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I ABSTRACT

AN EXPERIMENTAL STUDY OF BASIN EVOLUTION
AND ITS HYDROLOGIC IMPLICATIONS

I An experimental study was undertaken to document the evolution of a drainage basin and to identify

f hydrologic changes. A 9 by 15 m facility was built and filled with a homogeneous mixture of sand, silt, and
I clay. The material provided sufficient resistance to erosion to maintain channels and to allow valley side-
walls to develop. A sprinkling system was_established along the sides of the container, and it provided four
intensities of rainfall to the nearly 140m“ drainage basin. Two experiments were performed each of which
documented the evolution of the drainage system on an initial flat, gently sloping surface.

The initial conditions (relief and initial surface slope) of each experiment were different, and these
initiated differences in the mode of network growth. In the first experiment the network grew headward develop-
ing fully as it extended into the basin. This is termed "headward growth.'" In the second experiment an initial
I skeletal network blocked out much of the watershed, and later internal growth and rearrangement of channels
occurred. This is termed ''Hortonian" growth.

Both experiments evolved through the sequence of network initiation, extension of the network to maximum
extension, and, finally, to abstraction. These classes of growth identify periods of time during which the
major processes of drainage net development in the basin are different. Evolution can be summarized by a plot
of drainage density through time which shows an increase to a maximum at maximum extension followed by a decline
during abstraction. Differences in the drainage density are noted at initiation and maximum extension which
reflect the differences in the mode of growth. The network following Hortonian-type growth showed a lower h
| drainage density at maximum extension than the network which followed headward growth. The 'blocking out" of
the network in Hortonian growth alters sub-basin areas sufficiently to change competition among streams and
subsequent channel development. H

| Sediment yields from the basin undergoing erosional evolution show an exponential decline with time. This
] overall trend is characterized by high variability. In the field the long term variability would be compounded
| by changes in climate and land use. Periods of high variability appear related to periods of high sediment
production in the basin. Alluvial material is periodically stored and flushed in the main channel aggravating !
sediment yield variability. Apparently baselevel change produces degradation, which leads to aggradation in the i
main channel, as sediment production upstream continues. This phenomenon is termed the complex response of the
basin.

Hydrographs generated on various geomorphic surfaces as evolution progressed suggest that runoff produced
by lower precipitation intensities is most influenced by the geomorphology of the basin. The ratio of peak dis-
charge to the equilibrium discharge shows a dramatic increase during the early basin development. Peak sediment
yields, obtained during the generation of the one minute duration input hydrographs, show a very strong depen-
dence on the amount of water delivered to the outlet, and follows the same relation as the peak discharge/
equilibrium discharge ratio.

Lag time of the instantaneous unit hydrograph (IUH) was used as an index of nonlinearity of the hydrologic
system The basin produced an increasingly nonlinear response as drainage density decreased. This may result
from greater overland flow as drainage density decreases.

| The efficiency of the hydrologic response, as indexed by the peak of the IUH, appears to increase to a
El maximum as drainage density and/or relief increases. Further increases in drainage density do not increase the
efficiency of the hydrologic system. »

| 111




Throughout the history of geomorphology, the
changing form of the landscape with time has been a
primary consideration. However, due to the short time
available to the investigator, models of landscape
evolution have depended largely on deductions based
upon measurements of erosion in restricted areas of
rapid erosion (Schumm, 1956), or on a series of land-
form measurements which are placed in an assumed
erosional sequence (Koons, 1955; Carter and Chorley,
1961; Ruhe, 1950; Hack, 1965). These two techniques
have not yielded sufficient data on the rates and the
nature of geomorphic changes through time to prevent
development of divergent opinions concerning the ori-
gin and development of landforms (Hack, 1960; Chorley,
1962; Schumm and Lichty, 1965). Further, this defi-
ciency of knowledge on the character of change of
geomorphic variables with time has hindered the de-
velopment of basin or channel network simulation
medels. The models have relied almost totally on
assumed and fixed probabilities for branching and
growth because of the lack of information as to what
these probabilities should be. Therefore, computer
simulation models cannot simulate responses of the
stream network to external influences such as changes
in baselevel, climate or even to differences in basin
lithology. A model that can include these variables
would do much to better the understanding of the
mechanics of network changes induced naturally by man's
modifications of the environment.

In addition, efforts to predict the hydrologic
character of drainage basins are handicapped by a lack
of information on the effects of landform morphology
on runoff, sediment yield and flood characteristics.
It has been demonstrated that runoff (Carlston, 1963;
Morisawa, 1962; Gray, 1961) and sediment yield
(Anderson, 1954; Glymph, 1955; Hadley and Schumm, 1961)
are related to geomorphic characteristics for a
limited range of landforms. However, such studies
must rely on comparing hydrologic and sediment yield
differences among different basins. Therefore, the
field situation does not allow the examination of the
effects of particular variables by holding others
constant. As a result, field studies rely heavily on
multivariate techniques which may or may not identify
the most significant variables that control differences
in the sediment or hydrologic output of watersheds.
Relations between the basin hydrologic response and
basin configuration must also change through time as
the system evolves, but little quantitative informa-
tion on these changes is available. Obviously, this
type of field research has been impossible during one
lifetime.

Objectives

Geomorphic and hydrologic problems, such as those
outlined above, are difficult to solve by field studies
alone. However, experimental studies, if properly
designed, may help to answer basic questions of drain-
age basin evolution, and this study was initiated to
confront basic geomorphic questions using an experi-
mental approach. The objectives of this research are
| as follows:

——

Chapter 1

INTRODUCTION

1. to describe the overall evolution of the
drainage system from initial network growth
to the final stages of network development
and to describe morphologic changes within a
network as the stream pattern evolved,

2. to compare the morphology of networks
generated with different initial slopes and
relief but with the same homogeneous material
and watershed area,

3. to identify sediment characteristics of the
basin as evolution of the system progresses,

4. to relate changes in the hydrologic character
of the watershed to observed changes in the
geomorphology of the basin of various stages
of basin evolution.

The first two objectives deal with the description
of network itself. The final two objectives bring to-
gether geomorphic and hydrologic data to demonstrate
the influence of geomorphology on sediment yields and
surface water hydrology.

Experimental Geomorphology

Experimental geomorphology is defined as the use
of equipment or procedures to alter dimensions in
either time or space for the purpose of identifying
processes or observing morphologic changes. Such a
definition includes both experiments in a laboratory
and procedures which modify time or space in the field
(e.g., Emmett, 1970). Inherent in the definition of a
model is the process of simplification of the complex
original system. The reason most models are produced
is that the original system is too complex to
comprehend.

To simplify a drainage system into an experimental
model, one must consider the scaling ratios between
the prototype and the model, the boundary conditions
necessitated in the model, and the initial conditions
inherent in the experimental design. Scaling ratios
present problems, which have been so great, that they
partially explain the lack of experimental studies of
drainage basin evolution. Scaling becomes a problem
because the appropriate dimensionless parameters can-
not be maintained between model and prototype at a
scale other than one for problems involving overland
flow and erosion and sediment. Engineers have enjoyed
success in model studies by identifying certain
scaling ratios in simple systems. The more complex
system (i.e., a watershed) in which many identified
and unidentified variables are interacting has proved
less amenable to dimensional analysis.

To avoid the problems of scaling ratios one may
build a watershed model sufficiently large that it can
be considered as a prototype. Of course, as the size
of the model approaches the prototype, the advantages
of abstraction are reduced. Such a tradeoff appears
inevitable until suitable experimental theory exists
to define scaling ratios.
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In the present study the size of the basin is
presumed sufficiently large to be considered a small
prototype basin in which observations derived can be
extended to larger watersheds in the field. Extending
the observations and relations defined in a very small
basin to larger natural watersheds has proven success-
ful (Schumm, 1956). Therefore, the results from in-
tensive observations that are possible in small basins
can be applied to larger watersheds without regard to
scaling ratios. Scaling, therefore, is in a temporal
sense only. It is assumed that the relations derived
are appropriate in a spatial sense but altered in
time, that is, time is compressed by an unknown amount
in relation to the field.

Experimental work frequently results in unrealis-
tic boundary conditions. For example, flume studies
must contend with rigid sidewalls of the flume and
the changes in conditions produced by such a rigid
boundary. In an experimental basin, as used in this
study, rigid sidewalls form an unyielding boundary to
the watershed, whereas in natural basins competition
exists among adjoining basins. Erosion and competi-
tion along these interbasin divides allow divides to
shift with time. Further, the rigid boundary produces
a zone of little erosion that results in the surface
near the wall maintaining its altitude through time.
Nevertheless, these boundary conditions do not present
serious problems in the overall experimental design.
The divides of internal sub-basins do react much like
natural watersheds and the observation of downwearing,
capture, and competition among these sub-basins can be
made.

Initial conditions also are significant. For
example, one must start with a particular initial
surface slope which may influence the resulting basin
configuration. Initial conditions, therefore, are a
long term deterministic influence on basin evolution.
The identification of these deterministic components
may be possible by varying the range of natural
conditions and examining the resulting geomorphic
configuration. Further, the range of values of
particular geomorphic variables through time can be
identified. The identification of the range of values
that a variable can assume, particularly the minimum

and maximum limits, are of importance in identifying

the impact of man's modification of natural watersheds.

A. Daubree (1879) was one of the first experi-
mentors in geomorphology. His book, '"Geologie
Experimentale,'" describes experiments involving a wide
range of geologic activity including the surface ex-
pression of the Earth. Daubree realized the problems
associated with experimental work, but he circumvented
them by suggesting the outcome of his experiments were
of primary use as a hypothesis generating device.

That is, by watching landform development in an
experiment, a hypothesis is generated that then can be
tested in the field. This is one of the prime uses of
experimental techniques in geomorphology today because
there is no need to identify scaling ratios, initial
conditions, or boundary conditions.

