
Impact of Development on Stream Flows

Item Type text; Proceedings

Authors Trotta, Paul D.; Rodgers, James J.; Vandivere, William B.

Publisher Arizona-Nevada Academy of Science

Journal Hydrology and Water Resources in Arizona and the Southwest

Rights Copyright ©, where appropriate, is held by the author.

Download date 24/05/2023 20:21:47

Link to Item http://hdl.handle.net/10150/301160

http://hdl.handle.net/10150/301160


IMPACT OF DEVELOPMENT ON STREAM FLOWS

by
1 2 3

Paul D. Trotta, James J. Rodgers, William B. Vandivere

ACKNOWLEDGEMENT

The research reported in this publication was supported by the Rocky Mountain Forest and Range
Experiment Station, U. S. Department of Agriculature, Forest Service, through the Eisenhower Con-
sortium for Western Environmental Forestry Research (EC 270).

INTRODUCTION

In the arid regions of the southwest and west forests provide significant quantities of the water
for the life style chosen by its human inhabitants. The forests not only provide the "catchment"
for renewing surface and ground water resources but also have a significant role in regulating the
supply of water to these sources. It is essential, therefore, to the forest manager as well as the
city planner to come to a qualitative as well as quantitative understanding of the impacts of develop-
ment on stream flows and how the regulating effect of the watershed on stream flow is influenced by
changes in land use. In a recent survey of municipal planners one of the currently unsatisfied infor-
mational needs of planners was reported as being the relationship between planning decisions and
impacts on the water resources of the region, and all the resultant feedback effects. A hydrologic
simulation model was chosen in this study to help answer some of the above questions.

LITERATURE REVIEW

URBANIZATION

Inquiry into the hydrologic characteristics of urbanizing watersheds has concentrated on the
alteration of: shape and timing of runoff hydrographe, flood magnitudes for events of varying
recurrence intervals; and, quantitative evaluation of runoff volume and stream sediment loading. In a
California study, McBride (1976) observed that urbanization of a watershed in the Berkeley Hills
region produced values of peak daily streamflow, ten times those of a similar non- urbanized water-
shed. Another California investigation (James, 1965) contrasted runoff volumes from a watershed in
both its pre -urban and urbanized forms. It was estimated from streamflow records that runoff
volume from the completely urbanized watershed was 2.3 times that produced by the same basin in
its rural condition. For a topographically dissimilar area in North Flordla, Turner, et. al. (1975)
found that urbanization, defined as residential- commercial land use, of a watershed near Lake Jackson
increased peak stream discharge and total stream discharge volume.

A review of publications dealing with the effects of urbanization on floods of varying recurrences
intervals was compiled by Hollis (1975). Conclusions projected from empirical studies by Leopold
(1968) showed that paving of less than 5% of the drainage basin area had a negligible effect on
floods with return periods of one year or more, while paving of 30$ of the watershed may double
observed discharge resulting from a 100 -year flood. In addition, Herr (North Carolina) was cited as
having inferred that a flood with a recurrence interval greater than 150 years is essentially unaffect-
ed by urbanization.

Studies involving the urbanization of previously dominant forested watersheds often necessitate
consideration of more variable soil and topographic regimes than those customarily identified with low
lying urban plains. An inquiry of this nature was made by Wooldridge (1967) on a small forested
watershed near Seattle, Washington. Results demonstrated urbanization increased the proportion of
rainfall manifesting itself as daily discharge approximately three fold: From 0.099 to 0.296 c.f.s. per
inch of rainfall. In a similar study conducted in East Africa, Dagg and Pratt (1962) related runoff
from the largest observed storms on a 31 -acre forested watershed to less than 1$ of measured precipi-
tation. In contrast, runoff from a 32 -acre contributing area dominated by a housing and adminis-
trative complex amounted to 36% of rainfall when subjected to these same hydrometerologic events.

