the different land treatments.

Regression analysis considers the frequency distribution of -the

dependent variables at each of several levels of the independent vari-

ables (Li, 1964). In this study the parameters for the control water-

shed formed the independent variables and variables derived from the

data for the treated watersheds served as the dependent variables.

One of the purposes of the regression analysis was to predict the

expected outcomes at the treated watersheds with the data of the
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control watershed. Another purpose was to examine the significance

of changes at the treated watersheds after land alteration, as com-

pared to the control.

Correlation Coefficient. The correlation coefficient, denoted

by r, is defined as:

r sum of squares due to regression
total sum of squares, corrected for the mean

It is a measure of the mutual relationship between the variables and

shows how well the dependent and the independent variables are cor-

related (Draper and Smith, 1968). The possible range of r is

between -1 and +1. Positive values of r indicate direct pro-

portional relationship between the dependent and the independent

variables. Negative r values exhibit inverse relationships. The

absolute value of r tends to be close to 1 when two sets of data

are closely correlated, and diminishes to zero otherwise (Sned.ecor

and Cochran, 1967). Before any tests of change could be made among

the parameters of the control and the treated watersheds, correlation

coefficients had to be established as reasonable in magnitude.

Regression Programs. Initially a stepwise regression program

was utilized to determine the best prediction equations. For example,

the peak discharge of Flynn Creek, as the independent variable, was

regressed with four dependent variables of DC III: the first power,
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Square and the cube of the peak discharge; and the ratio of the initial

base flow discharges prior to storms between Flynn Creek and DC III.

The results showed r to be greater than 0.98 for the correlation

between the first power of the peak discharges of Flynn Creek and.

DC III (Appendix I, Table 1). The other dependent variables did not

improve the correlation significantly enough to be included in the

prediction equation. The same conclusion resulted from using a

stepwise approach on induced peak discharge and time-to-peak for the

treated watersheds. Therefore, the linear regression was used for

all correlations, including runoff-volume parameters where only a very

limited number of observations was available for analyses (Appendix

I, Table 4).

A total of 252 sets of data were regressed into 168 pre- and

post-treatment prediction equations. Statistical tests of the regres-

sion coefficients, mean of means, and flood peaks for different levels

of recurrence intervals involved more than 200 calculations. Hence,

not only was the computer utilized, but also systematic testing and

recording procedures were developed to accomplish the task.

Testing Procedures

The null hypothesis or test of significance between the pre- and

post-treatment regression lines forms the basis of the statistical

analysis in this study. It examines the extent to which the samples
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collected in the post-treatment period depart from those of the pre-

treatment period using the student's t statistic. Significance

levels of 0.05 and 0.01, termed significant and highly significant, are

chosen as limits for the regions of rejection with the two-tailed

t-test; 3 that is, if the computed t falls into either region of rejec-

tion (tail of distribution), the departure is said to be statistically sig-

nificant. Otherwise the treatment is considered to have a non-

significant effect.

The tests of change, except at the different levels of return

periods, are kept exactly the same with those in Harper's thesis

(1969) for later comparison of results. The variance of the pre- and

post-treatment data are assumed to be identical. However the stu-

dent's t-test, as modified by Behrens (1929) and Fisher (1957) for

unequal variances, is used in the test of changes in peak discharge

corresponding to various recurrence intervals.

Regression Coefficient. This is the 131 term which defines

the slope of the regression in the linear model:

Y PO + Plx

A significant change in slope means that the pre- and post-treatment

3One-tailed t-test was used on peak discharge and rising limb
flow. From the physical runoff prosesses and the literature it is
known that the land treatments in this study could only increase these
parameters.
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regression lines are different within the range of data. Although in

most cases the investigation may be ended after significance is estab-

lished for the slope, yet there are certain arrangements of sample

points where supplementary tests are needed for confirmation. The

details of this are explained in a following section.

The student's t-test for slope as given by Li (1957, p. 350) may

be stated as:

bll-b12

j sSSi+ Re

nl+n2-4 SSX1 SSX2

bll and b
12,

ResSS
1

and Re sSS2, n1 and andand SSX1

and SSX
2

are slopes, residual sums of squares, numbers of obser-

vations, and sums of squares corrected for the mean for the pre- and

post-treatment regressions of the control-watershed, respectively.

The computed is has (ni+n2 -4) degrees of freedom which is

based on the degrees of freedom of the estimated variance.

Mean of Means. The mean of means, or the adjusted means, is

the average of the means of the pre- and post-treatment data of the

control-watershed. A change in the adjusted means indicates that on

the average the post-treatment data are different from the calibration

data. When the only alteration of a watershed is the application of a

treatment, such as clearcutting, burning, or roadbuilding, then the
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change in stream response to rainfall as a result of the treatment can

be determined.

The student's t-test for the adjusted means (Li, 1957, p. 357)

is:

t =m

YXol - YXo2

J
Re sSS1+Re sSS

n
1
+n

2
-4

E(X. -x0)2 E(X -x0)2
11 0

2

n2(SSX2)n (SSX )
1 1

YX 1 and. YX 2 are vertical positions of the treated watershed
0 0

ofregression line estimated. at the mean of means X0 the control

watershed for the pre- and post-treatment periods. X. and X.
12

are the individual data points for the pre- and post-treatment periods.

All other terms in this equation are the same as those used in the test

of slopes. The degree of freedom is also equal to (nl+n2-4).

Levels of Different Recurrence Intervals. In addition to the

tests of fitted individual storm data which were described above, tests

of change were also carried out for peak discharges at recurrence

intervals of 2.33, 10 and 25 years, with the intent that this would

provide additional design information for hydraulic structures. The

testing approach is different from that used for regression coefficients

and mean of means. The ordinary t is replaced by the quantity t'.
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t'
YlTr -Y2Tr

S
1 2

t' is the student's t modified by Behrens and Fisher for the un-

equal variances 51 and S2 YlTr and Y2Tr are the peak dis-

charges of the treated watershed estimated with the control watershed

data for return interval, Tr, for the pre- and post-treatment per-

iods. The variances are determined with the equation:

2
Si =

2
S

XY1
1

n
+

2
(XTr-X1)
(n-1)SSX1

SXY1 is the variance of the regression X or Y. XTr is the

peak discharge level of the control watershed with return interval

equal to Tr. X1 is the mean of the pre-treatment control water-

shed data. The subscript 1 denotes the pre-treatment values; sub-

script 2, post-treatment values. The statistic t' follows approx-

imately the student's t-distribution with V degrees of freedom,

where

V =

2 2
S2

2

1 2
n n
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This computed number of degrees of freedom usually is not a whole

number. It must be rounded off to the nearest integer when used in

determining the critical regions (Li, 1964).

Verdict of Change

Two significance tests for changes between pre- and post-

treatment data points, one using the regression coefficient and the

other using the mean of means, were applied to all hydrograph param-

eters in this study. The statistical tests at different levels of return

periods were applied only to the peak discharge parameter. There

are four "significant" and "non-significant" combinations as a result

of the two significance tests (Table 3). Special care needs to be taken

when interpreting these results. In most cases, the scatter diagrams

accompanied by the regression lines are essential before any verdict

can be reached with respect to the range and distribution of the data

points. The common cases of the four combinations are sketched in

Figure 10.

There is only one arrangement of the pre- and post-treatment

data points for the first combination. When a significant change was

not encountered for either the slope or the mean of means, the verdict

is "non-significant" for the changes after treatment. For the second

combination, scatter of points may spread over a full range or closely

cluster with little spread.. Significance detected for the slope is not
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Table 3. Possible combinations of significance indicated by changes
in the regression coefficient and mean of means.

Combinations of
significance

Changes at
VerdictSlope Mean of means

2

3

4

1/N-
2/S-

N

S

N

N

S

S

N

N or S

S

S

IANN = "non-significant."

?/S = "significant."

(1)

0
0

(2)
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Figure 10. Sketches representing the common cases of data scatter-
ing for the four combinations of significance.
(Abscissa = parameter of control watershed.
Ordinate = parameter of treated watershed. )
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enough to resolve a precise verdict for the treatment effects. In

reality, when data are clustered with little spread the detection of

significant changes of slope is not meaningful. Furthermore, the

direction of the treatment effect is different from the upper end of the

data range than for the lower end. Therefore it is very important to

observe the distribution of the data points in case 2. In combinations

3 and 4 the verdicts are usually "significant" because no matter how

the points are distributed a definite change must occur. However,

careful interpretation is needed for combination 4b, in which the mag-

nitude of difference between the pre- and post-treatment data dimin-

ishes to zero at the lower end of the data range.

In any study that involves regression analysis it is always help-

ful to plot the sample points, a s in the scatter diagrams in Appendix

II, and observe their distribution before statistical tests are applied,

Sometimes the scatter diagram is all that is needed for making deci-

sions regarding combinations 1 and 3. Likewise, if a data distribu-

tion similar to combination 4b is observed, significance indicated for

the slope is usually sufficient to demonstrate a definite treatment ef-

fect. This is because when the Y-intercepts for the pre- and post-

treatment data are closely located, different regression coefficients

will result only from two divergent populations.
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RESULTS

The effects of treatments on various parameters are presented

separately in the Appendices. Statistical information in Appendix I

includes the numbers of observations (n), correlation coefficients

(r) and variances of calibration and post-treatment regressions, the

student's t statistics, and treatment effects expressed in percent

changes. Appendix II contains the scatter diagrams and regression

lines and equations illustrating changes after treatments on DCM,

DC II, and DC III. Some of the diagrams do not show one point (the

Jan. 1965 flood) for the sake of illustrating the more frequent floods

on a reasonable graphic scale. The raw data and two computer pro-

grams are furnished in Appendices III and IV, respectively.

The discussion of results, the summary tables, and the scatter

diagrams in the appendices are all arranged in such a way that the

effect of treatment may be compared between the Deer Creek main

station and the subwatersheds DC II and DC III. It is expected that the

significance of the treatments is proportional to the percent of treated

watershed area. That is, Deer Creek III, which has the largest per-

centage of drainage area treated with roadbuilding and logging, is

anticipated to demonstrate more significant changes than either Deer

Creek II or the main station.

Peak discharge, induced peak discharge, and time-to-peak were
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analyzed and compared for: (a) full-year (or yearly) period, (b) re-

charging soil-moisture condition (fall months), (c) recharged soil

moisture condition (winter months). Runoff volumes were analyzed for

the full-year period only, due to the small number of storm hydro-

graphs that fit the selection criteria. The significance of changes

after treatments for all parameters were tested for the mean of means

and for the regression coefficients. Peak discharges were further

analyzed at different levels based on estimated recurrence intervals

for the yearly data, to check the possible impacts on hydraulic struc-

ture design.

Peak Discharge

The effects of roadbuilding and logging on peak discharge are

noteworthy. The regression correlation coefficients (r) are all

above 0.928, which indicates that good correlations exist between

peak discharge at Flynn Creek, the control watershed, and peak dis-

charge at each of the treated watershed, DCM, DC II, and DC III

(Appendix I, Table 1).

The increase in yearly (full-year) peak discharges is highly sig

nificant (at 1% level) on DC III for both the post-roadbuilding and post-

logging periods. Estimated values of peak discharge on the average increased

from 18.3 to 23.5 csm, or 28%, due to the roadbuilding treatment. Log-

ging showed a change in average peak discharge from 20.0 to 28.7 csm,
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or 44% of the pre-treatment value (Appendix I, Table 5).

On DC II, a significant change was indicated by the slope of

the regression for the yearly data of the post-roadbuilding period.

However, no noted change was detected for the mean of means. There

is over-lapping of the pre- and post-treatment data between 20 and

80 csm (Appendix II, Figure 1). The change is a result of the bunch-

ing of data at the lower end of the calibration line, and is influenced

by the major flood event in January, 1965. On the whole, the effect

is inconsequential.

No significant increase in yearly peak discharge was detected

at the Deer Creek main station.