In his experiments, Daubree used analogous
surface forms between the model and the field to
suggest that processes observed in the model are
similar to processes operating in the field. Such a
model removes the problems of scaling ratios from
consideration. Instead, the assumption is used that
the similarity of resulting surface forms between the
model and the prototype is sufficient to justify the
adequacy of the model, although the procedures and
material used in the experiment may be very unlike the

field situation. For example, one may use layers of
clay and sand to produce "rock" units of different
resistance.

These analogies were used extensively in a series
of experimenis conducted at the beginning of the
twentieth century and these experiments were used
primarily as hypothesis-generating devices (Hubbard
1907, 1909, 1910), Tarr and von Engeln (1908), Howe
(1901), Jagger (1908, Wurm (1935, 1936), Gavrilovic
(1972).

Perhaps one of the strongest reasons more small
scale studies have not been performed is the unwill-
ingness to accept the assumption that resulting
similarity of surface forms between the model and pro-
totype is sufficient justification for the adequacy of
the model.




CHAPTER 11

EXPERIMENTAL DESIGN

To accomplish the objectives and to eliminate the
problems of scaling ratios a large surface was needed
over which the application of precipitation could be
controlled. Using the knowledge gained during construc-
tion of an earlier rainfall-runoff test plot (Dickin-
son et al, 1967; Holland, 1969), a facility was
designed and built by G. L. Smith, Associate Professor
of Civil Engineering, Colorado State University. It
(Fig. 2.1) was designated the Rainfall-Erosion
Facility (REF).

Design of Facility

The REF is a container 30 ft. (9.1 m) wide, 50 ft.
(15.2 m) long, and nearly 6 ft. (1.8 m) deep (Fig. 2.).
The walls are 0.75 in. (1.9 cm) plywood coated with
fiberglass. To reinforce and stabilize the walls,
bracings were installed on 2 ft. (0.61 m) ceniers.
Along the outside edge of these supports a 4 in. by
4 in. (10.2 cm by 10.2 c¢m) wooden beam was laid and
pinned to the ground by 0.75 in. (1.9 cm) diameter, 2

ft. (0.61 m) reinforcing rods. A walkway, which ex-
tends around the entire facility, was built above
the side supports.

To control baselevel and provide an exit for

runoff and sediment, a flume was attached to the front
of the REF (Fig. 2.1). It was made of 0.75 in. (1.9
cm) plywood supports on 4 ft. (1.2 m) centers. The
flume was attached to the REF by a wooden beam which
can be raised or lowered by installing or removing
similar planks beneath the outlet flume.

The flume is 4 ft. (1.2 m) wide at the outlet but
it narrows to 8 in. (20.3 cm) where a sediment splitter
was installed . The water and sediment passed through
the flume into an 8 ft. (2.4 m) diameter tank where
most of the eroded material was deposited. A 4 ft.
(2.4 m) segment of flume was attached to the opposite
side of the sediment tank and an HS measuring flume
(Holton et al, 1962, p. 23) was fixed to this flume
sigment for calibration purposes.

Although the surface area of the REF is 1500 £t?
(139.4 m‘), a border 0.3 m wide was used to prevent
water from eroding along the sides of the container.
In addition, the two corners near the outlet were not
used (Fig. 2.1). Thus, the effective watershed area
during the experiment was 1240 ft2 (115.2 m?).

Design of Sprinkler System

The sprinkler system utilizes 2 in. (5.1 cm)
aluminum irrigation pipes to supply water to lines of
sprinklers mounted 10 ft. (3.0 m) apart on both sides
of the REF (Fig. 2.1). To obtain the uniformity of
rainfall application described by Holland (1969),
another supply line down the center of the REF is
needed. However, this line of sprinklers would have
subjected the surface to disturbance by water drops
and leaks from the pipe, and, therefore, it was not

installed.
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Fig. 2.1. Plan view of the Rainfall-Erosion Facility.

Each sprinkler was attached to the aluminum supply
line by a 10 ft. (3.0 m) long galvanized steel pipe.
Below the sprinkler head a hydraulic valve activates
each sprinkler, and a Watts Low Pressure Regulator con-
trols the water pressure at each sprinkler (Holland,
1969, p. 2-38, Fig. 15). The sprinkler heads are
commercial irrigation sprinklers (Rainjet brand with
nozzle no. 78).

Sprinklers were grouped into four sets and color
coded (Fig. 2.1). Activating different sets of
sprinklers yielded different rainfall intensities.

With the four sprinkler groups, four rainfall inten-
sities could be obtained. Each of the four sets of
sprinklers were controlled by a 24 volt solenoid valve.
Thus, the sets of sprinklers could be activated nearly
instantaneously.

The pressure regulators controlled both areal
distribution and rain drop size. The best areal distri-
bution was achieved with the regulators set at 23 psi.
Holland (1969) examined the rain drop size at this
pressure and he found that the nozzles produced a high-
er percentage of drops smaller than 2 mm as compared to




natural rainfall. At a rainfall rate of 2 in/hr (0.08
cm/min) the sprinkler produced a drop size distribution
with a mode of 1.52 mm and a range from near zero to
3.71 mm. Natural rainfall produces drops with a mode
of 2.75 mm and a range between approximately zero and
7 mm (Holland, 1969, p. 2-34). Because different in-
tensities are produced by shutting off groups of
sprinklers rather than by changing the pressure, the
drop size distribution remains constant at the various
rainfall intensities. Natural rainfall, on the other
hand, shows an increase in drop size with an increase
in rainfall intensity.

Calibration of the Sprinkler System

In order to obtain four different intensities of
precipitation on the experimental surface, four sets
of sprinklers are used in combination. The sprinklers
within each set were chosen by trial and error to
achieve the best uniformity of precipitation over the
REF surface at a particular intensity.

During the first season of data collection there
were four extra sprinklers at the end of each of the
supply lines. Due to the disturbance of the rainfall
pattern by wind, the lowest intensity could not be
used during the first season. These four sprinklers
were removed when the REF was enclosed in a building
prior to the second experimental season, and there was
not sufficient space to accommodate them. The build-
ing was constructed to eliminate the problems caused
by wind, and it also allowed the use of the lowest
rainfall rate. The sprinkler configuration for the
second season is shown in Figure 2.1.

Calibration of the sprinkler system was accom-
plished by placing large cans in a grid over the water-
shed surface after it was covered with a plastic tarp
to prevent erosion and infiltration. The placement of
these cans and a typical example of the precipitation
distribution is shown in Figure 2.2. The highest in-
tensity of precipitation occurred near the center of
che REF during all calibration runs. Each calibration
run had a duration of 15 minutes and each was repeated.
The means and standard deviation of these runs are
shown in Table 2.1. The mean rainfall computed for
each intensity was compared with the equilibrium dis-
charge at the HS flume, and little difference was
noted.  The calibration data reflect the change in
sprinkler configuration with the three higher inten-
sities yielding higher values during the first
experimental scason.

Precipitation was not uniform across the water-
shed, and this is reflected in the standard deviations
of Table 2.1. However, the replication of a given
areal pattern was excellent. There is an average per-
centage difference of 2.5 percent between replications
for the seven intensities. This experimental error
does not appear to be significant. Some random vari-
ability in water delivery is inherent in the action of
the sprinkler nozzles, which rotate and move up and
down in response to the water pressure. Thus, al-
though the rainfall application was not spatially uni-
form, the repeatability of a particular distribution
was consistent through time. Improvement in the uni-
formity of the rainfall distribution is not possible
without the addition of the central supply line and
set of sprinklers.

The last column in Table 2.1 is the mean rainfaill
rate in inches per hour for both replications. These
average rates are used as the rainfall rates in the
subsequent analysis.

2.14 29I ,244

W
o
Ji
/l
\ +
V‘:\
&
|

ION ¢ 0S

Fig. 2.2. Example of the areal distribution of
precipitation showing the changes in inten-
sity over the surface of the REF. Example
shown is the maximum intensity for experi-
ment 2 (set 2) with an average rainfall rate
of 2.42 in/hr.

Material Used in the Experiment

Suitable material was difficult to find primarily
because of the quantity required (9000 cu. ft.; 252 cu.
m) to fill the REF. After preliminary tests in a small
wooden box, a well sorted sand mixed with approximately
one quarter silt and clay was selected to provide both
the cohesiveness necessary to establish channels with
stable side slopes and to permit rapid erosion.

The material used was over-burden obtained from a
local sand and gravel company. It contained the com-
plete range of sand sizes, and approximately 4 percent
was larger than 2 mm, which included some clay lumps.
About 44 percent of the sediment was in the silt-clay
range (less than .062 mm). Mixing this over-burden
with an equal amount of commercial grade plaster sand
yielded material with approximately 28 percent silt-
clay, and a mean grain-size distribution as shown in

Table 2.2.




Table 2.1. Summary of precipitation rates available on the REF surface by experimental season

Experiment 1
(Set 1 Data)

Test 1 Test 2
No. of Mean Stand. Mean Stand. Overall
Sprinkler No. Rate Dev. No. Rate Dev. Mean Rate
Sets Used Obs. (in/hr) (s) Obs. (in/hr) (s) (in/hr)
4 65 2.59 0.25 69 2.64 0.26 2.61
65 2.08 0.18 65 2.01 0.20 2.05
2 64 1.24 0.18 64 133 0.19 1529
Experiment 2
(Set 2 Data)
Test 1 Test 2
No. of Mean Stand. Mean Stand. Overall
Sprinkler No. Rate Dev. No. Rate Dev. Mean Rate
Sets Used Obs. (in/hr) (s) Obs. (in/hr) (s) (in/hr)
4 13 2.41 0.45 13 2.42 0.43 2.42
3 13 1.86 030 13 1581 0.28 1.83
2 13 22 0.24 13 12 0.27 1.21
) 13 0.84 0.20 13 0.82 0.18 0.83

Table 2.2. Grain size distribution of material used
in the experiment. Data given are the mean
percent of six samples.