1) Asst Professor, College of Engineering and Technology, Northern Arizona University, Flagstaff,
Arizona. 2) Hydrologist, U.S. Forest Service, Rocky Mountain Forest & Range Experimental Sta.,
Tempe, Arizona. 3) Research Ass't, College of Natural & Renewable Resources, University of Arizona,
Tucson, Arizona.
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An extensive study directed by the Northeastern Forest Experiment Station (Lull and Sopper,
1969) documented hydrologic response (annual ratios of stormflow to precipitation) and its seasonal
variation in progressively urbanizing forested watersheds in the Southern New England region. The
effect of urbanization was evaluated as a net reduction in evapotranspiration. Runoff from paved
surfaces is assumed to enter directly into streamflow. Increases in the impervious area of 25, 50,
and 75 percent resulted in annual increases in runoff of 15, 29, and 41 percent respectively. It was
also found a measureable seasonal variation existed between forest and urban affected stormflows. A

completely forested area produced 80% of its runoff during the dormant season (October through
March) where as runoff for this same period from a heavily urbanized area (75% imperviousness)
amounted to just 62$ of total annual streamflow.

Additionally, Lull and Sopper, utilizing data from East Coast watersheds, attempted to gage the
effect of urbanization on streamflow records. Regression analysis of actual annual runoff and pre-
dicted runoff, simulated through the use of a computer program (Black, 1967), indicated increasing
stormflow, peak flow, and annual runoff for progressively urbanizing watershed.

THE WOODS CANYON STUDY AREA

Within the Beaver Creek study area maintained by the U.S. Forest Service is the Woods Canyon
area which was chosen for this study. There are four basic reasons why the Woods Canyon area
was chosen: I. Plausibility of Development; 2. Similarity to other Developed & Developing areas in
the region; 3. Data Availability; 4. Forest Service interest in this Area. Figures 1 and 2 illustrates
the Beaver Creek study area and Woods Canyon within it.

PARTITIONING WOODS CANYON

Within the Woods Canyon area four separate hydrologic response units (HRU) were delineated.
Although eight hydrologic response units appeared initially to be the ideal number, from a purely
hydrologic homogeneity etandpont, the realities of computer time and system complexity resulted in a
reduction to four. A variety of parameters were used to delineate the HRUs. Among those most
important from a hydrologic point of view were, drainage, elevation, slope and aspect.

Figure 2 is a sketch of the Woods Canyon area with the delineated HRUs. The area of each HRU
is shown along with the major drainage ways and their length. Table 1 shows additional information
for each HRU such as: average slope, aspect, average width, average length, perimeter, length of
boarder with adjacent HRUs top elevation, bottom elevation, and length of major definable drainage
ways.

Figure 1
Locator Map - Beaver Creek
Watershed (USFS 1977)
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Soil Types Within Woods Canyon. The types of soil and their depths is a significant parameter
within a watershed. Fortunately, a detailed study of the soil types to be found in the Woods Canyon
area has been completed by the U. S. Forest Service, (1967). This detailed data has permitted for
each HRU the calculation of an aggregate weighted average value for the field capacity, wilting
point, saturated capacity and depth of soil. Table 2 shows the relative percents of each soil type
within each HRU. The values of the ground moisture and soil parameters for each type of soil are
presented in Table 3 again from the Woods Canyon Soils Report. These values were combined by
weighted average based on the relative percents presented above. The results of, this analysis are
presented in Table 4, where the averaged field capacity, wilting point, saturated water capacity and
depth are listed for each HRUs.

HYDROLOGIC BACKGROUND

HYDROLOGIC VARIABLES

Hydrologic studies devoted to watershed response generally represent the physical processes
occurring at the air surface -sub -surface interface by way of a simplified mathematical model, or water
budget. The outwardly manifest elements in this model are precipitation inputs, either snow, rain,
or mixture, and runoff which may appear as surface (overland) or subsurface flow. Changes in
land use affect not only individual parameters, but their dynamic interaction as well. In the follow-
ing paragraphs the potential impact of development upon these hydrologic variables is discussed.

Interception. A portion of the precipitation which falls within a watershed is intercepted by
vegetation as well as other protrusions from the ground surface. Additionally, a variable proportion,
termed throughfall, will clear the forest canopy uninhibited by obstructions and proceed directly to
the forest floor. Intercepted precipitation will at some point in time, depending on its fctrm, either
evaporate from vegetative surfaces or exit downward through the canopy as drip or stemflow and
eventually reach the ground surface. Measurement of intercepted precipitation is usually accomplished
by subtracting the value of in- forest precipitation catch from that obtained from a nearby open field
gage. This estimate is necessarily a rough one due to the neglect of stemflow. However, this
component is generally considered negligible for coniferous stands. Its significance, however, has
been noted for some deciduous species (Eagleson, 1970).