Peak discharges for both the recharging and the recharged per-

iods were increased markedly on DC III in post-roadbuilding and post-

logging periods. In terms of percentage change, DC III experienced

50% and 21% increases for the recharging and the recharged soil pro-

file conditions, respectively, as a result of roadbuilding, and 36% and

45% due to logging. On DC II, however, the increases were much

milder. A significant change in the adjusted means was only detected

at the 5% level and only occurred for the post-logging, recharged

period. There were no substantial changes due to roadbuilding and

logging at Deer Creek main station for either of the seasonal condi-

tions.

The effect of treatments on peak discharges of three return
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intervals, namely Tr of 2.33, 10, and 25 years (85, 120 and 140 csm at

the control), are tabulated in Appendix I (Tables 1 and 6). Increases

which were significant at the 1% level were detected for roadbuilding

at DC II and DC III, and logging at DC III only. Post-treatment data

did not exceed 100 csm; hence, extrapolation from the smaller peak

discharges was necessary in estimating changes for the 10 and 25-

year design floods. No marked changes due to roadbuilding or logging

were observed at Deer Creek main station or for the logging at DC II.

Induced. Peak Discharge

Analysis of the induced peak discharge parameter for DC III

indicated highly significant increases as a result of roadbuilding and

logging for the full-year period as well as for the recharging and the

recharged periods. Percentage increases were most pronounced for

the recharging period, when 69 and 40% increases were detected,

respectively, for roadbuilding and logging treatments. About a 30%

increase occurred for the full-year period and for recharged soil

profile conditions due to the two treatments (Appendix I, Table 7).

Induced peak discharge analysis on DC II for the recharged soil

profile conditions revealed an increase significant at the 5% level

after logging roads were constructed. This increase became insigni-

ficiant when the watershed was partially clearcut the following year.

The scatter diagram for post-roadbuilding displays an overlapping of
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data points in the middle range, similar to that described for the peak

discharge parameter (Appendix II, Figure 7), For this reason, the

noted increase of the regression slope for the post-roadbuilding per-

iod was interpreted as artificial and restricted only to the lower end

of the data. The fact that an increase in the adjusted means was not

shown further supports this interpretation. The percentage increase

for the rechraged period was 20% (Appendix I, Table 7).

No significant change in induced peak discharge was detected at

the Deer Creek main station for full-year, recharging or recharged

periods (Appendix I, Tables 2 and 7).

Time -to-Peak

Due to the insignificance of changes after treatment for this

parameter, many scatter diagrams were omitted in Appendix II. The

time-to-peak parameter is analogous to the lag time of a storm hydro-

graph. Observing the high correlation coefficients (Appendix I, Table

3), it can be concluded once again that there is an excellent correla-

tion between the control and the treated watersheds for this parameter.

Separation of the data based on antecedent soil moisture condi-

tions also failed to reveal any variations for time-to-peak as a result

of the land manipulations.
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Storm-Runoff Volumes

Storm-runoff volumes were divided into five parts, namely

total flow, quick flow, delayed flow, rising limb flow and falling limb

flow. The purpose of such division was to investigate the portion of

the flow volume that could be affected by the prescribed land manipu-

lations.

All volume parameters remained essentially unchanged after

roadbuilding on all three treated watersheds (Appendix I, Tables 4 and

9; Appendix II, Figures 15, 17, 19, 21, 23). Due to a lack of usable

storm runoff events for the calibration period of the subwatersheds and

all post-treatment periods, it was not possible to consider the effect

of antecedent soil moisture conditions. This is especially true for the

one year of the post-roadbuilding data where only 4 storm events were

available for selection.

No substantial post-logging changes were demonstrated in the

total flow analysis on any of the treated watersheds for the yearly

data.

Quick flow on Deer Creek main station after logging was found

to be significantly decreased at the 5% level. On DC II and DC III, no

significant alteration was found in quick flow (Appendix II, Figures 16,

and 18).

The delayed flow was significantly increased (5% level) at the

Deer Creek main station, but not at either of the sub-watersheds DC II



65

or DC III after logging (Appendix II, Figure 20). In terms of flow

volume the delayed flow for DCM increased by 10%from 1.56 to

1.71 areal inches, a difference of only 0.15 inch at the adjusted means

(Appendix I, Table 9).

For post-logging, increases in rising limb flow were significant

at both DC III (1% level) and the Deer Creek main station (5% level).

The adjusted means for the calibration period were 1.35 inches for

DC III and 1.09 inches for the main station; the percentage increases

were 36% and 10%, respectively. DC II failed to show any definite

change in rising limb flow due to the treatments. (Appendix II, Figure

22).

The last two pairs of regressions were computed to investigate

the quantitative information about changes in the falling limb flow

volume as a result of the treatments. Contrary to the rising limb

flow, this parameter did not reflect any statistically significant modi-

fications (Appendix II, Figure 24).
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DISCUSSION

As stated previously, the main purpose of this research is to

determine the effects of roadbuilding and logging on stream-runoff

parameters. It was indicated in the chapter on results that changes

were found to be related to the type of treatment as well as to the

percent of drainage area treated. In this study, logging exhibited a

more pronounced effect than did roadbuilding alone. Changes on Deer

Creek subwatershed III were more significant than on either subwater-

shed. II or the main basin. A summary of the statistical significance

of changes in all hydrograph parameters on treated watersheds is

presented in Table 4 to facilitate discussion and comparison of treat-

ment results.

The following paragraphs will attempt to explain the causes and

the significance of these changes in stream runoff response to road-

building and logging with respect to watershed management practices

and hydraulic structure design criteria.

The Mass Balance

In an endeavor to explain the hydrologic changes after treat-

ments, a mass balance approach has been used. The mass balance

itemizes every gain and loss of water from a "control" volume and

should permit identification of the possible physical processes



Table 4. Summary table showing statistical significance for changes in all hydrograph parameters.

Roadbuilding Logging

Peak
discharge

DCM
DC II
DC III

Yearly . Recharging Recharged. Yearly Recharging Recharged

N N N N N N 1./
N N N N N 2/
*:-.,,, *.,:e. ** .*;* ** *-*-3-1

Induced
peak
discharge
Time-
to-
peak
Total
flow

Quick
flow

Delayed
flow

DCM
DC II
DC III
DCM
DC II
DC III
DCM
DC II
DC III
DCM
DC II
DC III

N
N
**

N
N
N
N
N
N
N
N
N

N
N

N

N
N
N

N
N
N

N
N

N
N
N
N
N

N
N

N
N

N
N
N

N
N

N
N

N
N

DCM
DC II
DC III

N
N
N

Rising
limb
flow

DCM
DC II
DC III

N
N
N

N

Falling-
limb
flow

DCM
DC II
DC III

N
N
N

N
N
N

1/
N = non- significant; 2/ * = significant (5% level); 3/ **= highly significant (1% level
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involved in runoff response changes after land manipulation has

occurred.

Change in storage
within the volume

Inputs into
the volume

- Outputs out of
the volume (1)

First, a mathematical relationship is derived by equating the

difference of the major water inputs and outputs to the change in

storage within the watershed over a period of time. For our model,

consider an isolated watershed with precipitation as the sole input.

Then outputs are evapotranspiration, surface runoff and subsurface

runoff, as follows:

Change
in =

storage
[Drecipil [Evapotrans-1

tation piration
Runoff
(surface,
sub- surface)

Since we are interested in the runoff hydrograph, rearranging the

terms in Equation (2) gives:

Runoff
(surface,
sub- surface )

Precipi- Evapotrans-
= tation piration

Change
in

storage

(2)

(3)

Note that the final term "change in storage" includes soil mois-

ture, surface retention and canopy storage (interception) after rainfall.

Assume as our model, a small watershed which has no major water

detention pools or channel storage. If the hydrometeorologic
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conditions were not altered before and after treatment, then any

change in the runoff for the same amount of precipitation would have

been attributed to the last two terms of Equation (3). In essence,

many similar studies using the control watershed analysis have con-

cluded that the causes of runoff changes are evapotranspiration

modifications and various storage alterations (Reinhart and. Trimble,

1962; Ziemer, 1964).

Peak Discharge

Among all the parameters considered in this study, peak dis-

charge underwent the most notable change as a result of watershed

treatments. It also makes manifest the role of treatment intensity,

which is expressed as the percentage of drainage basin area subjected

to vegetation removal, or road construction. Figures 11, 12, and 13

show sample hyd.rographs for the experimental watersheds before and

after treatments. The storms selected are all of moderate size and

occurred in March, presumably for similar soil moisture con-

ditions.

Before any treatment, the instantaneous discharge peaks at

DC III and at the control were about the same in magnitude (Figure

11). After roadbuilding, peak discharge at DC III was 30 csm (33%)

higher than Flynn Creek values. This increase was found to be sta-

tistically significant when all peak discharge data points were
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considered.

The peak discharges of DC II both before and after roadbuilding

were greater than Flynn Creek values by about 30%; therefore no

significant change was indicated (Figure 12). Also no marked varia-

tions were observed at the Deer Creek main station for peak discharge

(Figure 13).

For the- post-logging on DC III, the percent increase in peak dis -

charge was greater than for roadbuilding. A small increase was also

indicated on DC II. At the main station, logging caused a greater aug-

mentation in peak discharge than did roadbuilding; nevertheless, statis-

tically it was not significant at the chosen significance levels.

Roadbuilding can cause excessive erosion and local flooding

(Johnson, 1965). The rapid movement of water over the rocky and

compacted road surface and along steepened banks, side ditches and

headwater channels improves the efficiency of the runoff process.

Hence storm peak discharge is expected to increase and the travel

time to shorten.

The influence of logging on the runoff process is associated with

the removal of vegetation and organic matter that stores and retards

the passage of water. Logging may thus be responsible for a peak dis-

charge increase (Hoover, 1944). Evapotranspiration accounts for

only a small water loss during a storm because of the high water vapor

content of the air and the relatively short duration of the storm. The
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argument for increased overland runoff, induced by surface compac-

tion and channeling, etc. , may only be a partial answer to the in-

creased storm runoff in this region where highly permeable soils

minimize the role of the overland runoff process. Then, what are the

other causes of the increase in the peak discharge?

In the mass balance approach, one term which often was not

considered as a major factor by some of the other researchers is the

change in storage. The canopy's leaf surface of Douglas fir and alder

within the watershed may be as much as 4 to 8 times the land area

occupied by the tree,(Rothacher, Blow and Potts, 1954). Interception

storage by the tree canopy is substantial although it decreases in

significance as the storm duration gets longer. Maximum interception

may be as high as 0.4 inches per storm in a fully stocked Douglas-fir

stand (Krygier, 1970). This intercepted water either is held or drips

to the ground or is evaporated from the leaf surface. When road-

building or logging results in the removal of many trees, this large

interception storage is lost and the rainfall which is otherwise caught

will reach the ground instead.

Another possible reason for the increase in peak discharge is

that the impact force of a droplet of falling rain striking the bare sur-

face of a logged area is much greater than for a droplet dripping down

from a leaf or running down a tree trunk. According to Hewlett's

"Pulse" theory, when a droplet of rainfall enters a soil having a
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moisture content near field capacity or wetter, one drop of the same

volume is displaced at the outlet to the stream channel (Hewlett and.

Hibbert, 1967). If we consider a probable mechanism of this pulse,

we will discover that when the soil profile is not completely saturated,

the readiness of the pulse response depends on the magnitude of the

striking impact or impulse force. The force-time diagrams of

droplets of water striking the forest floor from free fall may be differ-

ent than from leaf drip and stemflow (Figure 14).

V

O

(a) Free falling (b) Dripping down from
leaf or tree trunk

Time

O

Time ""/110..*

Figure 14. Force-time diagrams of a droplet of water striking the
forest floor (a) from free falling and (b) from dripping
down from leaf or tree trunk.

The impulse of a drop of rain is the area under the force-time

curve. It is thus clear that a free falling droplet of water exerts a
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larger impact force on the soil mantle. Hence, more water would

contribute to the peak discharge. Also the time interval from the

start of heavy rainfall to the time of peak discharge is reduced when

tree canopy storage has been removed.

