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Stochastic modeling of transect-to-transect properties
of Great Basin rangeland streams

Thomas J. Myers and Sherman Swanson

Department of Environmental and Resource Sciences, University of Nevada, Reno

Abstract. We developed a transect-to-transect stochastic model of stream width and
pools. The model included Markov chains for transect-to-transect transitions among pools,
nonpools, and part pools, a two-parameter beta distribution for pool fraction when the
transect is a partial pool, and a two-parameter gamma distribution to model standardized
widths. The model accurately reproduced the mean and standard deviation of both width
and transect-based measures of pool area. However, the model smoothed the distributions
thereby reducing the skewness of the observed data. The physical tendency for streams to
have very few transects that are almost, but not totally, all pool or nonpool implies that
stochastic models based on continuous distributions will have more density in the tails
than observed on the stream. The model represented odd-shaped empiric distributions of
pool area which indicates it is very flexible and can accurately model a variety of streams.

Introduction

The variance of width or pool area (PA) measurements
depends on the inherent variability of width and the pool-riffle
sequence along the measured stream reach and measurement
precision [Myers, 1996]. Measurement precision is partly a
function of a surveyor’s ability to read a tape measure, recog-
nize water or channel width [Williams, 1978], and determine
the boundaries of a pool [Robison and Kaufman, 1994; Hankin
and Reeves, 1988] and inherent equipment errors. Measure-
ment precision increases with training, experience, and care.
However, physical longitudinal differences due to coarse
woody debris [Keller and Swanson, 1979; Robison and Beschta,
1990], dominant vegetation [Murgatroyd and Ternan, 1983], soil
type [Phillips and Harlin, 1984], and the location within the
pool-riffle sequence [Harvey, 1975; Richards, 1976] lead to in-
herent variability.

Sampling precision of width and PA, expressed as the coef-
ficient of variation (CV), is a function of the number and
spacing of transects [Myers, 1996]. A transect is a cross section
perpendicular to the channel centerline. Stochastic homoge-
neity of a stream reach is the condition that all measured
parameters be drawn from the same population such that mo-
ments do not depend on the location along the reach. Sampling
from two or more adjacent inhomogeneous reaches increases
the variance of any estimates. Stochastic homogeneity is a
function of scale whereby clusters of pools or short lengths of
narrow or wide streams may be small parts of longer reaches.
Estimates of variability by Myers [1996] are probably low be-
cause homogeneous reaches are short and do not represent the
full range possible for streams of a given range of stochastic
parameters.

The first purpose of this paper is to model the width and PA
of streams using transect-to-transect and at-a-transect stochas-
tic properties of streams. Specifically, we modeled the change
of pool category (no pool, pool, or part pool) from transect to
transect with Markov chains, at-a-transect properties of pool
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fraction with a two-parameter beta distribution, and width in a
conditional two-parameter gamma distribution model. This al-
lows simulation of perfectly homogeneous stream reaches
based on transect-to-transect processes completely specified by
stochastic model parameters. Using this model, it is possible to
explore the full range of expected measurement precision for
various sampling schemes.

The second purpose is to determine whether relations exist
between distribution parameters and basic stream morphology.
If so, managers could use this model to vary their survey
techniques based on stream morphology.

Background

Stochastic modeling and simulation has much precedence in
geomorphology [Leopold and Langbein, 1962; Price, 1974;
Shreve, 1974; Kirchner, 1993]. However, the modeling of chan-
nel width has generally been limited to deterministic power
function relationships of width and basin area [Klein, 1981] or
flow rate [Pickup and Reiger, 1979] ignoring randomness. Ex-
ceptions include Rendell and Alexander [1979] who found that
small-scale variability in ephemeral channel width and depth
due to channel forming processes, occurring during unsteady
flow, confounded assessments of deterministic relations. Using
the same data, Alexander and Rendell [1995] introduced ran-
domness into the modeling of width with models to separate
white noise from deterministic trends.