The mechanics of snowfall interception are much more complex than that pertaining to rain.
Variables such as density and structure of snowflakes, wind speed, and air temperature affect the
impaction process which creates an immense storage potential in the forest canopy. However, these
same factors may also force a reversal of the process. Solar radiation and winds aided by the
turbulence produced by rough forest stands are capable of removing accumulated snow from impacted
branches. Reception of solar radiation pulses is also sometimes sufficient to melt the base layer of
plastered snow resulting in the sliding of a snow mass from its anchoring branch (Miller, 1966).

Construction on second home sites as well as appurtenant small scale commercial development will
certainly reduce interception of precipitation in the Woods Canyon area. The difference between
developed and undeveloped interception could be expected to be more pronounced during rainstorms
than snowfall periods due to storage, albeit temporary, of snow by man -made structures. However,
because of the influence of heat conduction from underlying materials, a factor which is essentially
negligible in soils of forest stands, the melting of these isolated accumulations would proceed quickly.

Table 1

Hydrologic Response Unit (HRU) Data

HRU Area
(Mi.2)

Ave.

Slope
General
Aspect

Ave.

Length
(Mi.)

Ave..
Width
(Mi.)

Top
Elev.

(Ft.)

Bottom
Elev.

(Ft.)

Perimeter

(Mi.)

1 4.48 .017 315° 4.7 1.4 6850 6370 12.2

2 6.44 .037 270° 3.0 2.3 7040 6480 11.7

3 5.02 .037 270° 2.8 1.8 7560 7000 9.5

4 3.00 .030 225° 2.5 1.2 7480 7080 8.4
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Table 2

Soil Types by Percent for
Woods Canyon Hydrologic Response Unite (HRUs)

Soil Type Percent of Total Percent of Total Hydrologic Unite
Unaggregated 1 by Weighted Ave

of HRUS2
1 2 3 4

Friana -seep 1.4 1.3 ' 1 1 2 1
Complex

Rocktop Cobbly Loans 16.3 19.4 8 29 21 13

Cruice Clays 0.3 nill - - - -

Bootlegger Cobbly 5.4 4.8 10 7 - -
Clay Loans

Rocktop -Brolliar 22.9 24.7 22 25 24 29
Loans

Herrn- siesta Complex 11.9 14 16 8 20 14

Fain Cobbly Loans 3.0 4.3 0 3 4 14

Siesta Lome 8.0 5.7 4 3 7 12

Herm- rocktop Complex 10.8 8.9 13 6 7 12

Siesta- rocktop Complex 20.0 17 26 18 15 5

1) This was calculated by Forest Service for entire Woods Canyon by use of computer
digitiser (U S. Forest Service, 1967).

2) This was calculated in study by planimeter for each HRU and subsequently aggregated
by weighted average using HRU areas.

Detention and Depression Storage. Once the infiltration capacity is reached over a certain
area, a film of water will build up on permeable and impermeable surfaces. In addition, natural de-
pressions will store water which is then eventually infiltrated or evaporated. These abstractions,
defined as detention storage and depression storage, affect the timing of runoff to a greater degree
than they affect volume of stormflow. In combination they could be expected to change slightly in
response to second home construction.

Evaporation and Transpiration. All evaporative processes require the availability of energy and,
of course, water. Inputs of energy which drive the evaporative mechanism are short and long wave
solar radiation, sensible heat (heat used to warm the environment without a change of state), and
wind, a potentially important factor in forest stands. Evaporation from wet surfaces, be it soil,
litter, or arboreal is relatively efficient in its utilization of available energy. Rain moisture also
maintains a greater absorptivity of solar radiation than snow which has a high albedo. The aggregate
evaporation from intercepted rainfall is dependent on the frequency of precipitation events. The
more times interception storage is filled, the greater the evaporative opportunities.