Cumulative
Size Percent Percent
> 2 mm 1 eoaly 1L/
1 -2 mm 11.55 1272
0.5 - 1 mm 15.96 28.68
0.25 - 0.5 mm 17.04 45.72
0.125 - 0.25 mm 15.38 61.10
62y - 125 12.08 73.18
< 62U 26.82 100.00

Examination of the finer portion of the material
(less than .062 mm) by the centrifuge method (Ganow,
1969) revealed that 44.5 percent of the sediment was
between the size ranges of 2 and 62 microns. The re-
maining 55.4 percent was less than 2 microns or in the
clay size range. X-ray diffraction of the less than 2
micron material showed quantities of quartz, plagio-
clase feldspar, and biotite. Approximately half of
the clay size material was disordered kaolinite. Thus,
after mixing with plaster sand, 12.5 percent of the
experimental material was in the size range between 62
and 2 microns and 15.5 percent was less than 2 microns.
Approximately 5 percent of the total was clay mineral
kaolinite.

Placement of Material

Before construction of the REF, the ground surface
was graded to a slope of 1 percent toward what was to
be the outlet of the facility. The REF was constructed
on the Benton shale, which provided a relatively imper-
meable layer beneath the container. Above this graded
surface, a 6 in. (15.2 cm) layer of 2 in. (5.1 cm)
gravel was placed to provide drainage. At the outlet
end of the facility, drainage tiles were installed in
the gravel with a slope to the southeast corner of the
container. A valve was installed on the end of this
drainage pipe to control the flow of water out of the
ground water system.

Nearly 5 ft. (1.5 m) of the experimental material
was placed in 10 in. (25.4 cm) layers above the gravel
base. Raking removed larger sized particles, and the
layers were compacted by rolling. The final upper sur-
face was graded toward the outlet.

Data Collection

In order to measure distance and elevation within
the REF, a carriage was built to span the width of the
facility. The carriage rolls on tracts fixed to the
walkway. A 4 in. (10.2 cm) I-beam mounted on the
carriage supports a point gage set on roller. At any
particular location in the facility, the position down
the track (the X direction) is recorded by means of a
measuring tape fixed along the length of the REF. The
Y position is obtained by the position of the point
gage with reference to a tape fixed across the carri-
age. Distance from beam to surface is measured by the
point gage. Thus, X, Y, and Z values for any point in
the watershed can be obtained, and maps of the drainage
system can be prepared.




In order to correct the sag found in the 30 ft.
(9.1 m) I-beam a spring system under the beam was in-
corporated into the design. In addition, the tracks
were shimmed to provide a level base for the carriage.
Both these techniques did not entirely adjust the mea-
suring carriage to an absolutely horizontal system for
any position on the watershed. Therefore, a correction
grid for the I-beam was established at 5 ft. (1.5 m)
intervals over the watershed surface. These readings
of departures of the beam from level were utilized in
a computer program to correct the point gage readings
(Z values). By taking data on the network in a regu-
lar sequence, the computer program could reproduce the
stream network and calculate individual stream lengths
and gradients.

In addition to mapping from the carriage, a Wild
RC-8 aerial camera was used to obtain a record of water-
shed changes. The camera was bolted to a cage and
hoisted 50 ft. (15.2 m) above the facility by a hydro-
crane. Two pictures were taken at this height to give
stereo coverage of the wacershed surface. Targets
along the walkway (three on each side) provided the
necessary control to permit measurements to be made
from the photographs. A Kelsh plotter was used to
take X, Y, and Z data at stream junctions and to pro-
duce a map of the drainage network, and to calculate
stream lengths, gradients, and other geomorphic vari-
ables (Barnes and Parker, 1971).

Experimental Procedure

During each of the two experimental seasons, an
attempt was made to follow the complete evolution of
the drainage pattern. To determine if changes in the
initial slope and baselevel changes would affect the
resulting pattern, each season was begun with a dif-
ferent set of initial conditions. Data from the first
season's network are identified as set 1 and the second
season's network is identified as set 2 (See Appendix
A for maps of all networks, and Table 2.4 for a sum-
mary of the experiments.)

The vlan to follow each network through it's
evolution was not entirely successful. Dissection of
the initial surface was complete during the first
experimental season (set 1 data), but documentation of
complete erosional reduction of the basin was not pos-
sible because the first experiment was terminated due
to cold weather. Thus, during the second experimental
season (set 2 data) the procedure was modified to in-
sure that the later stages of development would be
documented.

The experimental procedure was characterized by
caution. The facility and the material to be eroded
were essentially untested and no guidelines from pre-
vious studies were available. Therefore, instead of
lowering baselevel to a depth necessary for complete
dissection of the basin at the beginning of the experi-
ment, baselevel was lowered in small increments.

Procedure for Experiment 1 (Set 1 Data)

The basin surface was graded into two intersecting
planes (Fig. 2.3) to permit the development of an
integrated drainage network at the beginning of experi-
ment 1. The maximum slope of this surface was 0.75
percent toward the outlet. In addition, baselevel was
lowered 0.74 ft. (0.22 m) before precipitation was
applied.

Initially, precipitation was applied at the
highest intensity (2.61 in/hr). At the end of two

hours, the drainage network was mapped and the main
channel profile was measured from the measurement
carriage. This process was repeated five times or un-
til ten hours of high intensity rainfall had been de-
livered to the surface. Thus, five maps at the same
baselevel were made during the initial development of
the network. These data represent a data subset
which is referred to as set 1, subset 1 (Table 2.3).
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Fig. 2.3 Topographic map of the
initial surf-ce for experi-
ment 1 (set | data).

Precipitation was applied for four more hours
when it was determined that the network had essentially
ceased to grow at that baselevel. Aerial photographs
were taken before baselevel was lowered another 0.3 ft.
(0.1m) to rejuvenate the network and to continue the
network growth into the undissected parts of the basin.
Water was then applied for 13 hours until network
growth had again essentially ceased at that baselevel,
when another set of aerial photographs were taken.
This sequence of baselevel lowering, rejuvenation of
the drainage pattern, and the taking of a pair of
stereo photographs at maximum growth was repeated five
times. At the end of this sequence of runs the net-
work had reached what appeared to be a maximum develop-
ment within the watershed. The final photographs were
taken after 77.5 hours when 21,798 cu. ft. (610.3 cu.m)
of water had been delivered to the surface. This, then,
makes up a second subset of experimental data, which
is referred to as set 1, subset 2, and contains data
for five networks that developed following baselevel
lowering. (Table 2.4)

Table 2.3 summarizes data for this first series
of experiments. In addition to the network maps a
profile of the main channel was taken every two hours
and sediment yield from the basin was collected 2 to 3
times each hour.




Table 2.3. Summary of network statistics from

experiment 1 (set 1) and experiment 2

(set 2}.
Accum. 53 Drain ek

Amount of age

water Over Relief Density
Set  Subset Network (££)** f£r/ee?)
X ! L ). 985 ).064
2 0.985 ). 098
3 0.985% 0.192
4 0.985 0.242
S 2720 0.985 0.281
1 2 1 3528 ). 985 0.353
2 6204 1.280 0.423
3 12096 1.580 0.542
4 16380 2.186 0.632
iR e e b A _21798 3.069 0.754
2 1 1 504 1.598 0.134
2 1008 1.578 0.311
3 2520 1.578 0.406
2 2 1 2520 12528 0.406
2 8316 1.744 0.457
3 26712 2559 0.496
2 3 1 19152 2.55% 0.482
2 26712 2.559. 0.496
3 37800 2.559 0.460
- 54432 2:.559 0.366
*Used as a measure »f time.
**nifference in feet between the highest point in the

basin and the lowest point (the outlet).

Procedure for Experiment 2 (Set 2 Data)

For the second experimental season, the surface
was again graded to two intersecting planes, but the
overall slope was increased to 3.2 percent. In addi-
tion, the baselevel was not lowered before precipita-
tion was applied (Table 2.4). With these different
initial conditions, data on network growth were taken
from the measurement carriage at 2, 6, and 10 hours
when maximum growth of the pattern for that initial
relief had been attained. This data group contains
information on three networks, and it is identified as
set 2, subset 1. It is directly comparable to set 1,
subset 1 except for the changes noted in the initial
conditions.

To rejuvenate the network, baselevel was lowered
0.16 ft. (0.05 m) and precipitation was then applied
for 23 hours at which time maximum growth of the net-
work for that baselevel was achieved, and the system
was mapped. Baselevel was again lowered another 0.91
ft. (0.28 m), and the network was mapped when maximum
growth was attained. Using these two networks and the
last network from subset 1 when maximum growth had been
achieved, three drainage patterns are available that
represent maximum development of the network for indi-
vidual baselevels. These three networks form set 2,
subset 2 (Table 2.4).

On the last baselevel lowering, four networks were
actually mapped including the one used in subset 2.
These four networks are grouped into one subset (set 2,

subset 3).

The two subsets in set 1 and the three subsets in
set 2 represent the majority of data used in this re-
port. However, a later study provided data on one

network formed at an initial slope of 12.1 percent.

The initial surface was graded to two intersecting
planes, as before, so that an integrated drainage
pattern was produced. Baselevel was lowered 0.33 ft.
(0.10 m) before precipitation was applied. Due to the
experimental design, the watershed area was reduced to
581.27 ft2 (177.2 m2) or approximately half of the area
used previously. After two hours of running, the net-
work was compared with the first network in set 1,
subset 1 and the first network in set 2, subset 1. Be-
cause there is only one network, it will not be given a
separate set number, but during discussion of the data
it-will be described as being derived from this separate
experiment.

Hydrologic Data

In order to examine changes, if any, in the
hydrologic response of the basin to changes in its
geomorphic configuration, a series of hydrographs were
generated at the available intensities. A 60 degree
V-notched weir was used to measure these hydrographs.
This weir was used rather than the HS flume to avoid
excessive storage and translation difficulties. The
weir box, attached directly to the baselevel contained
a storage area below the V-notch of the weir blade to
collect the sediment produced during hydrograph runs.