Antecedent Conditions

Variation in streamflow response to storm-runoff is dependent

upon the soil moisture condition. The average percentage increase in

peak discharge due to watershed treatment for the recharging soil

profile is greater than for a recharged soil. However, in terms of

absolute change, the recharged-period peak discharges, on the aver-

age, increased to a much larger value. The number of observations

during the recharging period was very limited, and typical fall storms

were far smaller than during the recharged period. Therefore, the

results are not decisive as to which soil moisture condition is more

susceptable to land treatment influences.

Two methods of seasonal separation are compared below. In

the first, a date such as the 15th or 30th of November is selected to

separate fall and winter storms. Once this date is set, it is used

throughout the study period. In the second (used in this thesis), an

empirical baseflow level is chosen to distinguish the recharging soil

profile from the recharged condition. The antecedent baseflow level

controls the separation date for every year. Since the response of
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watersheds to storms does not depend upon the date of the year, but

rather upon different soil moisture conditions prior to the storms, it

is obvious that the latter method is more sensitive in detecting treat-

ment response variations.

Design Floods

It has been demonstrated that land manipulations have definite

effects upon peak discharge. A question may arise as to what these

effects are on design floods for hydraulic structures (such as

culverts and bridges) with respect to magnitude and recurrence fre-

quency. For this reason, a Gumbel frequency distribution was

analyzed in order to bring some perspective to this matter. The

25-year flood peak, which was projected from nine years of data, was

found to increase 36% or 31.7 csm due to logging (from 146.1 csm

before to 199.2 csm after logging). This increased flood peak ex-

ceeds in magnitude the estimated 100-year flood of January 1965.

Similarly, a flood that normally occurs once in 10 years on an undis-

turbed basin could reasonably produce a 50-year peak discharge on a

logged watershed (Appendix I, Table 6). Although the results may be

inflated because of extrapolation and because the pre- and post-

treatment regressions are based on much smaller storm events,

these potential increases cannot be disregarded. Therefore, when

designing a culvert or a small bridge for an unlogged watershed, the
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engineer should first investigate the possibilities of future land altera-

tions within the drainage basin. If the drainage area is likely to be

clearcut, then a factor of safety of 3 to 5 applying to the design fre-

quency might be recommended for small watersheds.

Induced. Peak Discharge

This parameter has not been previously used in any reviewed

research. Height-of-rise, which is the difference in stage between the

peak discharge and the initial point of rise, has been analyzed by

Bethlahmy (1963 ), and others. However, if the "channel controls"

lacked a constant stage-discharge relation with time for the treated

and the control watersheds, the use of this parameter is questionable

(Harper, 1969). Hence, induced peak discharge is specially developed

to detect stream responses to individual storm events without being

affected by base flows or shifting channel "control" of the stage-

discharge relations.

The analyses in the section on results, as well as Figures 11,

12, and 13, indicate that the land treatments had effects on induced

peak discharge which were similar to those for peak discharge, ex-

cept that for Deer Creek main station the change was slight. The

explanation for the slight effect at DCM may be that the increase in the

induced peak discharge in the channels adjacent to the treated areas

does not have time to influence the flow at the main gage before the
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peak is reached there. The logged unit at the lower end of the water-

shed would be close enough to have an effect but it was probably too

small to produce any detectable changes or else produced them only

on the rising limb of the hydrograph.

The significant increase in the induced peak discharge on DC II,

detected for the recharged period after roadbuilding but not after

logging, is unexpected. It is caused mainly by the extreme January

1965 storm which tended to pull the calibration regression downward

and away from the post-roadbuilding regression line (Appendix II,

Figure 11). Hence, this particular result may be the one wrong ver-

dict out of 20 as anticipated with a 95% confidence level.

Time-to-Peak

The time-to-peak parameter was generally not affected by the

watershed alterations in this study. However, a slight decreasing

trend was found after treatments in DC III, where consistently smaller

time-to-peak values by one or two hours existed in larger storms.

This is in contrast to Gilleran's (1968) findings. He concluded in a

similar study using the same watersheds that roadbuilding had signi-

ficantly reduced this parameter on DC II for the smaller storms and

relatively increased the average time to reach peak discharge for

those storms exceeding 2.5 hours.

Further research is needed to examine the effect of clearcutting
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large watersheds (e.g.,, 30 square miles) upon the time-to-peak

parameter. From the literature review,it is reasonable to expect

that time-to-peak will be shortened after vegetation removal or burn-

ing; and for a large watershed this reduction in travel time may be

important for flood warning and control operations.

Storm-Runoff Volumes

Effects of roadbuilding and logging on storm volumes are well

illustrated by the sample storm hydrographs in Figures 11, 12, and

13. Logging caused significant increases in the rising limb flow

volume at DC III. At the Deer Creek main station, notable augmenta-

tions in the delayed and rising limb flow volumes were indicated for

the post-logging data; however quick flow was significantly decreased

at the 5% level.

Roadbuilding did not cause marked changes in volume param-

eters on any of the three treated watersheds.

The increased post-logging rising limb flow volume observed on

DC III can be explained by the "pulse" mechanism described earlier.

The rising limb flow is the rapid response of a stream to rainfall.

Suppressed evapotranspiration due to vegetation removal and faster

overland flow due to compacted roads and cutover surfaces, although

contributing factors, are not as significant to this increase as is the

missing temporary interception storage that the former tree canopy
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provided. For large storms, however, since leaf-surface storage

may be satisfied rapidly, this factor diminishes with time during the

storm. But the role of interception storage in controlling the quantity

of rising limb flow is nevertheless important.

Another contributing factor might be a change in infiltration and

percolation characteristics of the soil. Knowledge of changes in this

process is still limited. It is commonly assumed that as a result of

human activities in removing the vegetation the soil surface becomes

compacted, which encourages more overland flow. Smith and.

Wischmeier (1962) maintain that rain drop impacts on exposed soils

can cause clogging of surface pores which in turn reduces both the

infiltration and percolation rates. However, overland flow has not

been observed on the cutover areas, except in limited sections of

landing and road fills.

The augmentation of rising limb flow volume detected at the

Deer Creek main station may be explained by the logged and burned

unit located at the lower west slope of the outlet. Hydrophobic sur-

face layers which are sometimes formed during burning have been

shown to reduce infiltration rates and thus increase surface runoff.

This reasoning has been substantiated by research conducted in

southern California as well as in the Willamette River Basin of west-

ern Oregon (DeBano et al. , 1967; Anderson and Hobba, 1959). It is

assumed (but unverified) that this could also happen to soils in the
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Alsea watersheds.

The increase in the delayed flow volume at the main station fol-

lowing logging can be attributed to two factors. First, there is a

higher water level of base flow at the initial point of rise. This is

because the soil moisture on the logged area is less depleted than

formerly at the start of the rainy season and between storms. Second,

the significant augmentation of the rising limb flow at this station and

at DC III helps to cause the hydrograph separation line to intercept

the falling limb at a higher level, thus resulting in larger amounts of

delayed flow.

The second factor in the above paragraph may also be utilized to

speculate as to why quick flow is decreased at the Deer Creek main

station after logging. The decrease in quick flow as well as the in-

crease in delayed flow at the main station may both be, in some de-

gree, artificial. This probably is a result of the inability for a con-

stant hydrograph separation line to dissociate the same quick flow

volumes from the delayed flow volumes before and after treatments.

Future study is needed to formulate a better hydrograph separation

method to investigate streamflow responses to land treatments.

Neither the falling limb flow nor the total flow were found to

be significantly changed by roadbuilding or logging. The tendency for

the falling limb flow to reduce after the treatments at DC III and DCM

may suggest that a redistribution phenomenon between the rising limb
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and the falling limb components of the storm hydrograph is present.

Otherwise, when the rising limb is augmented after treatment, it

would be responsible to expect a significant increase in total flow at

the Deer Creek main station in order to give a consistent mass balance.

The redistribution phenomenon simply indicates that a portion of the

run-off which used to be the falling limb flow before treatments now

shows up in the rising limb portion of the storm-runoff hydrograph

after land manipulations.

Error Analyses

An understanding of errors associated with the results is de-

sirable since conclusions depend on the accuracy and the precision of

the research. The objective of this section is to give an estimate of

the significance of the errors and biases on the reserach findings and

conclusions. The primary errors, given a brief treatment, are

associated with the quality of data, the effect of the extreme storm,

and the precision of the experiment.

Data Errors

The main stations of Deer Creek and Flynn Creek have been

serviced by the U.S. Geological Survey, where data over the years

were considered as, either excellent or good. A minimum measure-

ment error obtained under the best of conditions is probably about
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3 to 5%; however, errors ranging up to 10% of more are not uncommon

(Rothacher and Miner, 1965).

The Deer Creek substations II and III were maintained by rela-

tively inexperienced technicians and graduate students. Instrument

malfunction and stoppages were present, which reduced the number of

observations. The calibration period for the subwatersheds was also

far shorter than for the Deer Creek main station, In statistics, the

larger the number of data points, the greater the reliability of the

relationship established, Therefore, the shorter calibration periods

of the subwatersheds may have reduced precision in the research.

Another problem was encountered in selecting the storm-volume

data, The nature of precipitation in the study area was such that

storms were low in intensity and of long duration, The falling limbs

of'storm hydrographs were often poorly defined and would not recede

to a level that could be intercepted by the hydrograph separation-line.

Therefore, the number of storm-runoff events that fit the selection

criteria was limited. Consequently, the reliability of the treatment

effects on the volume parameters in this study was reduced substan-

tially, again, by a reduction in the number of observations,

Effect of the Extreme Storm

The largest potential error associated with this study probably

involves the extreme event of January 1965, This flood was estimated
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to have a recurrence interval of 100 years. The magnitude of this

flood was such that debris transport was high; temporary accumula-

tion at the weirs may have influenced the relationship between the con-

trol and the treated watersheds and affected the stage-discharge rela-

tions. In addition to causing this error, it also influenced the slope of

the regression lines for the pre-treatment periods.

Utilizing the yearly peak-discharge parameter, the effect of the

1965 storm is illustrated in Table 5, for DC II and DC III. DCM was

not included since a scatter diagram (Appendix II, Figure 1) clearly

shows that the January 1965 flood was in line with the rest of the cali-

bration data points. Therefore, it can not affect the slope of the re-

gression except in a minor way.

Variance on DC II and DC III were both reduced when this

extreme storm was excluded from the regressions. The reduction on

DC II was more than on DC III.

The regression equation, the ts, and the tv statistics on

DC III were essentially unchanged. Significance levels also remained

the same. On DC II, however, the regression coefficient was mark-

edly increased when the extreme flood was omitted. It is speculated

that the measurement errors and the debris effects of this unusual

event tended to pull the regression line downward to a large extent.

Hence considerable changes in the significance level were obtained in

the regression coefficients for post-roadbuilding. The influence of this



Table 5. The effect of an extreme event, the January 1965 flood, on the calibration equations and
on the student's t statistics for peak discharge (full-year).

Calibration Roadbuilding Logging
1/With 2/Without With Without With Without

DC II

Y= -1.27 + I.16x
46
0. 979

Y= -3.52
45
0. 982

+ 1.34x
n
r
Variance 62.83 33.74
ts 2.68** 0.52 1.07 -1.21
t
v 1.31 0.98 0.64 0.74

DC III

Y= -0.72 + 1.05x Y= -1.01 + 1. 08x
n 45 44
r 0. 996 0. 993
Variance 8. 20 7. 18
ts 5. 85** 4.77** 10.62** 8. 96**

tv 4. 88** 5. 33** 10.83** 9.92**

/Regression and tests including the January 1965 flood.
2/Regression and tests excluding the January 1965 flood. o®

o.
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flood on post-logging regression slope was also quite large. However,

no change in significance was indicated.

The relatively minor changes, for DC II and DC III, in the

t-statistic of adjusted means (tv) due to use of the extreme storm in-

dicate no change in the statistical conclusions. Furthermore, from

the fitted scatter diagrams the influence caused by this extreme event

was readily observed. Thus use of the student's t-test of the adjusted

means, the scatter diagrams, and the slope-test removes the possi-

bilities of erroneous conclusions.