Transpiration will fluctuate according to the supply of radiant energy, turbulent mixing by wind
currents, nature of leaf surfaces, and the state of internal plant water relations. Increases in
streamflow volume have been attributed primarily to transpiration reduction in a wealth of studies
including that by Galbraith (1975) for forested regions of western Montana. Removal of tree stands
in the Woods Canyon watershed would logically be expected to reduce evapotranspiration in the area.
Even with the protection or regeneration of low lying vegetation in the harvested areas, the removal
of the deep forest canopy would decrease the possibilities for evapotranspiration potential of forest
canopy from that of the low vegetation. Galbraith concludes that the forest more often exhibits a
higher rate of evapotranspiration. Rauner (1960, 63, 65) has also shown that warm air advection,
certainly expectant over north central Arizona, enhances this increased rate.
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Table 3

Ground Water Parameters for Woods Canyon Soil Types (U.S. Forest Service, 1967)

Soil Type Total Depth

(inches)

Total Plant
Avail. Water

(inches)

Total Fld.
Capacity
(inches)

Wilting
Capacity
(inches)

FLDCAPI WLTCAP SATWC

1 2 3 4 (5 -4 -3) (6 -4/2) (5/2) 2x(6)

Friana-seep 48 7.3 17.2 9.9 .36 .21 .72
Complex

Rocktop Cobbly 30 4.2 10.5 6.3 .35 .21 .70
Loams

Cruice Clays 36 5.2 12.7 7.5 .35 .21 .70

Bootlegger Cobbly 22 3 7.3 4.3 .33 .20 .66
Clay Loams

Rocktop -brolliar 27 3.7 8.9 5.2 .33 .19 .66
Lome

Herm- siesta 63 8.5 20.3 11.8 .32 .19 .64

Complex

Fain Cobbly Loams 32 3.1 7.7 4.6 .24 .14 .48.

Siesta Loams 65 7.6 17.2 9.6 .26 .15 .52

Herm- rocktop 41 5.2 13.5 8.3 .33 .20 .66
Complex

Siesta- rocktop 43 5.6 13.6 8.0 .32 .19 .64

1) Field capacity per inch of soil as fraction of 1 inch.

2) Wilting point capacity per inch of soil as fraction of 1 inch.

3) Saturated water contents assumed to be approximately twice filed capacity.

Table 4

Averaged Soil Parameters for Woods Canyon

Hydrologic Field Capacity Wilting Point Saturated Water Soil Depth

Unit (HRU) (FLDCAP) ( WLTCAP) Content (SATWC) cm

% of soil depth X of soil depth % of soil depth

1

2

3

4

32

33

32

31

19 64 102

19 66 91

19 64 107

18 62 102

Infiltration. Before the runoff process is initiated, a portion of the water occurring at the
ground surface is extracted by the soil system. This phase in the redistribution of water influx,
referred to as infiltration, is dependent upon a variety of soil and ground cover factors (Hewlett
and Nutter, 1969). Infiltration rates are probably the most uncertain of all hydrologic parameters.
Not only do these rates vary seasonally, a result of fluctuations in vegetal activity, but differences
are even apparent from storm to storm. Higher rainfall intensities often result in sealing of entry
pores. This impact- produced effect causes an in- washing of fine soil particles which impedes the in-
filtration process. However, in forested areas where sufficient ground litter exists to eliminate this
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disruption, it is a decrease in the capillary potential which accounts for the concurrent decrease in
the rate of infiltration (Bodman and Colman, 1944).

The rates of infiltration capacity exhibited by forest soils are usually greater than prevailing
rainfall intensities. Thus, surface runoff is seldom experienced over an undisturbed forested water-
shed. There are exceptions, though, and the shallow, clayey soils prevalent in Woods Canyon
evidently provide relatively low infiltration capacities (Rogers, personal communication). The action
of continuous degredatioii of the forest floor by grazing, logging, road building, and human usage
(hunters, recreatfonists, etc.) should also impair infiltration rates in the affected areas (Hewlett and
Nutter, 1969). This intensified usage may expectedly play a role in the hydrologic response of the
Woods Canyon basin to establishment of a second home, recreation- oriented community. The extent
of this alteration will, as with previous abstractions, be a function of the nature and degree of
development.