The procedure was to generate an equilibrium
hydrograph by applying 10 to 15 minutes of precipita-
tion. This was followed by a series of one minute
precipitation events (Fig. 2.4). The equilibrium runs
helped to negate the influence of infiltration, and
the series of one minute hydrographs were replicated
to insure an accurate representation of the hydrograph
shape.

The series of hydrographs were produced after all
but one aerial photograph was taken. That is, there is
a set of hydrographs for networks 1, 3, 4 and 5 in
set 1, subset 2. The hydrographs, therefore, were
generated on basins that showed an increase in total
channel length and in overall relief. These dif-
ferences would, it was felt, produce the greatest
differences in the hydrographs. Although these hydro-
graphs show variability caused by problems with wind,
the sensitivity of the hydrograph recordings suggests
that even more subtle variations in runoff could be
detected.

During the second experimental season, hydrographs
were only generated after baselevel was lowered the
final time. That is, there are four sets of hydro-
graphs from the four networks of set 2, subset 3. Thus,
all four sets of hydrographs are on one baselevel but
have different values for total length of channel.

No hydrograph information was obtained for the
networks as they initially developed (i.e., subset 1
of both data sets). This is indeed unfortunate be-
cause there were dramatic changes in the geomorphology
of the basin during this portion of the evolution.
However, sediment yields were so high at this time that
they interferred with the hydrologic record, and
attempts to obtain hydrographs were discontinued.

Besides hydrograph data, sediment yields produced
by a one-minute-duration rainfall event were obtained
by collecting 3 or 4 samples at the outlet for each
hydrograph. This was done for networks 1, 3, 4 and
5 of set 1, subset 2.

In summary (Table 2.4), two experiments were
performed. The first experiment, data set 1, had a
0.75 percent initial slope toward the outlet and base-
level was lowered before precipitation was applied.
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Fig. 2.4. Diagram of the sequence of hydro-
graph generation at each rainfall
intensity on a particular stream
network. Equilibrium hydrograph
is first run followed by a series
of partial equilibrium hydrographs
produced by one minute duration
precipitation.

This experiment produced the data of set 1, subsets 1
and 2. Subset 1 contains data for five networks.
Measurements were taken 2 hours apart starting from
initiation of the pattern to near maximum development
of the patterns of that particular baselevel. Subset
2 consists of data for five networks, which represent
maximum development of the network at each of five
different baselevels. Each network was photographed
and mapped, and hydrologic data were collected for
four of these networks (networks 1, 2, 3 and 5).

Experiment 2 involves networks generated on an
initial slope of 3.2 percent with no lowering of base-
level before the experiment commenced. This experi-
ment produced the data of set 2 which contains three

subsets. Subset 1 contains three networks which were
mapped as erosion progressed with no change in
baselevel. Subset 2 contains three networks mapped at
maximun extension for a particular baselevel. It is
comparable to set 1, subset 2. Subset 3 contains data
on four networks developed at a constant baselevel
near the end of the second experiment. Hydrologic
data were collected for these four networks.

Special Considerations

Several special problems exist with respect to
the data collection in the REF. For example, although
the rigid boundaries of the REF allow comparison of
basin evolution for constant areas, these boundaries
also create some unique problems. In nature a water-
shed competes with neighboring basins, and drainage
divides shift and lower with time. However, competi-
tion is lacking along the rigid boundary, and the
wearing down of divides is very slow at the boundary.
Therefore, if baselevel remains constant, relief dif-
ferences between the highest point in the REF near the
back boundary of the facility and the lowest point at
the outlet remains essentially constant no matter how
much water is applied to the surface. Internally the
basin may continue to lose material, internal divides
wear down, and overland slopes decrease their grad-
ients, but overall the relief difference between the
highest and lowest points remain essentially constant,
Nevertheless, the advantages of investigating a basin
with coustant area outweighs this disadvantage.

Because the length of the watershed remains con-
stant throughout the experiment, a basin relief value,
taken as the difference between the highest and lowest
points, can be directly compared with another basin
relief value and no correction for basin length need
be applied. In comparing natural basins it is common
to use the relief ratio (Schumm, 1956), which is the
difference between the highest and lowest point in the
basin divided by the basin length. As the length of
the experimental basin remains constant, there is no
need to resort to the relief ratio. Therefore, re-
ference is made in the subsequent analysis to ''relief
from the horizontal." This value is the height dif-
ference between two parallel planes one of which passes
through the baselevel and the other which passes
through the highest point in the basin.

In deriving drainage density for a particular
network, the area of the basin is taken as the total
watershed area delivering water to the outlet. In this
experiment this means that the watershed area is always
a constant (115.2 m2). Because the area of the drain-
age basin is constant, the total length of channel and
drainage density are directly related.

The highest intensity was used to erode the basin
from one configuration to another. During experiment
1 this intensity was 2.61 in/hr (0.11 cm/min), and
during experiment 2 it was 2.42 in/hr (0.10 cm/min).
The percentage difference between these two intensities
is 7.5 percent and this is not considered significant.
It is unknown whether the use of this one intensity
rather than a frequency distribution of all intensities
would have resulted in a significantly different drain-
age pattern. Such a comparison could be the objective
of a future study in REF.
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Table 2.4. Summary of data sets used in the analysis showing major
characteristics of each set.

Set Subset Network
No. No. Description General Characteristics
1 Initial conditions -- initial surface slope 0.75
2 percent, baselevel lowered 0.735 ft. before run 1.
1 it 3 All networks on same bdselevel as system begins
growth on undissected surface.
4
5
1* Initial conditions -- initial surface slope 0.75
2% percent, baselevel lowered 0.735 ft. before each run.
1 2 3% Networks represent maximum extension of growth for a
4 particular baselevel. Relief increases with network
number to allow extension of network into the total
basin. The first network follows the last network
in set 1, subset 1-5 in time.
5%
1 Initial conditions -- initial surface slope 3.2
2 1 2 percent, no baselevel lowering before run. All net-
3 works on same baselevel as system begins growth on

Table 2.4, Cont'd.

undissected surface.

Set Subset Network
No. No. Description General Characteristics
1 Initial conditions -- initial surface slope 3.2
2 2 2 percent, no baselevel lowering before run.
3 Networks represent maximum extension of growth
for a particular baselevel. Relief increases with
network number to extend network into total basin.
First network is last network in set 2, subset 1.
1*
2% Initial conditions -- initial surface slope 3.2
2 3 3 percent, no baselevel lowering before run. All
A four networks are on same baselevel which is lowest

level used in this set. First network is near
maximum extension of network into the basin.
Network 2 represents maximum extension on baselevel
and is also network 3 in set 2, subset 2.

*Hydrograph set generated for this network.




CHAPTER 111

GEOMORPHIC EVOLUTION OF DRAINAGE BASIN

W. M. Davis (1909) developed a geographical cycle
in which a block of uplifted land proceeded through a
cycle of erosional evolution. This was a highly sim-
plified model of landform change through time and it
has fallen somewhat into disfavor primarily because
of its simplified nature. The importance of this
cycle, however, is that it forces the geomorphologist
to consider the temporal change of variables and their
interaction.

To accomplish the objectives of this study the

experimental design is based on Davis' model of an up-
lifted block of material that is subjected to erosion.

Stages of Basin Evolution

An early but interesting discussion of the
evolution of stream networks was provided by W. S.
Glock (1931) in which he classed the development of a
drainage system into growth stages. This classifica-
tion is summarized as follows:

1. Initiation
2. Extension (Growth of network)

a. Elongation (headward growth)

b. Elaboration (addition of tributaries)

3. Maximum Extensi-n (attainment of complete elabora-
tion of maximum growth of the network)
4. Integration (Reduction of the network)

a. Abstraction (loss of identity suffered by a
secondary stream by encroachment of a primary
stream)

b. Absorption (disappearance of a stream save
immediately after rainfall)

c. Adjustment or aggression (attempt made by main
stream to reach the sea by the shortest route
consistent with regional slope).

Notice that the numbered categories in the outline
above are stages of network evolution and the lettered
categories are the major processes and modes of change
identified in each stage.

Glock (1931, p. 479) characterized initiation by:
(1) a lack of streams over a large percentage of the
surface, (2) indefinite termination of many streams
without junction with a main stream, (3) the failure
of many streams to have started that active conquest
of territory so typical of their future histories.

Glock (1931, p. 479) characterized the stage of
extension as a period of growth for the initially
abbreviated drainage system. Glock envisioned elonga-
tion as the active process in this stage by which ma-
jor streams blocked out the undissected drainage area.
This is followed by elaboration, which gradually
changes the skeletal form of the initial stream system
by means of the addition and growth of minor streams.
Glock further stated that the end of extension, which
he called maximum extension, the stage of development
when the network had grown into all the available
drainage area.

The stage of integration is marked by the reap-
pearance of the skeletonized form of the network

(Glock, 1931, p. 481). The processes responsible for
the loss of channels are abstraction and aggression.
The continued lowering of divides does not provide
sufficient internal relief to maintain all channels,
and some are lost. In addition, continued lateral
migration of major streams eliminates small tributaries.
This period is marked by piracy and general shifting of
individual channels. The net result is a loss of
streams and, therefore, in a reduction of the total
channel length, which reduces drainage density.

These growth stages are analogous to those
observed during the evolution of the experimental net-
work in the REF and, therefore, they provide a frame-
work for the discussion of the experimental results.
That is, on the initial surface the netowrk extended
to a maximum limit and then began a process of inte-
gration during which channels were lost.

Some problems exist with Glock's classification
when an attempt was made to apply it to the experimental
results. The period classed as initiation could not
quantitatively be separated from any other part of ex-
tension and was dropped from any separate discussion.
Although elongation and elaboration were recognized, a
quantitative distinction between them was difficult to
obtain. Also, it appears that Glock felt that the
process of elaboration followed in time the period of
elongation. This sequence was not observed in the
experimental data. Rather, the dominance of one of
these processes at a particular time in the evolution
of the basin appears to result from different initial
conditions as will be shown.

Maximum extension was evident by observation, and
it can also be identified by plotting a variable such
as drainage density through time.