Precision of Experiment

The ability to detect changes varies with the number of observa-

tions and the magnitude of the variances. Utilizing the computation of

the "Least Significant Difference" (LSD) method, Table 6 illustrates

the ability to detect change in peak discharge of the three treated

watersheds, DCM, DC II, and DC III. Generally, the smaller the

value of the LSD, the better the ability to detect change. Significance

would be assigned to a particular test if the actual estimated differ-

ence, D, is greater than the corresponding LSD.

The LSD's of DC II were the largest among the three treated

watersheds, due to the large data variances and the lesser number

of observations. Hence the ability to detect changes in peak
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Table 6. An illustration of using LSD-1/ method in checking the pre-
cision of the experiment to detect changes in yearly peak
discharge parameter (one-tailed t, 5% level).

Calibration Road Log

DCM

n

Variance

tc-2/

LSD (csm)
3

D
/ (csm)

103

9.94

17

3.96

1.66

1.28

0.28

26

8.79

1.66

1.16

0.55

DC II

n

Variance

tc

LSD (csm)

D (csm)

46

62.83

18

19.55

1.67

3.32

2.60

26

49.34

1.67

3.12

1.20

DC III

n

Variance

tc

LSD (csm)

D (csm)

45

8.20

19

16.46

1.67

1.79

5.24

23

13.06

1.67

1.34

8.69

1/ LSD = Least significant difference of the adjusted means. The
method for calculation is in Snedecor and. Cochran (1968,
p. 272).

2/ tc = Critical student's t value.
3/

D = Actual difference in peak discharge, estimated at the adjusted
means.
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discharges due to land alterations on DC II was poorer than as DCM

or DC III. The actual differences estimated at the adjusted means in

peak discharge on DC II were 2. 60 csm for roadbuilding and 1, 20 csm

for loggings. If compared to the LSD's at the Deer Creek main station,

these would produce results significant at the 5% level. In other

words, if DC II had smaller variances in peak discharge, a significant

effect might have been detected,
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CONCLUSIONS

The results of this study are sufficient to indicate that road-

building and logging influence the hydrology of small watersheds in the

Oregon Coast Range. The magnitude of influence is related to the

type of land manipulation applied, the antecedent soil moisture con-

ditions and the percentage of drainage area treated. The major find-

ings of this research may be stated as follows:

(1) Roadbuilding on 12% of DC III and clearcut logging of 72%

of the same watershed increased the annual peak discharge

on the average by 28% and 43%, respectively. No effect on

peak discharge was observed on DC II (area: roads, 3. 1%;

logging, 20 %) and the Deer Creek main station (roads, 3. 7%;

logging, 26%).

(2) Induced peak discharge increased on DC III but not on DC II.

Also, treatments applied at headwater portions of the water-

shed did not noticeably affect the induced peak at the basin

outlet (Deer Creek main station).

(3) The time-to-peak parameter was generally not affected by

the land alterations.

(4) Roadbuilding did not cause any significant changes in the

volume parameters for the three treated watersheds. This

may be due to the relatively small percentage of area
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affected by this treatment,

(5) Logging did not influence total flow but augmented the rising

limb flow volume of DC III and the Deer Creek main station.

Smaller falling limb flows observed consistently may sug-

gest that a redistribution phenomenon between the rising

limb and the falling limb components of the storm hydro-

graph is present.

(6) The increase in delayed flow and the decrease in quick flow

detected at the Deer Creek main station are probably the

result of the inability of a constant hydrograph separation

line to dissociate the same quick flow volume from the de-

layed flow volume before and after treatments.

(7) A method was developed for the separation of the yearly

data into recharging-period and recharged-period data

based on antecedent soil moisture conditions. This method

was apparently more appropriate than the "arbitrary- date"

seasonal separation method.

(8) The-effects of land alteration on hydraulic design criteria

for structures were indicated by the sharp increases in peak

discharges using flood frequency and related statistical

analyses. However, lack of large storms in the post-treat-

ment periods and extrapolation of the nine years of record

makes selection of a 25 -year design event uncertain.
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APPENDIX I.

Summary Table s



Table 1. Summary of statistics for effect of treatments on peak discharge based on correlation with Flynn Creek (one-tailed test).

Pre Road Log Road Log Variance
n r n r n r t t 1/ VV t RoadPre Log

DCM

Yearly 103 . 994 17 . 997 26 . 991 1, 20 0. 37 0. 83 0. 79 9. 94 3. 96 8. 79
Tr = 2.33 1.09 17 1, 08 26
Tr = 10 1.29 17 1.02 26
Tr = 25 1.36 17 1.00 26

Recharging 29 . 996 8 . 981 9 . 995 -3. 14** -1.60 0. 47 0. 87 1.29 1.62 1. 57
Recharged 64 . 993 9 . 997 17 . 989 1. 28 -0. 51 0. 63 0. 50 14. 50 6. 16 12. 56

DC II

Yearly 46 .979 18 .992 26 .966 2.68 ** 1.31 1.07 0. 64 62. 83 19. 55 49. 34
Tr = 2.33 4.03 ** 26 1. 80* 33
Tr = 10 3.99 ** 25 1, 59 32
Tr = 25 3.96 ** 25 1. 53 32

Recharging 9 .961 11 .928 9 .995 0.75 0.28 1.38 0. 98 0. 10 9. 87 1.91
Recharged 35 . 977 7 . 992 17 . 954 1.98 1. 11 0.35 2. 11* 83. 60 43, 31 72. 97

DC III

Yearly 45 . 996 19 .989 23 . 993 4. 85** 4. 88** 10. 62** 10. 83** 8. 20 16. 46 13.06
Tr = 2. 33 6.07 ** 18 12. 29** 25
Tr = 10 5, 73** 18 11. 51** 24
Tr = 25 5.61 ** 18 11.22 ** 24

Recharging 10 . 998 11 . 938 7 . 946 4.25 ** 3. 82** 2. 91** 2. 76** 1, 17 14.92 5. 85
Recharged 37 . 996 8 . 999 16 , 994 5, 91** 4, 53** 7. 98** 11. 58** 9. 89 3.38 13. 57

1/ t - corresponding to Tr = 2. 33, 10 and 25 stands for Behrens-Fisher t' of unequal variances.

2/ v - degrees of freedom for Behrens-Fisher t° adjusted for regular student's- t tables



Table 2. Summary of statistics for effect of treatments on induced peak discharge based on correlation with Flynn Creek (two-tailed test).

Calibration Road Log Road Log Variance
n r n r n r ts tv ts tv Pre Road Log

DCM

Yearly 103 .992 17 . 995 26 .989 1. 54 -0.01 1.29 -0, 99 11. 39 5. 85 9. 14

Recharging 29 . 996 8 .978 9 .999 -2. 70* -1.00 -0.21 -0.33 1. 40 1. 64 .38

Recharged 64 . 992 9 , 996 17 . 987 1. 32 0. 70 1. 0,6 -0. 22 16. 23 7, 94 14. 15

DC II

Yearly 46 . 976 18 .990 26 .971 3, 33** 1. 27 1.07 1. 10 61. 98 10. 88 32. 47

Recharging 9 , 885 11 . 916 9 .994 0.92 0, 89 1. 83 1. 16 . 49 10. 84 2.05

Recharged 35 , 975 7 . 992 17 . 967 2.21* 2, 21* . 47 1. 29 81. 23 37, 26 43. 84

DC III

Yearly 45 . 995 19 .992 23 . 991 6.20 ** 4.65 ** 8.90 ** 5.62 ** 10.04 9, 51 14.01

Recharging 10 . 992 11 . 966 7 . 976 4. 51** 4. 51** 3. 64** 2. 41* 3. 98 7. 27 2. 20

Recharged 37 . 995 8 .999 16 . 990 4.22 ** 4.22 ** 7. 19** 6. 10** 11. 55 1. 83 17. 60



Table 3. Summary of statistics for effect of treatments on time-to-peak based ;on correlation with Flynn Creek (two-tailed test)

Calibration Road Log Road Log Variance
n r n r n r ts tv ts tv Pre Road Log

DCM

Yearly 103 .999 17 .999 26 .999 -1.24 -0.76 0.24 -1. 40 .96 .32 .32

Recharging 29 .997 8 1.000 9 .998 -1. 53 1. 18 -O. 86 -1.17 .42 . 31 . 50

Recharged 64 . 999 9 . 999 17 1, 000 -0. 90 -1.63 0. 22 -1.02 1.28 . 22 . 25

DC II

Yearly 46 .997 18 . 992 26 . 996 0.92 1.36 1. 97 1. 26 5. 84 3. 40 2. 24

Recharging 9 . 991 11 . 992 9 . 999 0. 31 1,26 0. 42 0.33 1. 07 4. 37 0. 13

Recharged 35 . 996 7 . 994 17 . 994 0. 14 . 56 1. 41 1. 30 7. 48 2, 26 3. 43

DC III

Yearly 51 .996 19 .993 23 .991 -1.00 -1.73 0.45 -0.65 6.37 3.15 5.08

Recharging 8 .954 11 , 991 7 .996 -1.00 -0.95 -1.04 -0. 88 8. 88 4. 74 1.25

Recharged 41 . 997 8 . 998 16 . 989 -1. 21 -1. 75 0. 49 -0. 27 6, 29 0. 94 7.07



1
Table 4. Summary of statistics for effect of treatments on runoff volume based on correlation with Flynn Creek (two-tailed testr

/

Pre Road Log Road Log Variance
n r n r n r ts tv ts tv Pre Road Log

DCM

Total 20 . 995 6 .995 10 . 992 1.21 0.85 -1.15 -1.18 . 10 . 16 .07
Quick 20 , 996 6 . 992 10 . 978 0.80 . 08 -2.06* -3.09* . 04 , 09 . 09

Delayed 20 . 987 6 . 997 10 . 984 1.77 1.86 2,24* 2. 16* . 03 .02 .03
Rising Limb 20 . 985 6 . 997 10 , 989 0.43 0.06 1.91* 1. 78* . 03 , 01 , 01

Falling Limb 20 .984 6 .986 10 . 980 0.32 1.19 -1.29 -1.09 .25 .23 . 11

DC II

Total 5 . 995 3 . 992 9 . 976 0.04 -2,17 0.16 -1.33 . 08 . 27 .22
Quick 5 . 952 3 . 991 9 . 989 -0. 45 -1.03 -0. 94 -0. 88 .00 . 10 .06
Delayed 5 . 932 3 . 984 9 921 0. 46 -0. 57 0. 94 0. 30 .08 , 05 . 10

Rising Limb 5 . 993 3 . 999 9 . 985 -0. 51 -0. 98 1. 44 0. 32 , 05 , 01 . 03

Falling Limb 5 .970 3 . 983 9 .971 1. 12 -1. 56 1.22 -1.07 .20 . 11 . 12

DC III

Total 4 . 720 4 . 972 6 . 990 0. 54 -0. 31 0.78 1,56 . 82 . 56 . 13

Quick 4 . 971 4 .978 6 . 994 -0.08 -0. 14 -0.42 1.00 , 09 . 21 .05
Delayed 4 . 751 4 .970 6 .916 0.25 0.26 0.69 1. 54 . 37 .08 . 15

Rising Limb 4 . 867 4 . 971 6 . 990 1. 33 -0. 38 4. 17** 3. 16** . 07 .09 .04
Falling Limb 4 . 775 4 . 960 6 , 978 -0. 13 -0. 25 -0, 22 -0. 18 . 43 . 30 . 15

1/
One-tailed test was used on rising limb flow.
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Table 5. Effect of treatments on peak discharge at the mean of means.

Estimated Value in csm
Calibration Road % Change Calibration Logging % Change

DCM

Yearly 20.6 20.9 1.4 21.2 21. 7 2.3
Recharging 8. 3 7. 5 -10. 7 7. 6 8.0 5. 3
Recharged 31.9 31.2 - 2. 2 29. 2 29. 7 1. 7

DC II

Yearly 21.3 23.9 12.2 24.7 25.9 4.9
Recharging 5.0 5.6 12.0 4. 6 5. 5 19. 6
Recharged 33, 5 37.6 12.2 28. 8 34. 4 19. 4*

DC III

Yearly 18. 3 23. 5 28. 4** 20. 0 28. 7 43. 5**
Recharging 9.7 14.6 50, 5** 7, 6 10. 3 35.7 **
Recharged 25, 7 31.0 20.6 ** 25.4 36.9 45,3 **

Table 6. Effect of treatments on peak discharge at different levels of recurrence intervals.