Percolation. The progressive movement of water through the soil profile into the ground water
system is an essential component of the water budget in humid regions. But in the semi -arid envir-
onment of Arizona, most channel systems are ephemeral in nature and are not sustained by extensive
groundwater. Percolated water is thus neglected in the present study.

HYDROLOGIC SIMULATION

ECOWAT.

The watershed simulation model ECOWAT developed by J. Rogers (1975) is the vehicle used in
this study to evaluate the effects of second home development on the hydrologic response of Woods
Canyon. The model was assembled to represent ecosystem dynamics indigenous to the coniferous
forest biome. A brief summary of the interaction between altered hydrologic parameters and model
components follows. Detailed explanation of ECOWAT formation and procedure may be found in
"Contribution to Woodlands Snythesis, Ecosystem Dynamics Section, Water Relations and Hydrologic
Cycles ", (Waring, Rogers, and Swank, 1975).

Canopy Water Balance and Snowpack Components. Water balance in the forest canopy as con-
sidered in the model has adequate parametric capacity with which to simulate changes in evaporation.
Since the canopy water holding capacity is described in terms of leaf, branch, and stem area, and
vegetative type, storage capacities and their depletion and recharge are satisfactorily expressed. In
addition, evaporation of excess snow in canopy storage is neglected in favor of its redistribution to
the ground surface. ECOWAT's treatment of snowpack energy and water balance realizes the thermo
dynamic energetica involved in the snowmelt reaction.

Litter Water and Surface Water Balance Components. The litter layer found in forest regions is
an important source of moisture storage which also increases the evaporative potential of the water
influx. Its displacement will most probably influence soil disruption and therefore infiltration capac-
ities and subsequent runoff. The litter water balance component successively evaporates moisture
from storage, transmits it through the litter, and passes moisture through litter openings. This
litter component is significant in that it may affect the surface water balance even in partially cleared
areas depending upon the degree of degradation practiced and the nature of construction at second
home sites. The surface water balance segment handles detention storage, infiltration, and overland
flow. Changes in infiltration capacities due to antecedent conditions, and construction and use
activities are accounted for by this component.

Soil Water Balance Component. This component covering percolation, lateral flow, and non- capil-
lary flow within the soil system models critical soil conductivity and the lateral flow process which
contributes to aggregate streamflows in the channel system. Aside from soil water utilized in the
transpiration process (plant -water component), developmental impact upon the soil water balance is
expected to be negligible.

Plant Water Relations Component. The simulation by this component is crucial to the successful
assessment of changes in water yield. Transpiration, as mentioned earlier, is expected to withdraw
the greatest percentage of water from the watershed system. Detailed description of the plant water
relations encompasses consideration of water uptake, transpiration, internal storage, moisture stress,
leaf resistance, and surface resistance. Ponderosa pine is predominant at the experimental site;
however, there is also a number of deciduous trees (Gambel oak). Deciduous species must rely
totally upon uptake through the soil -root system while coniferous trees are capable of drawing from
an internal storage reservoir. This component is a potentially sensitive indicator of the internal
water relations which govern transpiration losses.

Simulated Development. In order to appraise the long term impacts of development upon stream -
flow, six levels of development were simulated for the Woods Canyon watershed. These ranged from
a no development situation to a complete development situation with a fairly high density. The high
density situation was provided to approach a quarter acre subdivision with paved streets.
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Development progressed from the lowest elevation HRU up to the highest. Fortunately, for the
Woods Canyon area this also allows the development to proceed from areas in close proximity to the
major transportation link to areas more remote, steeper, and less suited for development. Table 5
illustrates the progression of development simulated.

Table 5
Development Level

Simulation Number HRU -1 HRU -2 HRU -3 HRU -4
1 -0-- Tr-- o 0

2 }, 0 0 0
3 1 1 i 0
4 1 } } }
5 1 1 1 1
6 1 1 1 i

0 -Zero Development
}- Moderate Development 1 -3 acre subdivision

approximately 50% built
1 -Full Development, } -} acre subdivision approx. 75% built.