Integration in the experimental facility results
primarily from abstraction and adjustment by aggression
Absorption, a process of integration identified by
Glock, was not obvious. This is not to say that such
a process is not important in the field, rather, the
experimental design did not permit such a process.

High intensity precipitation was applied for long
periods of time. In the field long periods of no rain-
fall and short periods of high intensity rainfall com-
bine to make absorption more important. Hence, inte-
gration is described under the heading, "'Abstraction,"
as it was the dominant process observed.

With these exceptions, the outline of evolution
as proposed by Glock serves as an outline of the
dominant events observed in the evolution of the water-
shed of the REF.

Models of Growth

Glock's outline follows a temporal sequence but
it is different from Davis' model of landscape evolu-
tion in that it focuses on the processes of network
evolution. Davis' model is oriented toward the des-
cription of the surface forms and does not attempt a
description of processes.




There has been little discussion in the literature
of the different types of network growth. However,
there have been numerous computer models developed
which simulate natural stream networks. These simula-
tions have taken one of two directions. One, the model
first proposed by Leopold and Langbein (1962) generates
a stream network by growth of streams from divide to
mouth. Growth begins at the sources located on the
basin divide and it continues downstream to establish
the master stream at the outlet. Because of this mode
of growth, there is, in fact, no correspondence with a
natural drainage basin in the manner in which the model
network grows. The only correspondence with a natural
system is obtained when the total drainage system has
developed.

Contrary to the assertion by Leopold and Langbein
(1962), p.Al4), this model is not analogous to the one
proposed by Horton (1945, p. 335). Horton suggested
that on a steep, newly exposed surface a series of
parallel rills would develop and that, with time,
crossgrading and micropiracy among these rills would
produce an integrated network. For the Leopold-Lang-
bein model to be an effective model of this process,
the initial rills would have to develop over the length
of the available area and the integrated network could
then be produced by piracy and crossgrading.

The second type model reflects headward growth
(Smart and Moruzzi, 1971; Howard, 1971). In this model
networks develop fully at the edge of the as yet un-
dissected area. That is, the channels grow headward
and bifurcate.

The two models (Horton and headward growth) that
have been identified represent two different forms of
network growth. Whether there are other growth models
is unknown, but these two are so different that they
may represent two end members of a continuum of dif-
ferent growth types. On one extreme is the Horton
model in which parallel rills develop almost instantly
over the surface, and with time the pattern of the
network is formed by crossgrading and micropiracy.
That is, internal changes occur in the network through
time.

At the other extreme is the headward growth model
in which a 'wave of dissection' can be envisioned at
the sources of the first order channels. As this wave
progresses into the undissected basin, the finger tip
channels lengthen and bifurcate leaving behind a chan-
nel system that is fully developed. In this developed
portion of the network few additions or abstractions
of channels are made during the continued extension of
the network. That is, the significant feature of this
model is that the network is fully developed as the
wave of dissection passes a particular point.

Evolution of Drainage Networks

The evolution of the experimental drainage
patterns during the experiments with different initial
conditions (Set 1, Set 2) is described in this section.
Drainage density change is used to document network
changes.

Stages of Network Evolution

Drainage density for both networks is plotted
through time by using the amount of water that passed
across the baselevel of the basin as a time function
(Fig. 3.1). A logarithmic plot is used primarily to
accommodate the large range in time values. Initial
conditions considerable alter the drainage density
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values through time, but both sets of data follow the
same overall trend with drainage density increasing to
a maximum value. In the second data set this maximum
is followed by a decrease of drainage density. The
decrease is inferred for set 1 data, because the ex-
periment was concluded before additional data were
obtained.

The categories of growth described by Glock (1931)
can be identified on these curves. There is no clear
division between initiation and extension (Fig. 3.1).
At maximum extension, drainage density reaches a maxi-
mum. After maximum extension, abstraction begins, as
is indicated by decreasing values of the drainage den-
sity. Given an undissected surface and sufficient
time, the general relation of drainage density with
time will show this curvilinear form.

Initial Differences in Networks

The initial conditions alter the form of the
drainage density curve with time (Fig. 3.1). After
two hours of run on each experimental surface (first
data point in each curve), the basin on the steeper
initial slope and with no baselevel change (set 2)
yields a higher drainage density value (Curve A).
However, this network has a lower drainage density
value at maximum extension. These two major differences
result from different modes of growth.

After the first two hours of run (Appendix A,
set 1, subset 1, network 1, and set 2, subset 1, net-
work 1) several differences are noted between the
drainage patterns. The drainage system occupies more
of the available area after two hours of run, when the
network is formed on a steeper initial surface slope
(set 2) with no change in baselevel. Also, the low-
order tributaries are longer, which results in a higher
drainage density. The difference in lengths of first
order channels is apparent from the relative frequency
histograms of first-order Strahler stream lengths. The
histogram for the network on the lower initial slope
with a baselevel change (set 1) is right skewed with a
geometric mean length of 1.12 ft (Fig. 3.2) whereas,
the histogram for the initial network on the steeper
initial slope with no baselevel change shows a very
different rectangular shaped distribution (Fig. 3.3)
with a poorly defined mode. Lengths range from 0.4 ft.
to 10 ft. in an almost uniform fashion, and the geome-
tric mean length is 3.05 ft. (Table 3.1).

Using a t-test at the one percent level of signi-
ficance, a value of 3.56 for the t statistic shows
that the difference between these two geometric means
is statistically significant. Thus, with changes in
the initial conditions, the initial networks are
different.

Unfortunately, the differences observed were the
result of varying two components in the initial condi-
tions--the initial slope and baselevel changes. As
stated previously, however, there is an additional
network available from another experiment run in the
REF (Fig. 3.4). The total relief of this third net-
work was 2.894 ft. and baselevel was lowered 0.33 ft.
before the experiment commenced. This gave an initial
slope of 12.1 percent. Due to the design of this ex-,
periment, the watershed area was reduced to 581.27 ft
or to approximately half the area of the basins that
produced data sets 1 and 2. This network, had a steeper
initial slope than either of the other two networks,
but because baselevel was lowered before the experi-
ment began, it is comparable with the network on the
lower initial slope of 0.75 percent (set 1). The
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subset 1).

| relative frequency histogram of Strahler first-order
channels for this network (Fig. 3.5) shows again the
right skewed distribution similar to that for the net-
work on the initial slope of 0.75 percent (Fig. 3.2).
This distribution of stream lengths has a geometric
mean length of 1.33 ft (Table 3.1). A t-test was

again employed, and a t statistic of 0.437 was
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work on initial slope of 0.75 percent with ]
a lowering of baselevel (network 1, set 1, Fig. 3.3. Relative frequency histogram of Strahler

first-order stream lengths for first net-
work on initial slope of 3.2 percent with
no lowering of baselevel (network 1, set 2,
subset 1).

obtained, which at the one percent level of signifi-
cance, allows the acceptance of the hypothesis that
the geometric means are equal between the initial net-
work in sev 1 (Fig. 3.2) and this network (Fig. 3.5).
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Table 3.1. Summary of statistics of first-order It appears that a steepening of the initial
streams from initiation to maximum slope produces the network more quickly in response
extension. to the added relief in the basin. Lowering the base-

level before running, however, changes the mode of

growth. A lowering of the baselevel produces a net-
work that develops fully as it grows headward. This

Number of Geometric Standard 2 T e 2 g |
Network Streans Mean (£t) Bauiatisn is headward growth, as discussed earlier. A knick- {
T T (i einel i AT point develops at the outlet, where the baselevel has |
FRYLES aRase been lowered, and as this knickpoint migrates upstream,
1 25 13%2 1,95 the channels grow and bifurcate to produce a fully
; 38 1.06 2.27 developed network in which little int:rnal growth
2 1;: i'zg :':g occurs. In Glock's terminology both elaboration and |
5 114 1.49 1.86 elongation progress simultaneously. j
|
Set 1, subset 2 In a situation where the baselevel is not lowered
before network development, long tributary channels
1 163 L33 1.88 . ; .
> 220 1.01 1.90 develop. Later the area between these tributaries is
3 277 0.95 2.03 filled by additional tributary growth. This latter
4 353 0.83 1.81 process was identified by Glock as elaboration.
5 485 0.79 1.84 30~
Set 2, subset 1
1 24 3.35 2.40
i 2 64 3.1 1.98
3 81 3.05 1.82 251
Set 2, subset 2 58
P 1 * * * 5
2 103 2.60 1.64 z b
3 152 1.52 2.02 £ 20
<]
w
Extra network <
on 12.2% slope**
1 59 1.33 2.07 = _T—T
: : < I5SF | M
*Network the same as network 3, set 2, subset 1. ]
**This is the initial network from separate experiment
on 12.2% initial slope with a baselevel change before
the initiation of the run. |Or_
—
i e 3t
] |
1 I
. |
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! |
! |
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1
k | | LENGTH OF FIRST ORDER STREAMS (f1)
| |
1 | Fig. 3.5. Relative frequency histogram of Strahler
! e first-order stream lengths for network
: | from additional experiment on 12.2 percent - |
| initial slope with a lowering of baselevel.
! Differences in Networks at Maximum Extension.--
t The network formed on the steeper initial surface
(set 2) does not have as high a drainage density value
at maximum extension. At maximum extension there is a
33 percent difference between the drainage densitiesof
the two patterns. Although the differences between
<’ the two drainage density values does not appear greatly
different when calculated in feet, the difference is
1361 mi/mi2 when calculated in the conventional units.
Values of drainage density reported in this re-
i search are extremely high in comparison with natural
! systems. The closest values are those reported by
Smith (1958, p. 999) who measured values of 200 to
400 mi/mi2 in Badlands National Monument, South Dakota,
and by Schumm (1956, p. 616) who measured values as

Fig. 3.4. Network from additional experi- S5 1.100 t t it D 3
ment on initial slope of 12.2 high as 1, 0 1,300 mi/mi¢ in badlands at Perth

percent with a luwering of base-
level.