Markov chains have been used in hydrology primarily to
simulate climate [Gabriel and Neumann, 1962; Haan et al.,
1976], drought [Thompson, 1990], or flood stages [Yakowitz,
1985; Yapo et al., 1993]. In stream morphology, Myers and
Swanson [1996] used transition probabilities to detect tenden-
cies in stream type changes due to flooding or trends in se-
quences of habitat units [Grant et al., 1990].

Because the two-parameter beta distribution ranges from 0
to 1, it is ideal for modeling fractions and proportions [Law
and Kelton, 1991] that are not uniformly distributed. Although
Mielke and Johnson [1974] suggested the beta distribution had
the same capability as the lognormal or gamma distribution for
modeling precipitation and streamflow, it has found limited
use in hydrology. Exceptions include a model of the fraction of
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Figure 1. Location map. The size of circles represents the

number of sites in each mountain range. SR, Santa Rosa
Mountains; NBR, North Black Rock Mountains; DESA, De-
satoya Mountains; TOIY, Toiyabe Mountains; CAR, the Car-
son Range. See Table 1 for which site is located in each moun-
tain range.

daily precipitation that fell as rain or snow [Yevjevich and
Harmancioglu, 1990] and use of the distribution function as the
shape of cumulative hyetographs [Acreman, 1990]. Similar to
these uses, we used the beta distribution to model fractions
from O to 1.

Study Area

We used 12 long (>67 widths, 83% > 125 widths) stream
segments in five mountain ranges of central and northwestern
Nevada (Figure 1). All are within the basin and range geologic
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province [Stewart and Carlson, 1978]. Dominant vegetation
types range from sagebrush steppe to pinyon-juniper wood-
lands. Riparian vegetation includes species from grasses and
sedges to shrubs and trees.

Our study sites represent three general stream types [Ros-
gen, 1994] prevalent in Nevada [Myers and Swanson, 1991]. We
classified sites according to general Rosgen [1994] types only.
Thus classification was based on cross-sectional properties
(channel width/depth and entrenchment) and sinuosity only.
B-type streams are moderately entrenched and sinuous and
have a moderate width/depth ratio (>12). C-type streams are
slightly entrenched, have a high width/depth ratio, and are very
sinuous. E-type streams are similar to C-type streams except
they have a narrow channel (low width/depth ratio). All
streams have a predominately gravel substrate (2-64 mm).
Table 1 describes each study reach. Rosgen [1994] indicates
predominate gradients for general type (2-4% for B and <2%
for C and E types, respectively), but gradients in Table 1 for
some B- and C-types exceed the expected values.

Methods

We measured cross-sectional properties at transects perpen-
dicular to the active channel spaced between 1 and 1.5 channel
widths. Reach lengths varied from 63 to 251 transects (Table 1)
and were intended to be stochastically homogeneous.

During base flow at each transect we measured channel and
water width, maximum channel depth and width at twice the
maximum channel depth (to determine stream type), and the
width of pools within the transect. The fraction of water width
that is a pool, defined as the width of pool divided by the water
width, is the pool fraction (PF). Base flow exists when stream-
flow consists almost entirely of groundwater return flow [Mos-
ley and McKerchar, 1993]. We assumed that base flow was
occurring when spring runoff had ceased and flow rates had
become essentially constant. In Nevada, base flow occurs for
up to 300 days of the year [Myers and Swanson, 1996]. The top
of active channel is the point where an area-width curve sub-
stantially changes slope [Williams, 1978] as estimated in the
field at each transect. Vegetation, scour marks, bar height, and