The variables which were deemed most sensitive to the simulated development were: a) The
density of the canopy cover (normal, summer and winter); b) Water holding capacity of the litter, c)
The density of foliage on the forest floor, d) The fraction of global radiation attenuated by the
vegetative cover; e) The saturated conductivity of the soil, f) The saturated water content, g) and
Average soil depth. Development results in the partial clearing of the land. Regardless of the
developers intent to "save trees" the earth moving grading and paving operations inevitably remove
significant numbers of trees. This seems to be proportional to the density of development since more
roads are needed to service a more finely divided area. It has been estimated for the purposes of
this study that for the moderate development described above there would be a 25% decrease in the
forest canopy cover. Full development would reduce the canopy cover even in a "good" development
by 50% or more.

The litter on the forest floor, on the average, can suffer a significant decrease in its ability to
hold water with increasing density of development. Significant areas are cleared of all litter by the
process of developing the land and building the structures. Within this study it was estimated that
a 25% decrease in the total water holding capacity of the litter would result from moderate develop-
ment and a 50% decrease would result from full development. It is noted that there could be signi-
ficant recovery of litter in some areas of a developed HRU but this could be offset by an increase in
intense land use in other areas over the same time.

The density of foliage on the forest floor suffers the same as does the trees and litter. The
same factors of 25% and 50% decrease with moderate and full development respectively were used as
estimates of developmental impacts.

As the ground cover and canopy cover are decreased there is a corresponding increase in the
percentage of global radiation which reaches the ground. It is estimated that in the undeveloped
condition, only 20% of the total radiation reaches the ground. With development, the percentage
increases to approximately 40% partial development and to 60% with full development.

The hydrologic simulation model used in this study does not include an explicit input parameter
describing infiltration. Infiltration is seen to be the result of the complex interaction of water,
ground litter and soil qualities. To simulate changes to what is commonly referred to in urban hydro-
logic studies as urbanization (the ratio of impervious surfaces to pervious surfaces) the parameters
of soil conductivity, saturated water content, and soil depth were used. The saturated conductivity
of the undisturbed soil which is the ultimate limitation upon infiltration was estimated at about 0.7
cm. /min. (1000 cm. /day). It was further assumed that the average conductivity of each HRU would
be affected by the development in that HRU. In the full development situation one quarter to one
third of the land surface could be sealed off from infiltration. This could result in a net decrease
of the average conductivity in that HRU of roughly the same amount (25 -33 %). Consequently, with
full development the average saturated conductivity for the affected HRU was assumed to be 0.5
cm. /min. (approx. 700 cm. /day). For moderate development 0.6 cm. /minute was assumed (approx.
860 cm. /day) as an average value for the affected HRU.

Using much the same logic as was used above for the saturated conductivity, parameters des-
cribing saturated water content and soil depth were also modified from the original values. It was
realized that development would cut off large areas from infiltration altogether. It was therefore
decided that the total moisture holding content of the soil would be reduced. The total moisture
present in a HRU is a function of soil moisture and soil depth. To simulate the desired changes,
the average soil depth and saturated water content for developing H RU's were decreased by approxi-
mately 15 and 30 percent respectively for partial development and full development. Table 6 sum-
marizes the values chosen for the variables used to reflect changes in the land use of the H RU's.
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Table 6

Values of Hydrologic Variables
for Various Levels of Development

Variable
Name

Hydrologic
Variables

Development Level
Zero Development Moderate Full

0 1/2 1

COVMAX Canopy Cover 1.00' .75 .50
Density (Z)

ELTCAP Water Holding 1.00 .75 .50
Capacity of Soil
liter (cm)

ELTCOV Foliage Density
on Forest Floor (Z)

1.00 .75 .50

ATNMAX Fraction of Radiation .80 .60 .40
Stopped by Canopy (Z)

SANK Saturated Conductivity
of Soil (cm /day)

1000 860 700

SATWC Saturated Water Content
cm3/13am

.52 .45 .36

DEPTH Soil Depth 100 80 60
Z of original value

RESULTS and CONCLUSIONS

CALIBRATION

As runoff data was also available for the four year period for which the other necessary hydro-
logic data was available (1967 -1970 inclusive) a calibration phase of the study was conducted. Model

base line parameters were adjusted to attempt to bring predicted flows in line with actual measurements
Despite this calibration attempt the model overestimated by almost 100% the total flow in 1967. This

is partially explained by the extreme hydrologic conditions found in that year. Table 7 however,
illustrates that the average annual flows in years 1968, 1969 and 1978 were simulated more accurately
with the total flow error averaging +8 %.