Amboy, New Jersey. This results from the easily
eroded material used, the lack of impedance to erosion
(e.g., no vegetation), and the careful mapping of the
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RELATIVE FREQUENCY (%)
]

drainage system. Such high values are inherent in
experimental studies.

The relative frequency histograms of Strahler
first-order stream lengths for the two experiments at
maximum extension show a right skewed distribution
(Fig. 3.6 and 3.7). From initiation to maximum exten-
sion the histograms of set 1 data show little change.
On the other hand, the changes in the appearance of
the histogram on the steeper initial slope (set 2 data)
are dramatic (Fig. 3.7). [Initially the histogram was
rectangular, but at maximum extension the histogram
of first-order stream length is right skewed, and it
is similar to the set 1 distribution. At maximum ex-
tension, the range of lengths is greater, and the
geometric mean length is larger for the set 2 data.
The geometric mean length of first-order channels at
maximum extension for the first data set is 0.79 ft.
whereas the geometric mean length of these channels at
maximum extension on the steeper surface is 1.52 ft,
(Table 3.1). A t-test yields a t statistic of 3.97
which is significant at the one percent level; thus,

4o~7

351

30

n
o
T

o
T
i i

0 | {zvems MO ey | o | P

0 2 4 6 8 10

LENGTH OF FIRST ORDER STREAMS (f1)
(CELL WIDTH 04 1)

Relative frequency histogram of Strahler
first-order stream lengths for network at
maximum extension on initial slope of 0.75
percent with a lowering of baselevel (net-
work 5, set 1, subset 2).

Fig. 3.6.

the two means are statistically different at maximum
extension.
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Fig. 3.7. Relative frequency histogram of Strahler

first-order stream lengths for network at
maximum extension on initial slope of 3.2
percent with no lowering of baselevel
(network 3, set 2, subset 2).

In summary, the different initial conditions
significantly influence network development. This
influence is observed even at maximum extension. With
baselevel lowering, first-order streams maintain a
consistency in length during growth as shown in the
histograms of length. Thus, first-order streams exhi-
bit a regularity in the length they attain before
bifurcation.

With no baselevel change, initial channels are
long and develop over large portions of the watershed.
Further network growth produces a number of first-
order streams branching from these initial channels.
Histograms of first-order stream lengths show a de-
crease in the mode and mean lengths through time.
Also, drainage density values at maximum extension
show that total channel length is less than during the
first experiment.

Changes in lengths of first order stream lengths.
Changes in first-order -stream length have been noted
between initiation and maximum extension. The focus
on the first-order channels is important because these
channels reflect the growth of the network. For the
networks already examined, the first-order stream dis-
tribution is markedly right skewed. All of the histo-
grams except that of Fig. 3.3 show this form of
distribution and, therefore the geometric mean is
used to characterize central tendency in these
distributions.

To examine changes in the geometric mean length
of first-order channels through extension to maximum
extension, the mean lengths are plotted against a per-
cent time to maximum extension (Fig. 3.8). This time
ratio is obtained by dividing the cubic feet of water
applied to the system for a particular network by the
amount of water applied at maximum extension. Thus,
100 percent represents the time at maximum
extension.




| Figure 3.8 shows a least squares fit of a line On the lower initial slope of 0.75 percent with
! through both sets of experimental data. The equation a baselevel change before the initiation of the exper-
of the line through the first set of data on the 0.75 iment, the relative frequency histograms of Strahler
percent initial slope with a baselevel change is: first-order stream lengths are nearly equivalent at

the beginning of extension and at maximum extension,
and the geometric mean length of first-order streams

El = 1.32 - .006 TC (3-1) is stable through time. Also the drainage density
o and, therefore, the total channel length increase in
where L1 = geometric mean length (ft) of a regular fashion (Appendix A). These observations

suggest that this network is growing headward in a re-
gular fashion as a wave of dissection progresses into
the undissected area. This mode of growth is charac-

Strahler first order streams

T = ratio of time of network I to T
A 2 i 5 ristic 3 g model .
€ time at maximum extension times teristic of the headward growth
100.

The network on the steeper initial slope with no
baselevel change produces a relative frequency histo-

The equation for the Mae thraugh the second set of gram of Strahler first-order stream lengths that is

dieR 493 almost rectangular for the first network. This distri-
[ bution reflects the long first-order channels that
T =3.26 - .018T develop rapidly into the undissected area and ''block
1 e ’ € out'" a large portion of the watershed. Later develop-

ment includes the growth of tributaries from these
long first-order channels. Again, the drainage den-
sity increases with time, but the rate of increase is
slow, and the value at maximum extension is not as
high as for the other network.
* Set | , subset | and 2
. X Set 2 | subset | and 2 The initial histogram and the one at maximum
extension for the steeper initial surface are very
= different. Starting with a nearly rectangular distri-
B bution, the distribution becomes right skewed. This
s <. change in the histograms reflects subsequent develop-
s ment of smaller first-order channels in the undis-
> sected area between the initially long first-order
streams. Although not exactly equivalent this mode of
growth suggests the Horton model of network develop-
ment. Long tributaries initially develop very rapidly
to produce a high value of drainage density (Fig. 3.1),
but then the increase of drainage density slows after
# much of the area has been dissected. Changes in
» channel length occur by internal elaboration of the
=SS network, and abstraction and piracy change the network
. . ‘”\QQEJE\\; configuration. Thus, the growth is nearly like the
. Horton model, but it does maintain some of the attri-

1\\\\\\\\\\\ butes of the headward growth model.

These changes in initial conditions and the
resultant changes in the mode of growth indicate two
types of network growth--headward growth and Hortonian
growth. Differences in the type of growth are direct-

b " . ; ) . i i ly related to the initial conditions.
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o Although drainage density for both networks 2
changes in a regular fashion as seen in Figure 3.1, an ;
examination of individual networks suggests that a
mean drainage density value does not adequately repre-
sent a network at a point in time. The problem is to
identify the differences in drainage density in dif-
ferent parts of a basin. For example, the area near
g s 3 L the outlet has a lower drainage density than an area
In summary, patterns grow primarily by extension near the watershed border, as maximum extension is

and bifurcation of first order streams, but the manner " .
of growth was significantly different during the two ;gproached UBE8ay. MPPRRGLT (0 SER 24 SWUBSL 2, RECOL

experiments.

Fig. 3.8. Changes in geometric mean length of
Strahler first-order channels through time
to maximum extension. Time is shown as a
ratio with a value of 100 being maximum
extension.

To examine these internal drainage density
changes, one subset of data will be used (set 2, subset
3). The differences, observed in this subset (Table
2.4), are similar to differences observed throughout
the experiment. Additional evidence of such changes
will be given in the next chapter.

Growth Models

!

| The differences in the drainage networks can be

Ll related to differences in the growth of the two net-

{ works which in turn reflect different initial
conditions.
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In order to compare drainage density within a
network two equal areas were delineated. FEach areais
620 ft2 or half the total watershed area. The first
area was defined around the outlet and the other
around the border. These artificial divisions are
shown schematically in Figure 3.9. Table 3.2 gives
the total channel length and drainage densities for
the four networks in the data set.

Qutside
Area
(0)

Internal
Area
4}

Basin outlet

Fig. 3.9. Definitional sketch of
manner in which drainage
area was divided into equal
areas in order to compute
drainage density.

The differences between the sub-areas can be
shown by the ratio of drainage density for the two
parts of the basin (Table 3.2). These differences in
drainage density indicate that even before maximum
extension the abstraction process is at work near the
outlet or "older" part of the basin.

Summary. By Plotting drainage density through
time, a curvilinear relation is obtained which can be
subdivided into periods of extension, maximum exten-
sion, and abstraction (Fig. 3.1). Although this
general relation appears definitive with little
scatter to the data points, there is a confounding of
the relation due to changes in baselevel during the
experiment. These changes in baselevel were the
driving force in the experiment which allowed drainage
density to increase.

If during the additional experiment initial
conditions were held constant but a change in either
the geology (amount of clay in the material) or the
climate (the intensity of the rainfall) was simulated,
the result would probably be a family of curves. Such
a series of curves would not overlap but would be
stacked one on top of the other.

Changes in drainage density with time were noted
by examining the differences at initiation and at
maximum in the appearance of the network, the value of
drainage density, and in the relative frequency histo-
grams of Strahler first-order stream lengths and the
geometric mean extension. These differences were
attributed to differences in the mode of network growth,
headward growth and Hortonian growth. The first experi-
ment produced little difference in the histograms of
the first-order stream lengths between initiation and
maximum extension. This was taken as an indicator of
regularity of growth in this experiment, and it showed
the tendency for the network to develop fully as it
grew.

The second experiment, with different initial
conditions, produced a channel system which '"'blocked
out'" a large portion of the area during an initial
period of elongation with tributaries filling in the

Table 3.2. Separation of drainage network into two equal area sub-basins
to compute drainage density (Dd) in set 2, subset 3

Dd (ft/ftz)

Total Channel Length (ft) Ratio of
Network Internal (I) Outer (O) Internal (I) Outer (O) DdI to Ddo
1 288.68 309.15 0.463 0.496 0.933
2 262.64 352.62 0.422 0.566 0.746
3 230.93 339.65 0371 0.545 0.681
4 212.43 241.25 0.341 0.387 0.881

The drainage density values for the internal
sub-area continually decrease with time (Table 3.2}
Drainage density increases in the outer sub-area to
maximum extension (network 2), and thereafter a de-
crease in the drainage density is noted. In summary,
these observations show a decrease in the drainage
density near the outlet and main channel before maxi-
mum extension is reached. The area nearer the water-
shed border shows a continued increase in drainage

density to maximum extension and a lessening of these

values only after maximum extension has been achieved.

— undissected portion of the basin later during elabora-
tion. This difference in growth was reflected in the
shape of the first-order stream length histogram and
its changes through time. Also, drainage density was
significantly less following Hortonian growth.