Estimated Values in csm
Stations Tr = 2. 33 Tr = 10 Tr = 25

Pre Post % Change Pre Post % Change Pre Post % Change

Roadbuilding

DCM 89.4 91. 1 1.9 126. 1 129. 1 2, 4 147.0 150. 8 2.6
DC II 97.8 114, 4 16.9 ** 138.6 162, 5 17. 3** 161.9 190.2 17.4 **
DC III 88.4 109. 4 23. 8** 125. 1 154. 4 23. 4** 146. 1 180. 1 23. 3**

Logging

DCM 89.4 91.7 2.6 126. 1 129. 3 2.6 147.0 150. 8 2, 6
DC II 97. 8 107, 5 9.9* 138.6 151.4 9. 2 161.9 176.5 9.0
DC III 88.4 121.2 37. 1 ** 125.1 170.8 36. 5 ** 146.1 199.2 36.3**



107

Table 7. Effect of treatments on induced peak discharge at the mean of means,

Estimated Values in csm
Calibration Road % Change Calibration Logging % Change

DCM

Yearly 16. 1 16. 1 0 16. 8 16. 7 - 0. 6
Recharging 6. 5 6.0 - 7. 7 6.6 6. 5 - 1. 5
Recharged 22. 9 23. 9 4, 4 23. 1 22. 8 - 1. 3

DC II

Yearly 16, 8 19, 3 14. 9 18. 2 20. 1 10. 4

Recharging 3.0 4, 6 53.4 3. 4 4. 4 29. 4

Recharged 25, 9 31.2 20. 5* 23.6 26. 8 13. 5

DC III

Yearly 13, 7 17. 8 29. 9** 16. 4 21. 2 29, 3**

Recharging 7.0 11. 8 68. 6** 6.0 8. 4 40, 0*

Recharged 18. 3 23, 5 28, 4** 20.6 27. 3 32, 5**

Table 8. Effect of treatments on time-to-peak at the mean of means

Estimated Values in Hours
Calibration Road % Change Calibration Logging % Change

DCM

Yearly 20.3 20.1 - 1.0 22.3 22.0 - 1. 3
Recharging 15, 3 15.6 1.9 12, 8 12. 5 - 2, 3
Recharged 23, 7 23. 1 - 2. 5 28, 1 27. 9 - 0, 7

DC II

Yearly 20.1 21.0 4. 5 22, 6 23.2 2.6
Recharging 13, 6 14, 5 6. 6 12. 2 12. 4 1, 6

Recharged 24, 6 25.2 2, 4 26. 9 27. 9 3. 7

DC III

Yearly 21.1 20.0 - 5,2 24,0 23.6 - 1,7
Recharging 15.0 13. 8 - 8.0 13. 5 12. 5 - 7. 4
Recharged 23, 2 21. 5 - 7, 3 27. 7 27. 4 - 1, 1
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Table 9. Effect of treatments on runoff volume at the mean of means

Flow
Estimated Values in Inches

Calibration Road % Change Calibration Log % Change

Total
Quick
Delayed

3.91
2.23
1.60

4.05
2.34
1.74

DCM

3.75
2.20
1.56

3.61
1.91
1.71

- 3. 7
-13. 1*

9.6*

3.4
0. 1
8.7

Rising Limb 1, 24 1.24 0 1.09 1, 19 9. 5*

Falling Limb 2, 64 2. 91 10. 2 2. 63 2. 44 - 7. 2

DC II

Total 3, 53 2.91 -17.5 4.08 3.77 - 7. 7
Quick 2. 13 1.75 -17.8 2.48 2.28 - 8.0
Delayed 1, 33 1. 19 -10, 1 1.61 1.66 3. 3

Rising Limb 1, 43 1.28 -10.9 1.66 1.70 2. 1

Falling Limb 2.06 1.69 -17.8 2.39 2. 19 - 8.2

DC III

Total 3. 15 2, 97 - 5. 8 3. 86 4.64 20. 4
Quick 1.63 1. 59 - 2.3 2.20 2.39 8. 5

Delayed 1. 16 1.25 7.7 1.50 2.08 38.2
Rising Limb 1.20 1. 12 - 6. 7 1, 35 1, 84 36. 2**
Falling Limb 1, 96 1. 85 - 5.6 2. 76 2. 68 - 2. 9
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APPENDIX IL

Scatter Diagrams
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Figure 1. Peak discharge regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-roadbuilding.
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Figure 2, Peak discharge regressiozs of treated watersheds on Flynn Creek (control) for full-year period, pre- and post-logging.
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Figure 3. Peak discharge regressions of treated watersheds on Flynn Creek (control) for recharging period, pre- and post-roadbuilding.
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Figure 4. Peak discharge regression of treated watersheds on Flynn Creek (control) for recharging period, pre- and post-logging.
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Figure 5. Peak discharge regressions of treated watersheds on Flynn Creek (control) for recharged period pre- and post-roadbuilding.
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Figure 8. Induced peak discharge regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-logging,
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Figure 9. Induced peak discharge regressions of treated watersheds on Flynn Creek (control) for recharging period pre- and post-
roadbuilding.
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Figure 10. Induced peak discharge regressions of treated watersheds on Flynn Creek (control) for recharging period pre- and post-logging,
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Figure 11. Induced peak discharge regressions of treated watersheds on Flynn Creek (control) for recharged period pre- and post-
roadbuilding,
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Figure 12. Induced peak discharge regressions of treated watersheds on Flynn Creek (control) for recharged period pre- and post-logging.
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Figure 13, Time-to-peak regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-roadbuilding,
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Figure 15. Volume of total flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-roadbuilding.
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Figure 16, Volume of total flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-logging,
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Figure 17. Volume of quick flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-
roadbuilding.
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Figure 18. Volume of quick flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-logging.
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Figure 19. Volume of delayed flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-
roadbuilding.
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Figure 20. Volume of delayed flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and post-
logging.
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Figure 21. Volume of rising limb flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and
post-roadbuilding.
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Figure 22. Volume of rising limb flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and
post- logging.
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Figure 23. Volume of falling limb flow regression of treated watersheds on Flynn Creek (control) for full-year period pre- and
post-road building.
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Figure 24. Volume of falling limb flow regressions of treated watersheds on Flynn Creek (control) for full-year period pre- and
post-logging.



134

APPENDIX III.

Data



Table 1. Hydrograph parameters (time-to-peak, induced peak discharge, and peak discharge) and data used in statistical analyses.

Date

Flynn Creek Deer Creek Main Deer Creek II Deer Creek III
Induced

Time- Peak Peak
to-peak Discharge Discharge

(hr) (csmi (csm)

Induced Induced Induced
Time- Peak Peak Time- Peak Peak Time- Peak Peak
to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge

(hr) jcsm) (csm) (hr) (csm) ) (csm) (hr) (csm) ) (csm )

18 8 58 10.0 1.27 1. 50 8. 5 . 89 1. 16
10 31 58 9.0 . 80 1.08 9. 5 .93 1.20
11 3 58 7.5 1. 95 2.36 7.0 1.51 2. 10
12 7 58 3.0 2. 82 8.31 3.0 4. 10 8. 72
1 27 59 22.5 43.49 54. 10 22.0 50. 17 58.83
3 9 59 3..5 1.47 4.87 3.5 1.42 4.53
3 27 59 4.0 1.92 12.95 4. 5 1.97 12.31
6 4 59 10.5 1.97 3.83 10.0 2. 86 4.53
9 26 59 14.0 15. 88 17.05 14.0 15.68 17.35

10 19 59 2.0 2. 10 4. 74 2.0 1. 97 4.27
10 23 59 31.0 6. 24 8. 81 32.0 9, 62 11.88
11 20 59 3.5 2.63 4.49 3. 5 2.51 4.20
11 23 59 31.5 8.63 11.27 31.0 9.62 11.88
12 11 59 1. 5 2. 82 6. 54 2.0 3.62 6.39

1 8 60 11.0 2.95 5.92 11.5 2.93 5, 64
2 7 60 15.0 22. 56 39.62 15, 5 32.65 47. 86
6 14 60 5.0 .90 2, 78 5.0 . 85 2.44
8 23 60 24. 5 2. 45 2, 87 25. 5 1.60 2.08

10 11 60 5.0 1.03 1.37 5.0 .77 1. 17
10 23 60 8.0 2. 50 2.78 7, 5 1.62 1.96
11 10 60 17.0 15.41 16, 15 16.5 13.49 14.27
11 24 60 40.0 84. 10 99.36 39.5 92.31 105. 13

1 6 61 43.0 24. 59 27.69 43.0 34.35 36. 92
1 29 61 10. 5 3. 71 7. 15 10. 5 3. 97 7. 52
2 10 61 30.5 73. 41 82.31 25. 5 88.08 95.73
3 1 61 17.0 14, 10 30. 77 16.5 20. 68 35. 30
4 21 61 47.0 7. 54 10.05 47.0 10.04 12, 82
8 15 61 4.0 . 53 . 82 3.0 . 53 .91



Table 1. (continued)

Date

Flynn Creek Deer Creek Main Deer Creek II Deer Creek HI
Induced Induced Induced Induced

Time- Peak Peak Time- Peak Peak Time- Peak Peak Time- Peak Peak
to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge

(hr) (csm) (csrn ) (hr) (csm) ) (csm) (hr) (csm) (csm) ) (hr) (csm) ) (cm.)

8 31 61 6.0 1.73 1.96 6.0 1.15 1.49
9 28 61 6.0 .34 .58 6.0 . 19 . 48

10 10 61 7.0 5. 19 5.45 6. 5 3.75 4.08
10 21 61 22,0 2.22 2,96 23,0 2,23 3,09
10 23 61 13.0 S. 76 6. 15 14, 0 5.20 5, 69
11 3 61 5.0 .77 2.04 6.0 .68 1,93
11 10 61 7. 5 1, 81 2. 78 8.0 1.07 1. 98
11 22 61 23.5 58.42 59.49 23, 5 69.15 70.09
12 19 61 78. 5 48. 40 52. 56 78.0 54.07 58. 12
1 14 62 4.0 3. 23 8. 53 4, 5 3.28 7. 71
2 6 62 9. 5 1, 23 4.28 10.0 1. 37 3, 37
2 10 62 33. 5 14. 41 18. 85 36.0 13. 85 19, 32
2 17 62 27.0 11. 15 20. 77 28.0 10.49 18.63
2 28 62 7.0 1. 54 6.99 7. 5 1.45 6, 50
3 4 62 35.0 9. 92 15. 51 33.0 11.86 17.01
3 25 62 105. 5 35, 49 40.0 105. 5 36. 42 40, 94
4 27 62 27.0 24.06 26.67 28.0 30. 56 32.65
5 3 62 6. 5 3.27 10.92 7, 0 3. 88 10.26
6 2 62 5.0 2. 36 4. 40 5, 0 2. 85 4. 52
8 3 62 6, 5 . 88 1.37 7.0 . 85 1.28

10 7 62 9. 5 7. 33 7. 82 8, 5 7, 11 7. 71
11 20 62 26.0 39. 83 44.23 26, 0 52.89 57, 61 36.0 35. 85 47, 80
11 25 62 12.0 32, 79 41. 15 13, 0 32.65 40.94 17. 5 36. 83 42.23
11 25 62 31.0 74.97 83.33 32, 0 85.73 94.02 36, 0
11 30 62 14.0 10, 00 24, 36 13, 5 11. 88 25.30 14.0 16. 51 25.27 7. 5 14.66 24, 78
12 13 62 3, 5 1. 53 6. 15 4. 5 2, 23 6, 38 3.0 1.05 3. 85 3.0 2.67 3. 75
12 14 62 8.0 2. 59 6, 65 8.0 2.94 7.27 7. 5 1, 57 4.58 8. 5 3.21 5, 53