Table 1. Characteristics of Study Sites
Channel Water
Width, Width, Transect
m m Spacing, General
p P Moutain  Rosgen [1994]
Number Stream n  Mean (sd) Mean (sd) m (widths) (cw), (ww); Gradient PA Range Stream Type
1 Smith U 199 196 (0.74) 124 (039) 20 1.02  0.704* 0273* 0150 026 DESA B
2 Smith D 163 2.09 (058) 123 (030) 3.0 143  0471* 0.061 0.007 047 DESA C
3 Reese R 63 492 (094) 3.04 (055) 8.0 1.63  0427* 0.147 0.003 050 TOIY C
4 BigDen D 151 138 (0.53) 0.69 (0.24) 2.0 145 0417 0.128 0.060 0.18 DESA C
5 BigDen U 150 153 (0.54) 1.08 (0.42) 20 131 0475 0365* 0125 030 DESA B
6 Big Mead. 251 115 (045) 081 (0.32) 2.0 174  0415* 0241* 0008 020 CAR E
7 Cabin D 104 234 (099) 140 (052) 20 085 m  0567° 0008 076 SR C
8 Cabin U 192 134 (046) 086 (0.26) 2.0 149  0.566* 0.134 0.031 045 SR B
9 Mahogany 169 2.62 (0.73) 160 (0.53) 3.0 114 0432 0206° 0019 040 NBR C
10 Summer Cp 126 194 (047) 144 (042) 3.0 1.55  0.060 0.035 0.054 023 NBR B
11 Washington 148 241 (0.57) 197 (0.54) 3.0 124 0.402* 0.367° 0060 036 TOIY B
12 Willow 199 1.63 (058) 1.14 (038) 20 123 0.495* 0.094 0076 033 DESA B

Standardized spacing is transect spacing divided by mean channel width. s.d., standard deviation; p( ),, lag 1 autocorrelation for channel width
(CW) or water width (WW). PA, pool area (equation (1)) where n equals the total number of transects. m, missing; Gradient, hydraulic gradient;
SR, Santa Rosa Mountains; NBR, North Black Rock Mountains; DESA, Desatoya Mountains; TOIY, Toiyabe Mountains; CAR, the Carson

Range. See Figure 1 for location.
P = 0.1.
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topographic break points aided delineation [Leopold, 1994].
All width measurements were standardized by the average
water width so that units in the model are widths. This allows
comparison among streams of different size. Along the plan of
the reach we measured sinuosity of the center of the active
channel and hydraulic gradient.

Pool area is the fraction of stream surface classified as a pool
using methods of Grant et al. [1990]. When measured with
transects, PA may be defined as

> PE(WW,) > PF(WW)
=1 =1

PA = =
> WW,
=1

n(WW) )

where # is the number transects per study site and WW; is
water width for transect i. (Table 1 contains #» and PA). A pool
is a distinct habitat unit with hydraulic gradient less than the
stream average and subcritical flow conditions except for an
entry jet which may cause supercritical flow up to 15% of the
surface. On the basis of this definition of PA any transect-
based stochastic model must include WW and PF. Water
width, measured at base flow conditions, represents the low-
flow channel which may be a stable indicator of basin condi-
tions [Richards, 1982].

Model Development

Stream morphology variables of interest at evenly spaced
transects are WW and PF. We theorized that changes in WW
and PF from transect to transect are a Markov process where
conditions at a transect depend only on conditions at the
transect immediately upstream. This assumption is based on
the insignificant autocorrelation of width for two or more lags
[Richards, 1976; Myers, 1996] and the variability of width
through pool-riffie sequences forced by coarse woody debris
(CWD) [Robison and Beschta, 1990]. Transitions between
pools, nonpools, and part pools are a three-state Markov
chain. In the range 0 < PF < 1, histograms of PF suggest a
density function with variable skewness and means substan-
tially varying from 0.5. Thus PF does not follow a uniform
distribution. Therefore we theorized that PF would follow a
two-parameter beta distribution similar to the distribution of
precipitation as a fraction of rain when there was a mixture of
precipitation types [Yevjevich and Harmancioglu, 1990]. Over-
all, then, PF follows a combined bernouli/beta distribution. As
reported below, we tested for and found no significant condi-
tional distributions of PF dependent on WW for 0 < PF < 1.
We modeled width as a gamma distribution conditioned on the
transect category (pool, nonpool, or part pool).