Lowering baselevel tends to produce a headward
growth mode of development while the steepness of the
slope changed the rapidity at which the network grew.
Unfortunately, additional data are required to explore
the effect of initial conditions further.
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CHAPTER IV

TOWARD A MODEL OF NETWORK EVOLUTION

The remarkable similarity of the first-order
stream length histograms at initiation and maximum ex-
tension demonstrated previously suggests regularity of
network growth. Only for the initial network on a
surface slope of 3.2 percent with no baselevel change
is the histogram significantly different (more rectan-
gular) and in this experiment the histogram approaches
the characteristics of the histogram in the first ex-
periment at maximum extension.

Even stronger evidence of regularity comes from
the fact that the geometric mean length does not signi-
ficantly change during the extension of the networks
of data set 1. In order for this to occur, a first-
order channel must grow to some limit and then bifur-
cate, therefore, being eliminated from the class of
first-order streams. The marked regularity in the
range of lengths may reflect a length at which the pro-
bability of bifurcation is maximized. As the length
of a first-order channel increases, the probability of
bifurcation increases. The bifurcation of the channel
can occur anywhere along its length as it grows, but
the stability of the geometric mean of first-order
channel lengths suggests that there is only a small
range of stream lengths at which the probability of
bifurcation is a maximom,

The identification of a probability distribution
for channel bifurcation is not straightforward. Such
a distribution would undoubtedly vary in both time and
space. Time is a factor because it is inherent in the
incremental growth of a particular channel and the rate
of growth changes with respect to location in the
basin. Changes in competition among sub-basins may
also affect the shape of the drainage area and inhibit
bifurcation.

In modelling network growth, the most important
causative factor may well be competition for undis-
sected watershed area. If so, data will be difficult
to obtain because sub-basin boundaries shift contin-
uously before incision finally limits the mobility of
the divides.

Another modelling problem is the inherent
regularity of many geomorphic variables which are
used to describe the stream network. The network is a
specific topologic figure (a rooted planar graph) on
which an ordering scheme is imposed. Thus, network
variables can exhibit a regularity based on the mathe-
matics of the unique topologic figure. This chapter
focuses on the evolution of selected geomorphic vari-
ables; several of which point to this inherent
regularity.

Evolution of Selected Geomorphic Variables

The evolution of several stream number and stream
length variables, which identify the different modes
of growth or focus on the regularity of growth, will
be examined in this section.
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Stream Numbers

Horton (1945, p. 291) stated the following law:
"The numbers of streams of different orders in a given
drainage basin tend to approximate a geometric series
in which the first term is unity and the ratio is the
bifurcation ratio (R,)." This law, called the law of
stream numbers, has geen tested and found satisfactory
by a number of researchers.

It was Horton's (1945, p. 303) contention that
this law of stream numbers was relatively insensitive
to geologic differences between basins but that de-
partures from a straight line on a semi-logarithmic
graph may, in general, be ascribed to the effects of
within basin geologic controls. Many workers have
tested this law under a variety of geologic and geo-
morphic conditions and have found both the geometric-
series form and the bifurcation ratio to be very sta-
ble. This implies that the law is a result of a very
basic cause.

However, some workers (Schumm, 1956, p. 603;
Maxwell, 1960, p. 120)have identified a concavity in
the semi-logarithmic relationship between stream order
and stream number which implies that the law of stream
numbers is not exact.

Shreve (1966, p. 18) on the other hand stated,
that, "in the absence of geologic controls . . . , the
population of natural channel networks is governed
primarily by the tendency of erosional processes to
produce arborescent networks and secondarily, or per-
haps not at all, by local environmental factors."
Shreve (1966, p. 18) further stated that: '"this leads
to the speculation that the law of stream numbers arises
from the statistics of a large number of randomly
merging stream channels in somewhat the same fashion
that the law of perfect gases arises from the statis-
tics of a large number of randomly colliding gas
molecules." Milton (1965, p. 53) concluded that:

' . . . the law of stream numbers is simply a statisti-
cal probability function that automatically follows
the definition of order. It is basically not a geo-
morphic law, but an abstract law that must apply
equally well to any branching system. The writer has
in fact found that (the law of stream numbers) can be
fitted to data from a plum tree . . . ."

Conclusions about the law of stream numbers have
been based on data collect=d from basins which have
evolved over a long period of time. Hence, the network
is relatively stable within the basin it occupies; and
the law of stream numbers is usually applied to a fully
developed drainage pattern. In this experimental study
the network has initiated on an undissected surface.
Thus, changes in stream numbers can be observed as the
network evolves from a very simple initial pattern.
Such observations through time can identify changes,
if any, in the law of stream numbers during network
growth and these changes are related to the two growth
models previously discussed.




To examine the change of stream numbers of both
types of drainage network development (sets | and 2)
with time, the development of Strahler first-order
streams through initiation to maximum extension of the
pattern was studied. First-order streams are used be-
cause it is by the formation of them that the network
Erows.

Strahler first-order streams are the fingertip
stream segments from source to the first downstream
bifurcation (Strahler, 1952, p. 1120). They are,
therefore, equivalent to exterior links defined by
Shreve (1967).

A plot of first-order stream frequency for all
networks mapped during extension is shown in Figure
4.1. The increase of first-order streams is basically
nonlinear with a decreasing number of streams added as
time progresses. These trends are actually made up of
two different data subsets. For example, for the data
generated on the initial slope of 0.75 percent with
baselevel change (set 1), five networks were recorded
as the system initially grew (set 1, subset 1). Five
more networks were mapped at maximum extension for a
particular baselevel (set 1, subset 2). Because of
these differences two linear regression equations were
used to describe the relations.

The slope of the regression lines for the
initially developing networks without baselevel change
(subset 1 data) is greater than the slope of the line
for the data at maximum network development (subset 2
data) for both experiments. This difference in the
regression coefficients is significant at the one per-
cent level. Thus, there is a rapid early development
of first-order stream segments, but this is signifi-
cantly reduced with time.
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Changes in the number of Strahler first-

order streams formed during development of
the pattern to maximum extension. Time is
indexed by volume of water over the system.

During the initial rapid development of first-
order channels, the rate of initiation of new channels
is statistically the same for both experiments. This
is shown by a t-test of the regression coefficients,
at the one percent level.
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However, as the network continues to grow into
the basin, the rate at which channels are added differs

for the two experiments (Fig. 4.1). In set 1 first-
order streams are added at a faster rate so that by
maximum extension many more first-order streams are
present.

The growth of first-order streams is similar to
that observed for stream lengths or drainage density
(Fig. 3.1). Fewer first-order streams developed on
the initial slope of 3.2 percent (set 2 data). This
data set has already been characterized by being
"Hortonian" in its mode of growth. The initial deve-
lopment in this experiment was the "blocking out" of
large portions of the watershed by long first-order
streams. The general "blocking out' of the network on
the steeper initial slope seems to provide less oppor-
tunity for development of small exterior links.

Figure 4.2 shows a comparison between two sub-
basins for both initial conditions at equal times.
The network on the steeper initial slope has developed
longer first-order streams. The lower initial slope
has shorter first-order channels, but the number of
streams continues to increase as the network grows.
First-order channels in the second experiment are
longer and occupy more territory than similar channels
on the lower initial slope. This certainly influences
the competition for available area. The differences
in the manner of network development must have an
effect on the growth of new streams within the network,
but the exact nature of this influence is undetermined.

0.75 % initial slope
set |, subset |

3.2 % initial slope
set 2, subset |

net |
net |

]

]
b ~
et H
n im
2t g
Fig. 4.2. Examples of drainage network growth. Net-

works are shown at equivalent times in the
experiment to show differences in the
patterns.




To show changes in stream numbers during the
initial development of a network the number of
Strahler-order streams are plotted on semi-logarithnic
paper for each network. In order to provide more de-
tail, data from four sub-basins in network 1 (Fig.
4.3) were plotted for each succeeding stage of develop-
ment (Fig. 4.4). Because the network is actively
growing headward the number of first-order streams in-
creases for each data set. Thus, time can be thought
of as increasing along to the y-axis with increasing
numbers of first-order streams. Each line (an indivi-
dual network) represents a time slice at two hour
intervals.

First-order streams increase with time along the
Y-axis (Fig. 4.4). However, the increase of first-
order streams does not increase the number of second-

Sub-basins from experiment 1
(set 1) used in the analysis
of stream numbers.

Fig. 4.3.

order streams until there are 7 first-order streams.
Between the development of 7 and about 12 first-order
streams, only two second-order streams formed. This
increase of first-order streams until eventually an
additional second-order stream is formed continues,
although with increasing numbers of first-order
streams the tendency becomes less distinct.

The higher order streams also show this develop-
ment. For example, between 2 and 11 second-order
streams are added before an additional third-order
stream formed (Fig. 4.4). This process produces lines
on Figure 4.4 that are not straight, and probably ex-
plains the deviation from Horton's law of stream
numbers noted by Schumm (1956, p. 603) and Maxwell
(1960, p. 12).

With such a sequence of growth the bifurcation
ratio between one order and the next (R ) must
undoubtedly vary. i/i+l
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Fig. 4.4. Number of Streams for each Strahler order.

Basins used include both sub-basins and
total basins in order to show changes
through time (set 1, subset 1).