1 3 63 44.0 5. 45 9, 62 45.0 7.28 11, 71 44.0 8.62 12, 92



Table 1. (continued)

Flynn Creek Deer Creek Main Deer Creek II Deer Creek III
Induced Induced Induced Induced

Date Time- Peak Peak Time- Peak Peak Time- Peak Peak Time- Peak Peak
to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge

(hr) (csm) (csrn) (hr) (csm) (csm) (hr) (csm) (csm) (hr) (csm) (csm))

1 31 63 20, 0 10.45 12.54 20.5 10, 87 12, 65 20. 5 11.47 11.95
2 1 63 38.0 21.22 23.33 38. 5 24.46 26.24 37.0 25, 94 26, 54 38.5 26, 41 26, 88
2 13 63 1. 5 . 85 6.03 2. 5 1.21 5.26 1.0 .40 3.21 1.0 . 82 4. 30
2 17 63 48. 5 10. 85 14, 62 49.0 12, 32 15, 38 47.0 12. 80 14. 90 47.0 15. 98 18. 97
2 25 63 7. 5 3, 59 9. 62 7. 5 5.26 8.80 6, 0 1. 81 S. 91 7. S 3. 44 8. 03
3 30 63 80. 5 29. 47 33. 59 79.0 25.29 29.06 78.0 39. 63 42, 85 79. 0 30. 78 34. 53
4 17 63 60.0 8. 47 15, 00 60. 0 8. 58 14.62 59.0 10. 57 14. 90 60. 0 9. 88 16.08
7 22 63 4. 5 . 87 1. 44 5.0 1. 14 1. 67 3. 5 . 43 . 44 7. 0 . 16 . 23
9 15 63 22. 5 .94 1.28 23. 0 .69 1.08 20.0 . 18 19 29. 5 . 11 .23
9 22 63 14, 5 1.01 1.34 15.0 .69 1. 11 15.5 .24 .24

10 20 63 6.0 .78 1.02 6.0 .27 .62
10 22 63 16.0 5.01 5.32 15.0 5.02 5.47 14.5 3. 75 3. 88 15.0 4, 73 4. 73
10 28 63 6.5 3.38 4.36 6, 5 3.33 4. 83 6.0 2. 37 3.43 6.0 1.99 2.65
10 30 63 2. 5 1.40 2.96 2, 5 1.25 3.68 1.5 1.26 3.43 2.0 . 51 2.05
11 1 63 8.0 1. 53 2.90 7. 5 1. 66 3. 77 7. 55 1, 29 3.21 8. 0 . 61 1. 78
11 7 63 13.5 36.76 41. 15 14. 5 47.35 48.89
11 23 63 1.5 2. 85 13.33 1. 5 2.22 11.97 1.0 2. 15 10.23 1.0 3.36 11.01
11 23 63 1. 5 2. 41 13.33 1. 5 2. 14 12.39 1. 5 1. 81 10.23 1.0 2.64 11. 48
12 S 63 2.0 2.91 7.03 1.5 1. 54 3.64 2.0
12 5 63 3.5 3. 33 8.65 3.5 2.01 4. 83 4.0
12 18 63 15.0 . 90 4.36 16. 5 .91 4.05 14.5 .69 2.63 14. 5 1.95 2. 75
12 19 63 31. 5 2. 28 5. 74 31. 5 3.24 6. 38 30. 5 1. 48 3.42 30. 5 3.08 4.02
12 21 63 68.5 6. 15 9.62 70. 5 8.23 11.37 71. 5 11.15 13.09 67.0 11.99 12.92
12 24 63 1. 5 5.29 8.65 2.0 1.96 8.25 1. 5 1.62 6.20 1. 5 2.31 6.90
12 31 63 4.0 3. 85 12.31 4.0 4.51 12.22 3. 5 2. 51 8. 42 3. 5 3. 59 12. 43

1 1 64 17. 5 12. 73 22, 56 20.0 14. 10 24.36 17. 5 21.08 30. 56 16. 5 19. 88 31.36
1 6 64 20.0 38. 23 48. 72 20. 5 46. 15 55. 56 19.0 48. 99 57. 83
1 16 64 1. 5 4. 12 15.26 2.0 3. 85 14. 87 1.0 2. 38 12.23 2.0 4.49 12.92 k.,,)

-.1



Table 1. (continued)

Flynn Creek Deer Creek Main Deer Creek II Deer Creek III
Induced Induced Induced Induced

Date Time- Peak Peak Time- Peak Peak Time- Peak Peak Time- Peak Peak
to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge

(hr) (csm) (csm) (hr) (cam) ) (csm) (hr) (csm) ) (csm ) (hr) (csm) (csm)

1 17 64 40.0 25. 82 37. 18 39. 5 29. 15 44.23 38. 5 40.03 49. 88 37.0 28. 58 37.01
1 19 64 87.0 69.92 81, 28 88.0 70.09 85.47 86.0 109.25 118.73 89.0
1 24 64 21.0 27. 56 44. 23 21.0 38. 89 54.70 19.0 S7.73 73. 58 21. 5
1 26 64 45. 5 33. 97 51.03 44. 5 38.03 53. 85 45.0 48. 89 64. 74 46.0 47. 72 57. 83
2 29 64 14, 5 5. 56 8. 97 14.0 4. 88 7.46 13.0 . 30 .30 12.5 2. 30 2. 87
3 4 64 107. 5 12. 13 15.64 108.0 16.74 19.32 108.0 7.91 7.91 107.5 11, 42 11.95
3 11 64 55.0 20.10 28.46 53.0 19.71 29.11

11 2 64 24. 5 1.47 1.79 24. 5 1.20 1.62 23. 5 .94 1. 17 22.0 1.25 1.73
11 4 64 14.0 1.28 1.88 15.0 1.56 2.34 14.0 1. 33 1. 84 16.0 2.01 3. 23
11 22 64 7, 5 1. 55 2. 73 7. 5 1.40 2. 74 6.0 1.08 2.25 7. 5 .67 1, 53
12 1 64 24. 5 36. 28 55.38 24.0 41.79 59.83 23. 5 58. 42 84.32 23.5
12 14 64 5.0 7.33 17.95 5.0 7.35 16.41 3.5 4. 77 13.53 4. 5 7.04 13.94
12 21 64 34. 5 49. 50 57.95 36. 5 52. 17 60.34
12 22 64 61. 5 106. 31 115. 13 64.0 102.94 111. 11 59.0 124.75 132. 83 59, 0 113. 12 119. 32
1 28 65 134. 5 169. 79 175.64 133.0 166. 16 171.37 116.0 174.61 178.94 132. 5 174. 36 179. 88
2 27 65 36.0 6. 3S 10.62 37.0 6. 58 10.77 32.5 7. 37 11.01 34.5 8.62 12.92
3 25 65 6. S 2.05 4.05 7.0 2.24 4.02 6.0 1.45 2.44 7. 5 2.01 3. 23
3 26 65 13.5 2.63 4.63 14. 5 3.05 4.83 12, 5 1. 82 2.81 13. 5 3.08 4.30
4 13 6S 9.0 . 47 1.88 10.0 .63 1. 88 9. 5 . 34 1.06 11.5 . 50 1.31
4 19 65 15.0 8. 41 10.00 15. 5 8.05 9. 57 14. 5 5.43 6.38 14, 5 9.61 10, 92
5 15 65 6. 5 1. 58 3.46 6.0 1.54 3.21 7.0 1.05 2.16 5. 5 1.45 2.76



Table 1. (continued)

Date

Flynn Creek Deer Creek Main Deer Creek H Deer Creek III
Induced Induced Induced Induced

Time- Peak Peak Time- Peak Peak Time- Peak Peak Time- Peak Peak
to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge

(hr) (curl) (csin ) fhr) (csm) ) (csm ) fhr) (csm) ) (csm ) (hr) (csm) ) ( csm_)

- Roadbuilding -

11 3 65 30.5 1.78 2.08 30.5 3.01 3.56 29.0 .93 1.23 29.0 3.22 3.47
11 10 65 3.0 1.35 2.08 3.0 1.01 1.93 2.0 .71 1.49 2.0 . 56 2. 11
11 12 65 26.5 14.05 16.28 26.5 13.21 15. 81 29, 0 13.75 15.85 27. 5 28. 52 33. 72
11 18 65 2. 5 3.28 5. 59 3. 5 1.99 4.27 3.0 1.07 3,01 2.0 3.06 6.54
12 20 65 11.0 6. 15 9.67 11.0 5.01 8.02 10.0 7.22 10.23 10.0 8.13 12.43
11 26 65 51.5 7. 33 10. 85 51. 5 9.47 12.48 50.0 13.82 16.83 51.0 13.48 17.78
12 1 65 4.0 3.68 7.83 3.5 2.04 S. 91 4.0 2.91 8.43
12 3 65 2.0 2. 47 6. 96 1.0 2.46 6.79 1.5 2.24 8.43
12 4 65 23.0 5. 41 9. 90 23,5 12.50 16.83 17.5 10.44 16.64
12 23 65 6.0 4.03 6. 33 7. 5 3.73 5.66 5.5 2.63 3.86 8.5 1.87 2.11
12 24 65 15.5 17. 18 19.49 15.5 16.36 18.29 20.5 24.54 25.90 17. S 26.23 28.34
12 27 65 21.5 54.31 65.38 21. 5 64.79 75.21 21.5 86.26 97.26
1 13 66 13.0 3. 85 17.56 13.0 3.33 17.3S 13.5 4.60 16.83 12.5 7.39 20.82
1 15 66 42.0 17. 18 30.90 41.0 18.63 32.65 42.0 32.31 44.55 37.5 25.29 38.71
2 19 66 4. 5 3. 17 9.03 4. 5 3.68 8. 32 4.5 1.41 4.83 4.0 5.22 10.11
3 4 66 11,5 1.22 6.81 11. 5 1.67 6.50 12.5 . 94 4.58 11.0 2.60 6.90
3 7 66 31.5 6, 76 13. 72 31.5 13, 77 14.02 31.5 10.28 15.37 31.0 13.72 19.58
3 9 66 29.5 80. 13 95, 59 28.0 87.01 100.00 26.0 107.80 121.78 27.0 105.72 122.36
3 18 66 4.0 1. 92 16.28 4. 5 2,65 14.02 3.5 5.16 16.64
3 20 66 3. 5 7. 95 25.26 3. 5 9.49 25.30 3.5 12.22 30.59



Table 1. (continued)

Flynn Creek Deer Creek Main Deer Creek II Deer Creek III
Induced Induced Induced Induced

Date Time- Peak Peak Time- Peak Peak Time- Peak Peak Time- Peak Peak

to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge to-peak Discharge Discharge
(hr) (csm) ) (csm ) (hr)_ (csm) (con) (hr) (csm) (csm) ) (hr) (csm) ) (csm )

- Logging

1 2 67
1 3 67
1 5 67
1 13 67

4.0
24.0
16.0
30. 5

2.76
3, 55
9. 50

16. 99

7.65
8.45

17. 95
23.21

4.0
24. 0
16.0
30. 5

2.65
3.97
9. 74

19, 95

8, 16
9.49

18. 89
25. 56

5.0
24.0
15. 5
25. 5

1. 86
7.37

14.04
30.07

6.20
11,01
24.65
34. 89

5. 5
25.0
14.0
28.0

6, 15
8.78

10.25
28.91

14.99
17.21
26. 88
36. 18

1 26 67 40.0 77.69 88.72 41.0 80.09 89.74 40.5 85. 11 94.59 41. 5 108.42 122.36
2 13 67 5.0 6.09 9. 94 5.0 5, 38 8. 46 5. 5 3. 46 5.91 7.0 7. 33 10. 56

2 28 67 8.0 1. 94 5.01 8. 5 2. 74 6. 39 7. 5 1. 89 4.33 7.0 3. 54 8. 43

3 15 67 20.0 34. 72 40. 13 20.0 42.94 48. 55 19. 5 58. 59 63.68 19.0 47. 16 53. 70

4 13 67 22.0 10. 45 14.49 22.0 12, 21 16. 24 22.0 17, 17 19.98 19.0 16, 25 21. 46