Markov Chain Model

A first-order Markov chain is a stochastic process (X,,, n =
0, 1, 2, ...) that takes on a countable number of possible
values with states (0, 1, 2,...) [Ross, 1982]. It has the property

’X1=il’X0=i0)=P|/
(2

for all states i, i1, ***, i,_1, i,, j, and n = 0. For modeling
PF there arc three states 0, 1, or 2 representing nonpool, pool,
or part pool, respectively.

P(Xn+1 =]|Xn = in: Xn—l = in—l’ Tt
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Table 2. Transition Probability Matrix and Total
Probability That a Transect is in a Given State
Irrespective of the Previous State

State
Total
Reach State 0 1 2 Probability

Smith U 0 0.569  0.157 0.274 0.510
1 0.281 0312 0.406 0.328

2 0.531 0.094 0375 0.162

Smith D 0 0403 0492  0.104 0.398
1 0414 0414 0171 0.428

2 0.345 0345 0310 0.175

Reese R 0 0357 0357 0.286 0.210
1 0200 0560  0.240 0.419

2 0.130 0304  0.565 0.371

Big Den D 0 0.612  0.047 0.341 0.567
1 0375  0.000  0.625 0.053

2 0526  0.070  0.404 0.380

Big Den U 0 0527 0135 0338 0.500
1 0464 0250 0.286 0.187

2 0479 0229 0.292 0.313

Big Meadow 0 0344 0422 0.234 0.256
1 0.194  0.674  0.132 0.576

2 0333 0476 0.191 0.168

Cabin D 0 0118 0706  0.177 0.155
1 0.167 0.621 0.212 0.641

2 0.150  0.650  0.200 0.204

Cabin U 0 0467 0359 0.174 0.472
1 0452 0425 0.123 0.378

2 0536 0321 0.143 0.150

Mahogany 0 0.441 0.265  0.294 0.411
1 0308 0423  0.269 0.310

2 0479 0250 0271 0.280

Summer Camp 0 0.621 0.091 0.288 0.536
1 0529 0294  0.177 0.136

2 0405 0.143 0452 0.328

Washington 0 0320 0340 0.340 0.347
1 0389 0278  0.333 0.245

2 0344 0148  0.508 0.408

Willow 0 0.543 0219 0.238 0.525
1 0510 0347 0.143 0.252

2 0.500 0227 0.273 0.222

State 0, 1, and 2 are no, complete, and part pool. Table 1 contains
the total number of transects.

Conceptually, additional states could be added by subdivid-
ing the interval 0 < PF < 1 similar to Haan et al. [1976] for
daily rainfall or Yapo et al. [1993] for flow categories below
flood levels. We did not do this for two reasons. First, as will be
discussed below, the beta (a,, «,) distribution described this
range very well. Second, the number of data points needed to
adequately determine transition probabilities increases expo-
nentially [Yapo et al., 1993] with additional states.

The transition probability matrix (TPM) is a 3 X 3 matrix
with

P,=P(X.. =jlX,= i)

fori,j=0,1,2 (3)

and

4)

2
> P,=1 for each j
=0

Elements of the TPM are estimated as n,;/n,, where n,, is the
number of transitions from state i (rows of the matrix) to state
J (columns) and #; is the number of observations in state i. In
a TPM, i andj represent rows and columns, respectively. Table
2 contains the TPM and total probability P, for 12 reaches used
in the modeling.
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Figure 2. Location of pools as represented by pool fraction
at a transect on Big Den D.

Total probability reflects pool area. For example, Cabin D
and Big Den D have the highest and lowest PA (Table 1) and
P, (Table 2), respectively. Two of the higher P, values, rep-
resenting part pools, occurred on type C4 reaches Reese R and
Big Den D. These streams have free-form pool-riffle sequences
with very little debris and few boulders. However, corner pools
have submerged bars on the inner curves classified as riffles.
The highest P, occurred on Washington C which has many
boulders leading to partial pools. There are no apparent dif-
ferences in part pools between B and C types or trends with
stream size. The primary similarity among streams with few
part pools is a lack of bars (deposition) and boulders (for
pocket pools).