Plotting bifurcation ratios for data from Table
4.1 and 4.2 yields ratios which do indeed change dra-
matically but in a regular pattern (Fig. 4.5). If the
lines displayed in Figure 4.4 are numbered consecu-
tively, a time index is obtained, and this is used as
the X-axis in Figure 4.5. The numbers at the top of
the plot give the number of second and third order
streams or, in other words, the denominator of the bi-
furcation ratio plotted for that particular zone in
the figure. There is an increase in the bifurcation
ratio within each of these zones indicating a contin-
ued increase in the number of lower order streams with-
out a change in the denominator of the bifurcation
ratio. The oscillation of the bifurcation ratio de-
creases, as the drainage system expands or becomes
older. Finally the ratio becomes relatively constant,
a condition noted by many investigators.
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lable 4.1. Number of Strahler order streams for net-
works during initial development on one
baselevel
Set 1, Subset 1
(initial slope of 0.75 percent)
Number of Strahler Streams
Network 1 2 3 4 S
1 25 10 2 1 &
2 38 12 2 1 -
3 74 18 4 1 -
4 104 21 4 1 -
5 114 26 5 1 -
Set 2, Subset 1
(initial slope of 3.2 percent)
Network 1 2 3 4 5
1 24 5 1 - =
2 64 13 4 1 =
3 81 22 7 1 -
Table 4.2. Summary of number of Strahler order
streams for sub-basins shown in Figure 4.3.
Network
(Set 1, Sub- Number of Strahler Streams
Subset 1) basin Order 1 Order 2 Order 3
1 A 2 1
B 2 I
C 7 2 1
D 2 1
2 A 6 1
B 4 1
G 10 3 1
D 8 3 j |
3 A 10 3 1
B 10 2 1
€ 27 6 i
D 13 3 1
4 A 16 3 1
B 12 2 1
C 34 8 1
D 21 4 ¥
5 A 19 3 1
B 12 2 1
€ 45 11 1
D 22 4 1

Increases of the R, within one zone indicate
that the probabilities “of branching to form a i + 1
order stream by an ith order stream is not always 0.5
as suggested by Schiedegger (1966) instead the pro-
bability of forming an i + 1 channel decreases from
1.00 until the next transition is reached, and then it
jumps to a new high value and begins a slow decrease.
This oscillation of probabilities would be just the
inverse of the bifurcation ratio plot shown in
Figure 4.5.

Eyles (1968) described the upward concavity in a
plot of stream numbers versus order in basins in
Malaysia and felt that it could be taken as evidence
of recent rejuvenation, which disproportionately in-
creased the numbers of lower order streams (particu-
larly the first-order). In such a case the bifurcation
ratio will be inversely related to stream order.

Smart (1968, p. 25) also found in working with random
walk models that the data from stream systems in the
western United States fit the random model except for
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Fig. 4.5. Changes in bifurcation ratio between one

order and the next higher order during early
stages of network development. Lines from
Figure 4.4 were numbered consecutively from
the origin and used as a time index.

a systematic deviation from randomness provided by an
excess of lower order streams, which gave greater
values for the bifurcation ratio than those predicted
by the model. Such deviations were described as 'pro-
bably due to geologic controls." It is unknown if such
a deviation is a result of rejuvenation, but the re-
sults of the experimental study demonstrate that it is
characteristic of a growing network.

The initial oscillation does not detract from the
observations made by many that the bifurcation ratio
is particularly stable. Such observations were made
on networks which were not undergoing rapid change. As
noted here, this oscillation is quickly damped as the
network grows larger and in fact at maximum extension
the stream frequency-order plots are straight (Fig.
4.6) and show stability of the bifurcation ratio.

Exterior Link Lengths

The mean length of exterior links (first-order
streams) is not significantly different through time
in the first experiment. However, in the second ex-
periment there is a statistically significant decrease
in the mean length of the exterior links with time.

To examine these exterior link lengths, they are se-
parated into tributary source (TS) links and source
links (S) defined previously (Mock, 1972). The data
(Table 4.3) for the second experiment (set 2, subset1)
on the steeper initial surface show that the decrease
in the geometric mean length of exterior links results
primarily from a decrease in length of S-type links.
TS-type links have a nearly stable mean length. A t-
test identifies no difference among the mean length of
TS links between networks 1, 2, and 3 at the 95 per-
cent level., A t-test yields a statistically signifi-
cant difference among the mean lengths of S-type links
in the same three networks at the 95 percent level.

The changes in S and TS exterior links can be
shown by smoothing the histograms of length using the
equation for the lognormal distribution (Aitchison
and Brown, 1957, p. 8):
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Table 4.3. Geometric mean and standard deviation of
S- and TS-type exterior links during
initial network development.

Geometric Mean Standard
Number Length (ft) Deviation

Network S TS S TS S TS

Set 1,

Subset 1

1 20 § 1.01 1.65 197 1.70
2 3% 13 0.79 1.89 2.10 1,95
3 36 38 1.33 1.76 1.64 1.99
4 42 62 1.39 1.46 1.84 1.96
5 52 62 1.53 1.46 1.82 1.90
Set 2,
Subset 1
1 10 14 5.91 2.23 1.84 2+27
2 26 38 3.53 2.94 2.02 1.94
3 44 37 2.96 3.17 1.67 1.97

Using the maximum likelihood estimators of the mean
and variance, the frequency curve for each network can
be calculated. A dramatic shift of the S-type link
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Fig. 4.7. Frequency curves for exterior

link lengths using the maximum
likelihood estimators for the
mean and variance. The log nor-
mal distribution is used. Data
are from set 2, subset 1 with an
initial slope of 3.2 percent.

length curve from larger values to smaller values
(shift to the left) is shown (Fig. 4.7). The stabi-
lity of the TS-type link length distribution is evi-
dent for these three networks. The fact that S-type
links are longer initially and that they shorten with
time suggests the importance of this link type in the
"blocking out" stage of channel development on the
steeper initial slope. As these initially long S-type
links develop tributaries, their lengths are shortened.

The reason for the stable nature of the TS-type
link distribution through time is difficult to ascer-
tain. Schumm (1956, p. 608) defined interbasin areas
as roughly triangular areas which have not developed a
drainage channel but which drain directly into a higher-
order channel. If single channels develop in these
interbasin areas, they would be TS-type links. Thus,
channelization of interbasin areas late in network
growth would tend to reduce the mean of the length dis-
dribution of TS-type links with time as smaller link
lengths fill these small interbasin areas. Such does
not appear to be the case.




The S-type links that initially block out the
basin divide sub-areas for future dissection by TS-
type streams. A regularity in spacing of streams pro-
duces a proportionate number of both short and long
TS-type links to develop which allows the distribution
of link lengths to maintain a nearly constant mean
and variance through time. This regularity suggests
a basic causal factor influencing link length such as
the eroding material (the geology).

Computer Simulation Models

The simulation of stream networks was initiated
by Leopold and Langbein (1962). They proposed a ran-
dom walk model in which the network initiated at the
heads of first order streams (sources) and grew in
unit steps toward the outlet. The rules of growth
allowed growth to the left, right or towards the out-
let with equal probabilities. Growth back towards the
sources was not allowed. If channels met, only one
channel continued growth from the intersection. A
secondary model, similar to this one, in which exter-
ior links could be initiated at random locations on
the gridded watershed, was also proposed in the same
paper. These models were programmed for the computer
and compared with natural drainage systems (Schenck,
1963; Smart et al, 1967).

A headward growth model was proposed later
(Howard, 1971; Smart and Moruzzi, 1971 a, b). These
headward growth models characterize headward growth by
beginning at the basin outlet and developing into the
basin and, therefore, more accurately reflect an ictual
growth model. Attempts to model capture of drainage
area from above as growth continues were attempted in
this headward growth model.

Both these types of models have been compared
with natural drainage networks. With probabilities of
growth equal in each allowed direction of growth, it
has been assumed that the computer model reflects the
development of a drainage system on homogeneous litho-
logy. Comparisons of the simulated networks with
natural networks have shown a great many similarities.
These similarities have been used both to justify the
computer model as an adequate simulator of the real
world and to hypothesize that network development on
homogeneous material results from equal probabilities
of growth or random growth. Such reasoning appears
circular.

Howard (1971) suggested that the nearly equivalent
resuits obtained between the simulated and natural
networks may be superficial. That is, the simulation
methods are successful because they produce the topo-
logic properties of natural networks. As has been
shown in this experimental data the number of streams
of a particular type and the geomorphic statistics
generated from them (e.g., the bifurcation ratio) does
not show substantial differences from the topologic
theory developed by Shreve (1966, 1967).

It appears, therefore, that the rules used in the
simulated networks to obtain the topologic figure
similar to the natural drainage pattern, results in
similar stream or link numbers. That is, the repro-
duction of the specific topologic figure (the rooted
planar graph), which describes the stream network, re-
sults in similar values of variables. This similarity
may not, however, be geomorphically significant in
terms of identifying growth characteristics in actual
streams.

Problems with the stream lengths also exist in
these computer simulations. It has been implied that
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in natural basins drainage density changes with rock
type (Hadley and Schumm, 1961; Carlston, 1963). Such
changes are not an immediate result of the simulation
models. As drainage density changes, the length dis-
tribution of exterior and interior links must also
change although the ratio of mean exterior length to
mean interior length may not. Simulations have relied
heavily on these ratios in comparing simulation output
with natural drainages and may not have identified
significant differences.

Simulation model networks have been identified as
expressing random growth and natural networks that
resemble these simulations are said to exhibit random
growth. Such terminology is, indeed, unfortunate be-
cause it focused further work on the random component
of drainage development rather than on causal factors
of growth. This focus was maintained even though
simulation techniques used have a direct functional
relation with drainage density and its inverse--the
constant of channel maintenance (Schumm, 1956, p. 607).
All simulations produced to date use a matrix or grid
coordinate scheme within which to grow. Each grid
element represents a unit length of possible growth.
In the Leopold-Langbein model (1962, p. A 15) the dis-
tance (D) or length of a stream from initiation to
joining with another stream was given, from the sta-
tistical model called the ''gambler's ruin," as a
minimum limit of the first power of the separation
distance (A) and a maximum limit of the square of the
separation distance. Thus, the length of an individual
channel (D) has a minimum and maximum limit which is
dependent on separation or cell size and the actual
length of an individual link is, therefore, a function
of the cell size in the matrix.

The unit length of a cell has a direct functional
relation to the constant of channel maintenance (CCM)
which changes with the changes in probabilities given
for growth in each of the allowed directions. Thus,
the simulation models have a built-in deterministic
component. This component has not been adequately
identified or analyzed, but it is probably related to
geologic and climatic influences in the prototype.

Simulation models have been based and analyzed on
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