4 25 67 3.0 1.69 6.22 3.0 1.68 5. 79 2.0 . 91 4.33 3.0 . 96 5. 85

9 10 67 9.0 . 56 . 71 7. 5 .36 . 58 8.0 . 18 . 19 7. 0 . 15 . 25

9 30 67 8. 5 2. 54 2, 96 9.0 1.35 1.62 8.0 . 85 .99 7. 5 .22 .31
10 1 67 9. 5 2, 29 2. 83 9.0 1, 97 2. 50 8. 5 1.64 1. 94 10.0 . 99 1. 11

10 1 67 12.0 3. 12 3.65 11. 5 2.48 3.01 11.0 1. 97 2.27 13.0 1. 12 1.24
10 3 67 12, 5 6. 76 7.26 13.0 6. 15 7.01 12, 5 5. 54 5.91 12. 5 10.45 11. 43

10 22 67 6.0 3. 18 4.64 6. 5 3.62 6.70 5.5 2. 54 5.35
10 24 67 3.0 2.00 3. 56 2. 5 1. 82 5. 70 2. 5 1. 19 4. 83 3.0 1. 41 6.77
10 27 67 21, 5 31. 97 33. 59 21.0 36.36 39, 57 20, 5 39.00 42.01
11 29 67 37. 5 11.44 12.95 37.0 12.92 14, 44 36, 5 16.24 16.83 36.0 16.40 17. 78

12 3 67 42. 5 26. 29 36.67 43.0 26. 50 36. 32 45. 5 43. 81 69.08 42.0 37.29 49. 73

12 23 67 49. 5 10.74 15, 51 48. 5 13.38 17. 18 49.0 19. 10 23.43 45.0 23. 87 29.08

1 9 68 32.0 20. 45 24. 10 31.5 24. 42 28.38 32.0 33.60 36. 41

2 1 68 52.0 9.05 13.33 52.0 12. 48 15. 90 52. 5 16. 97 19.98 58.0 18. 58 24. 78

2 3 68 30.0 22, 95 35.38 30.0 20.26 35.21 32. 5 25.98 45.41 32.0 27.92 52.69
2 4 68 52.5 29. 10 41. 54 52. 5 25. 56 42.74 51.0 34. 73 53, 63 52. 5 36.25 61.03
2 19 68 24.0 53.01 56.28 23.0 66.80 70.09 21.5 72.22 73.58 21.0 81.80 85. 82 1--40
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Table 2. Flow volume data of Flynn Creek.

Date
Total Quick Delayed Rising Limb Falling Limb

- Areal Inches -

10 18 58 .095 .046 .049 .028 .06`7

11 17 58 4.861 2.845 2.016 1.873 2.988
1 7 59 9.302 6.141 3.161 1.901 7.402

10 21 59 .868 .290 .578 .333 .535
11 22 59 1.231 .534 .697 .425 .807

2 8 60 3.978 1.109 2.869 1.520 2.458
10 27 60 .180 .053 .127 .129 .051

1 4 61 3.271 1.706 1.565 .640 2.631
2 9 61 14.540 9.504 5,037 2.208 12.333

11 21 61 3.534 2.616 .918 .662 2.871
12 16 61 7.890 5.140 2.750 4.151 3.739
10 7 62 .128 .079 .049 .043 .085
11 19 62 3.252 2.092 1.160 .804 2.448
3 27 63 3.944 1.939 2.006 1.916 2.029

11 7 63 2.993 1.794 1.199 .362 2.632
1 5 64 3.987 1.993 1.994 .803 3.185
1 16 64 8.755 4.824 3.931 4.153 4.602
3 9 64 3.425 1.104 2.321 1.627 1.798

11 23 64 4.786 3.376 1.410 .551 4.235
11 30 64 5.618 4.092 1.526 . 547 5.071

1. 1 65 1.655 .328 1.326 .662 .992
1 10 6S 1.595 .250 1.346 .662 .933

- Roadbuilding -

11 2 65 .113 .060 .053 .023 .090
11 -11 65 .631 .270 .361 .179 .452
12'26 65 7.071 4.320 2,751 1.417 5.654

1 1 66 9.740 5.042 4.699 3.838 5.902
1 13 66 3.009 .935 2.074 1.381 1.628
3 8 66 6.361 4.061 2.300 2.032 4.329

- Logging -

12 3 66 5.776 3.015 2,760 .921 4.855
12 12 66 3.631 1.618 2.014 1.295 2.336
1 12 67 2.806 1.233 1.573 .720 2.086
1 26 67 9.098 6,004 3,094 2.277 6.822
3 14 67 4.336 2.441 1.895 .767 3.569

10 26 67 1.098 .755 .343 .298 .806
12 1 67 6,002 2.867 3.135 1.625 4.376
12 21 67 1.832 .640 1.192 .669 1.163

1 868 2.682 1.479 1.203 .563 2.146
2 268 4.082 1.811 2.271 2.294 1.787
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Table 3, Flow volume data of Deer Creek II

Date
Total Quick Delayed Rising Limb Falling Limb

- Areal Inches

3 27 63 4.074 2. 500 1.573 1, 903 2. 170
1 5 64 3.917 2.623 1.295 .964 2.954
1 16 64 8, 221 5.351 2.870 4.817 3. 404
1 1 65 2.163 1.025 1. 138 .979 1. 184
1 10 65 2, 596 1.014 1. 582 .972 1.624

- Roadbuilding -

11 2 65 .043 .006 .038 .027 .016
11 11 65 1. 198 .639 .559 .288 .910
1 13 66 1.846 .735 1. 111 .285 1. 560
3 8 66 5, 504 3.787 1.717 2. 137 3. 366

Logging

12 12 66 2.981 1. 591 1.390 1.226 1. 755
1 12 67 3. 139 1. 822 1.316 .956 2. 183
1 26 67 8. 304 5. 729 2. 576 2.880 5. 424
3 14 67 4.281 2.642 1.638 .904 3. 377

10 26 67 1.499 1.019 .480 .483 1.016
12 1 67 4.848 2. 557 2.291 1.856 2.992
12 21 67 2. 149 1.072 1.078 .745 1. 404

1 8 68 2. 131 1.382 .749 .566 1. 565
2 2 68 4.457 1.906 2.551 2.995 1.462

Table 4. Flow volume data of Deer Creek III

Total Quick Delayed Rising Limb Falling Limb
Date

- Areal Inches

11 19 62 4.607 2.602 2.005 1.402 3.205
3 27 63 3.345 2.170 1.175 1.756 1,589

11 30 64 5. 824 2.661 3.163 2.025 3. 799
1 1 65 2.211 .483 1.727 .803 1.408
1 10 65 2.554 .922 1.632 .969 1. 585

- Roadbuilding -

11 2 65 .154 .070 ,084 .030 .125
11 11 65 2.058 1. 169 . 888 .555 1. 502
1 13 66 3.119 1. 195 1.924 1. 285 1. 834
3 8 66 6.393 4.281 2. 112 2.405 3. 989

- Logging -

1 12 67 3.862 1.946 1.916 1. 160 2. 702
1 26 67 9.636 6.342 3.295 3.519 6.117
3 14 67 5. 112 2.955 2, 157 1.093 4.019

12 1 67 6.363 3.022 3.341 2.284 4.079
12 21 67 2.903 1. 501 1.402 .953 1. 949
2 2 68 5.600 2, 250 3. 351 3.939 1. 661
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Table S. Flow volume data of Deer Creek main station

Date
Total Quick Delayed Rising Limb Falling Limb

- Areal Inches -

10 18 58 .099 .041 .058 .039 .060
11 17 58 4.838 3.087 1.751 2.286 2.552

1 7 59 8.003 5.426 2.577 1.769 6.234
10 21 59 1.098 .492 .606 .434 .664
11 22 59 1.118 .667 .451 .458 .660

2 8 60 3.883 1.138 2.745 1.643 2.241
10 27 60 .210 .070 .140 .144 .067

1 4 61 3.146 1.853 1.293 .680 2,466
2 9 61 13.999 9,677 4.322 1.787 12.211

11 21 61 3.367 2.619 .747 .684 2.682
12 16 61 6.630 4,876 1,754 2,288 4.341
10 7 62 .141 .078 .063 .039 .102
11 19 62 3.502 2.345 1.156 .860 2.641
3 27 63 3.552 1.828 1.728 1.733 1.820

11 7 63 3.141 1.933 1.208 .522 2.619
1 5 64 3.696 2.007 1.690 .816 2.881
1 16 64 6.280 3.509 2.771 3.744 2.535
3 9 64 3.143 1.192 1.950 1,415 1.728

11 23 64 4.904 3.467 1.438 . 573 4.332
11 30 64 5.044 2.273 2.771 1.526 3.518

1 1 65 1.619 .394 1.225 . 821 . 798
1 10 65 1.652 .471 1.181 .626 1.026

- Roadbuilding

11 2 65 .116 .052 .064 .049 .067
11 11 65 ,990 .457 .533 .213 .777
12 26 65 7.111 4.465 2.647 1.393 5.719

1 1 66 9,782 5.430 4.352 3,584 6.198
1 13 66 2,731 ,918 1.813 1.302 1.429
3 8 66 5.629 3.630 1.999 2.125 3.503

- Logging -

12 3 66 5.254 2.578 2.676 .944 4.310
12 12 66 3.240 1.451 1.789 1,376 1.864
1 12 67 2.579 1.244 1.334 .944 1.635
1 26 67 8.281 5,467 2.815 2.387 5.894
3 14 67 4.032 2,305 1.727 . 820 3.213

10 26 67 1.660 1.101 , 559 , 352 1.308
12 1 67 5.107 1,889 3.218 1.972 3.135
12 21 67 1,702 . 701 1,000 .622 1.079

1 8 68 2,147 1.185 .962 .551 1.596
2 2 68 3.649 1.411 2.237 2,319 1.329
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APPENDIX IV.

Computer Programs
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Data for hydrographs and parameters were placed on IBM cards

using the specifications presented in Tables 1 and 2. These formats

must be used in conjunction with the computer programs that follow.

Table 1. Specification for hydrograph parameter card used in
Computer Program I.

Card
column Information

Decimal point
position

1-2 Month
4-5 Day
7-8 Year

10-14 Flynn, Time-to-peak (hr)
15-20 Flynn, Induced peak discharge (csm)
21-26 Flynn, Peak discharge (csm)
28-32 DCM, Time-to-peak (hr)
33-38 DCM, Induced peak discharge (csm)
39-44 DCM, Peak discharge (csm)

45 DC II, V-notch code
1 = V-notch on
0 = Flume only

46-50 DC II, Time-to-peak (hr)
51-56 DC II, Height-of-rise (WI!
57-62 DC II, Peak stage (ft)

-63 DC III, V-notch code
64-68 DC III, Time-to-peak (hrl
69-74 DC III, Height-of-rise (ft)
75-80 DC III, Peak stage (ft)

1 Height-of-rise is the difference between the peak stage and the
initial point of rise on a storm hydrograph.
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Table 2. Specification for storm-runoff volume card!" used in Com-
puter Program II.

Card. Decimal point
column Information position

1 Watershed code
1 = Flynn Creek
2 = DC II
3 = DC III
4 = DCM

2 Rating table number for Flynn Creek and
DCM. V-notch code for DC II and
DC III.
1 = rating equation for flume
2 = rating equation with V-notch on

3-4 Month
6-7 Day
9-10 Year

12-15 Time (0 to 2400 hours) xxxx
17-20 Stage (in feet) x. xx
22-25 Time xxxx
27-30 Stage x. xx
32-35 Time xxxx
37-40 Stage x. xx
42-45 Time xxxx
47-50 Stage x. xx
52-55 Time xxxx
57-60 Stage x. xx
62-65 Time xxxx
67-70 Stage x. xx
72-75 Time xxxx
77-80 Stage x. xx

1 Every change of day use a new card. Place a card with a "9" in
the first column to separate two storms.
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Computer Program I. Conversion of DC II and DC III induced peak
discharge and peak discharge from stage to csm.