Table 7
Calibration Results Average Annual Flow (cm.)

Year 1967 1968 1969 1970

Predicted Total 19.5 11.1 21.6 7.5

Measured Total 10.0 13.0 20.3 7.7

% Error +95.0 - 14.6 +6.4 -2.6

Table 8 illustrates the peak flow month of the predicted annual hydrograph and the actual hy-
drograph. The one and two month mismatch experienced in years 1968 and 1969 is viewed as a result
of small differences in the individual totals for the two or three most significant months in each year.

These two or three months had total flows which were close and only a slight error in any of these
months would cause the shift of peak flow as seen.

Table 8

Calibration Results Peak Month
Year 1967 1968 1969 1970

Predicted Max. Mo.* 12 12 2 9

Actual Max. Mo.* 12 2 1 9

*Numbers indicate months with January being 1 and so on.

Table 9 shows the average annual flow for each year simulated and for all six levels of hypo-
thesized development. Also, shown are the peak months for each year and level of development. It
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can be seen that there is a steady increase in average annual flow with development. Model year
1967 shows a 4041 increase in flow with the full development situation while model year 1970 shows
almost as much with just the first level of development and an almost 400% rise in flow with full
development. Years 1968 and 1969 also show marked increases with full development 100% and 50%
respectively. The rise in flow with development appears steady with the level of development. There
appears to be no significance to a regression analysis, however, since the levels of development were
defined arbitrarily as simple fractions of existing conditions in a progression of 1 through 6. The
statement that runoff from a previously forested watershed seems to be positively affected over the
long run by development of an urban character seems to be the only significant result of the study.

Table 9

Average Annual Flow and Peak Month vs. Development Level

Development Model Year
Level 67 68 69 70

1 19.5 11.1 21.6 7.46
2 21.5 14.3 24.3 11.6
3 22.6 16.8 26.8 15.9 Average Annual
4 24.7 19.9 29.7 21.1 Flow
5 25.9 21.8 31.7 24.4 (cm.)
6 26.9 23.4 33.3 27.2
A 10 13.0 20.3 7.7

1 12 12 2 9

2 12 12 2 9

3 12 12 2 9

4 12 1 2 9 Peak Month
5 12 1 2 9
6 12 1 2 9

A 12 2 1 9

CONCLUSIONS AND RECOMMENDATIONS

The long range effects of development upon streamflow seems to be more quantatitive than tem-
poral. That is, although significant changes in total monthly and annual flows (measured by average
monthly or average annual flows) were encountered as development increased, the large scale phasing
of those flows seemed to be affected little by development. This seems to in concert with the view
of urbanization sealing off large quantities of earth and resulting in enhanced streamflow. It is to
be remembered, of course, that even in highly urban settings this increased streamflow is often at
the expense of ground waters which could sustain the flow in the stream through drier periods. So
net annual increases of flow are not at first expected when due consideration is given all the counter
vailing hydrologic factors affecting a forested watershed.

As a planning input, the results of this study seem to indicate that development will have no
long range adverse quantitative effects upon water systems depending upon the developing area as a
contributing watershed. (Qualitative aspects may however be effected.) Further, water harvesting
effects seem to predominate, actually increasing the net productivity of the area. The degree of the
effect seems to vary significantly depending upon not only the degree of development but the quan-
tity and temporal distribution of precipitation as well. (Short range changes may, however, be
adverse as the watersheds response to particular events may be changed. This may result in greater
flooding threats during extreme and short lived meteorlogical events.) Planned development could
have less of an effect on watershed productivity if attention is paid to ground cover and natural
forest floor litter as well as simply saving trees and providing open space.

The scope of this work did not permit sensitivity analysis. The watershed development simulated
affected many parameters together in a progressive manner. Consequently, it is impossible, from,
this study to identify which parameter was most important canopy cover, ground cover, litter, soil
depth and quality etc., may all respond to development and in turn may affect the hydrology of the
area independently of each other. Further studies in these areas (separately) could focus the
results of this study further into developmental criteria for maintaining or modifying in a planned
and coordinated way the productivity of watersheds.
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