00001: PROGRAM DC 23 CSM
00002: DO 1 1=1, 152
00003: READ (3, 101)D1, D2, FT, FH, FP, DMT, DMH, DMP, ID2,
00004: 1D2T, D2H, D2P, ID3, D3T, D3H, D3P
00005: IF (D2T. EQ. 0. ) GO TO 10
00006: IF (ID2. EQ. 1) GO TO 11
00007: D2Q=(6. 410*D2P*D2P+1. 114*D2P**3)/138. *640.
00008: D2H=D2P-D2H
00009: D2L= (6. 410*D2H*D2H+1. 114*D2H**3)/138. *640.
00010: D2R=D2Q-D2L
00011: GO TO 16
00012: 11 D2P=D2P-0. 75
00013: D2Q=1. 446*D2P**2. 448/138. *640.
00014: D2H=D2P-D2H
00015: D2L=1. 446*D2H**2. 448/138. *640.
00016: D2R=D2Q-D2L
00017: GO TO 16
00018: 10 D2R=D2Q=0,
00019: 16 IF (D2T. EQ. 0) GO TO 12
00020: IF (ID3. EQ. 1) GO TO 13
00021: D3Q=7. 468*D3P*D3P /100. *640.
00022: D3H=D3P -D3H
00023: D3L=7. 468*D3H*D3H /100. *640.
00024: D3R=D3Q-D3L
00025: GO TO 15
00026: 13 D3P=D3P-0. 77
00027: D3Q=1. 446*D3P**2. 448/100. *640.
00028: D3H=D3P-D3H
00029: D3L=1. 446*D3H**2. 448/100. *640.
00030: D3R=D3Q-D3L
00031: GO TO 15
00032: 12 D3R7.--D3Q=0
00033: 15 WRITE(39, 102) DI, D2, FT, FH, FP, DMT, DMH, I)MP, ID2,
00034: 1D2T, D2R, D2Q, ID3, D3T, D3R, D3Q
00035: 102 FORMAT(1H ,2A4, F6. 1, 2F6. 2, F6. 1, 2F6. 2, I 1, F5. 1,
00036: 12F6. 2, I 1, F5. 1, 2F6. 2)
00037: 101 FORMAT(2A4, F6. 1, 2F6. 2, F6, 1, 2F6. 2, I 1, F5. 1,
00038: 12F6. 2, I 1, F5, 1, 2F6. 2)
00039: 1 CONTINUE
00040: END
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Computer Program II. Hydrograph separation
and integration of flow volumes.

00001: PROGRAM VOLUME
00002: DIMENSION ID1(50),ID2(50),IDT1(50),IDT2(50),IDT3(50),
00003: IDATA(10,2,50),ST(50),CSM(50)
000041 CALL EQUIP(11,51101.1 )

00005: CALL EQUIP(12,5HOL2 )
00006: CALL EQUIP(13,514FL3 )
00007: CALL EQUIP(14,511*FL4 )
00008: CALL EQUIP(I5,5H*PL5 )
00009: CALL EQUIP(16,5R*FL6 )
00010, CALL EQUIP(41,5H*DCM1)
000111 CALL EQUIP(42,5H*DC112)
00012: CALL EQUIP(43,511*DCM3)
000131 CALL EQUIP(44,5M*DCM4)
000141 CALL EQUIP(45,5H *DCMS)
00015: CALL EQUIP(46,511*DCM6)
000161 CALL EQUIP(47,5H*DCM7)
00017: PRINT 5000
000181 100 DO 101 11:1,50
00019: READ (5,5001)IDI(K),102(X),IDTI(X),IDT2(X),IDT3(K),
000201 1((DATA(I,J,100:1,2),I=1,7)
00021: IF (EOFCKF(5))52,51
00022s 52 IF(ID1(K).EQ.9)53,101
00023: 101 CONTINUE
00024: 53 R11:0. $ X=1
00025: 5 DO 6 1:1,7
00026: IF (DATA(1,1,10.E12.00 GO TO 6
00027: DATA(I,I,E)=DATA(1,14)+RX*2400.
000281 6 CONTINUE
00029: 11.7(+1

00030: IF(ID1(X).EQ.9) GO TO 54
00031: IF (IDT2(10.61.IDT2(A-1)) GO TO 5
00032: RK:RX+1
00033: GO TO 5
00034: 54 GO TO (1,2,3,4)101(1)
00035: 1 GO TO (11,12,13,14,15,16)ID2(1)
00036: 11 READ (11,5002)(ST(M),14:1,32),(CSM(R),M=1,32)
000371 REWIND 11
00038: GO TO 1000
000391 12 READ (12,5002)(ST(M),M=1,32),(CSM(M),m=1,32)
00040: REWIND 12
00041: GO TO 1000
00042: 13 READ (13,5002)(ST(M),M=1,32),(CSM(M),m=1,32)
000431 REWIND 13
00044: GO TO 1000
000451 14 RIAD (14,5002)(ST(M),M=1,32),(CSM(14),M=1,32)
00046s REWIND 14
00047: GO TO 1000
00048: 15 READ (15,5002)(ST(M),M=1,32),(CSM(M),8=1,32)
ages REWIND 15
000501 GO TO 1000
00051: 16 READ (16,5002)(ST(N),M=1,32),(CSM(M),M=1,32)
80052: REWIND 16
00053s GO TO 1000
000541 2 GO TO (21.22)ID2(1)
00055: 21 ST(1)*.
000561 CSM(M)=0.
00057: DO 103 M=1,40
00058: ST(M.1):ST(M)+0,1
00059: CRO(M+1) :(6.410*ST(141.1)*ST(Nr1)+1.114*ST(M+1)**3)/138.
00060: 103 CONTINUE
000611 GO TO 1000
00062: 22 ST(1)=0,75
00063: CSM(1)=0.
00064: DO 104 M=1,40
00065: DT(14+1):8T(M)+0.1
000661 CSR(M 41)=1.446*(ST(M+1)-0.75)**2.448/138.
00067, 104 CONTINUE
00068: GO TO 1000
00069: 3 GO TO (31,32)102(1)
00070s 31 ST(1)=0.
00071: CSM(1)=0.
00072: DO 106 M=.1,40
000731 ST(M+1) :ST(M) +.1
00074: CSM(M+1)=7.468*ST(M+1)*ST(MR-1)/100.
00075: 106 CONTINUE
000761 GO TO 1000
000771 32 ST(1)=0.77
00078: CSM(1)=0.
00079: DO 107 14:1,40
00080: ST(M+1)=ST(M)+0.1
00081s CSM(M+1)=1.446*(ST(M+1)-0.77)**2.448/100.
08082r 107 CONTINUE
000831 GO TO 1000
000841 4 00 TO (41,42,43,44,45,46,47)ID2(1)
00085s 41 RIAD (41,5001)(ST(M),M=1,38),(CSM(M),M=1,38)
00086: REWIND 41
00087s GO TO 1000
00088: 42 READ (42,5002)(ST(M),M=1,38),(CSM(M),M=1,38)
00089: REWIND 42
00090: GO TO 1000
00091: 43 READ (43,5002)(ST(M),M=1,38),(CSM(M),M=1,38)
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10092: MINI 43
00093: GO TO 1000
0009 41 44 READ (440002) (ST(M) ,M=1,3 8) , (CSM(M) ,M=1,38)
00095: REWIND 44
00096: GO TO 1008
O 0097: 45 READ (45,5802)(srm,m=i,a8),(csm(m),M=1,38)
00098: REWIND 45
00099: GO TO IBM
00100s 46 READ (46,5002) (ST(M) ,M=1 08) , (CSM(M) 01=1,3 8)
08181: REWIND 46
00102: GO TO 1000
08183: 47 READ (47,5002)(ST(M),M=1,38),(CSM(M),M=1,38)
00104: REWIND 47
00105: GO TO 1000
00106: 1000 CALL INTEG(DATA,ST,CSM,VOLT,VOLD,VOLR,IDT2,ID1)
001071 VOLT=VOLT*0.991 7
00108: VOLD=VOLD*0.9917
08109: VOLQ =VOLT-VOLD
00110: VOIR =VOLR*0.991 7
00111: VOLF=VOLT-VOLR
001121 WRITE (6,5004)101(1)0 DTI (1),IDT2(1) ,IDT3(1),VOLT,VOLQ,VOL
1),
00113: IVOLR,VOLF
00114: 5000 FORMAT (5H STA ,10H DATE ,8)(,'VOLT ',5X,'VO
LD *,
00115: 15)(,VOLR ',5X,'VOLF ,/)
00116: 5001 FORMAT (2 1142,213,105.0)
00117: 5002 FORMAT (7E10.7)
00118: 5004 FORMAT (1H ,I1,3X,12,213,4X,5F10.3)
00119: GO TO 100
001201 51 STOP
O 0121: END
00122: SUBROUTINE INTEG (DATA,ST,CSM,VOLT,VOLD,VOLR,IDT2.I01)
00123: DIMENSION DATA (10,2 ,50 ) ,ST (50) ,CSM(50) ,A (1 00) 100) 0(10
0)
0012 4t DIMENSION I D1(50)4011(50)
00125: VOLT=0.
00126: VOLD=0.
80127:
00128: CALL GOLDEN (DATA,ST,CSM,IDT2,IDI,GOLD)
00129: A(1)=DATA(1,1,1)
00130, B(1)=DATA(1,2,1)
00131: DO 4 P1=1,100
00132: M11=14

00133, IF(B(1).LIC.ST(M))G0 TO 16
00134: 4 CONTINUE
801E51 16 D( 1)=CSM( M11-1)+(CSIA(M11)-CSM(1414-1)) AST (MN)-ST(MN-1))*(Bt I)
-ST(MN-
0013 6: ))
00137: VOLT=VOLT+0.2 5,0(1)
00138, 1=2
00139: 20 IF (101(8).E.Q.9) GO TO
00140: 5 IF (DATA(I,1,11).141.0.) GO TO 22
00141, SLOPE:(DATA(1,2,11)-8 (1))/(DA TA (1,1 ,K)-8(1))*25.
00142: DO 2 L=1,500
00143: A(L+1)=A(1)+2 5.
00144: B(L+1)=Bco+sLopt
00145: DO 3 M=1,100
00146: I M=M
00147: IF(111(L+1).1.E.ST(14)) GO TO 100
00148: 3 CONTINUE
00149: 100 C=CSM(IM-1)+(CSM(IM)-CSM(IM-1))/(ST(IM)-ST(IM-1))
00150: 1*(13(L+1)-ST(IM-1))
O 0151: D(L+1)=D(L)+0.0000195
00152, IF (C.LT.D(L+1).AND.A(L+1).GE.GOLD) GO TO it
00153: VOLT=VOLT+0.2 5*C
00154: VOLD=CD(L+1)+D(L))/8.+VOLD
00155: LL =1+1
00156, IF (A(L+1).11Q.DATA(1,1,1()) GO TO 12
00157: 2 CONTINUE
00158: 12 IF (DATA(1,1,10.11Q.GOLD)VOLR=VOLT
00159: A(1)=DATA(1,1,1()
00160: B(1)=DATA(I.2,1()
00161: 1)(1)=D(LL)
00162: IF(I.EQ.7) GO TO 22
00163: I=I+1
00164: GO TO 5
00165: 22 H=8+1
00166, 1=1
00167: GO TO 20
00168: 11 RETURN
00169: END
001701 SUBROUTINE GOLDEN(DA TA ,ST,CSM,IDT2 DI ,GOLD)
001711 DIMENSION DATA (10,2,50),ST(50) ,CSM(50) ,IDT2(50),I1)1(50)
00172: GOLDD=0.

( 00173: H=1
00174: 4 IF(I DI (10 .114 .9)80 TO I
001751 DO 2 1=1,7
001761 IF (DATA(1,1,10.EQ.0.)G0 TO 3
00177s IF (DATA(1,2,10.6E.GOLDO) 5,2
00178, 5 GOLDD=DA TA (1 ,2,K)
00179: GOLD=DA TA (I , 1 ,It)
00180: 2 CONTINUE
00181: 3 K=K+1
08182: GO TO 4
00183: 1 RETURN
00184: END