Reaches with high P, tended to be type B4. Of five reaches
with P, = 0.5, only Big Den D is not B4 (four of six B4
reaches have Py = 0.5). This suggests that nonpools dominate
B4 streams. The high partial pools on some B4 reaches, which
increased their PA substantially, suggest that random features
such as boulders or coarse woody debris (CWD) are necessary
for pool formation [Myers and Swanson, 1994] on these stream
types.

Tendencies for transects with pools to follow one another
(P4, substantially exceeding P,) suggest pool area clustering.
This is either a clustering of pools, a prevalence of short non-
pool reaches not often sampled by transects at our spacings, or
a tendency toward long pools. Eight reaches showed this ten-
dency (Table 2), but there were no obvious tendencies among
specific stream types. However, Big Den U, Cabin U, Mahog-
any, Summer Camp, Washington, and Willow were predomi-
nately tree- and shrub-lined. All but Mahogany had substantial
numbers of boulders. This suggests that structural features
such as boulders and CWD may not be random and may cause
clusters of pools at short spacings. Reese R and Big Meadow
are opposite having very long, regularly spaced pools such that
several transects intersect each pool and transects in nonpools
are followed by pools. The tendency for nonpool transects to
repeat on six reaches (Table 2) corroborates these observa-
tions. Big Den D exhibited an opposite tendency (P, << P,)
toward short, irregularly spaced pools (Figure 2).

We did not use higher step transition matrices because the
transition probabilities approached the total probability at the
second step. That is,

P3=P(Xn+m=]|Xm=l)_)Pl (5)
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This suggested there was no correlation or cyclicity for pools at
lags higher than one analogous to the lack of higher-order
correlation of width [Myers, 1996].

Distribution of the Pool Fraction

If transects were all either pools or nonpools, there would
have been only two states in the Markov chain and PF, equal-
ing 0 or 1, would draw from a Bernouli distribution. However,
29% of transects over all reaches are not complete pools or
nonpools. The three states chosen here imply a conditional
combined discrete and continuous distribution:

f(PF)=p, PF=0 (6)
f(PF) = p, f(PFJ0 < PF < 1) 0<PF<1 (7
f(PF) =p, PF =1 (8)

where p, and p, are the probabilities that PF equals 0 or 1,
respectively, p, is the probability that 0 < PF < 1. Because
f(PF) —0as PF —0or 1 in the range 0 < PF < 1 and because
of its flexibility in describing shapes between 0 and 1 [Law and
Kelton, 1991], beta (o, a,) is a logical choice to describe PF.

PF="!(1 — PF)="!

f(PFI0 <PF<1) = Blay, a) (9)
The beta function B(a,, a,) is
I'(e)T
Blay, aj)) = % (10)

and I'(x) is the gamma function. Parameter estimation is by
the method of moments (MME).

_(13?(1—PF) )
@ =PF — o ——1 (11)
PF
__ {PF(1 — PF)
a2=(1—PF)(T—1) (12)

where PF and § - are the sample mean and standard deviation
for the fraction 0 < PF < 1.

We tested the suitability of the beta distribution with a x*
goodness-of-fit test for H,: data for individual reaches are
independent identically distributed (IID) random variables
with distribution function beta («,, a,). Rejecting H, when
X% > X2_1,1_ and k is the number of categories chosen to be
equiprobable with expected value np ranging from 6 to 8 and
with a minimum k equal to 4 [Law and Kelton, 1991], we
accepted the chosen distribution on 11 of 12 study reaches
(Table 3). Spearman rank correlations of PF and WW in the
range 0 < PF < 1 were small and variously positive or negative
indicating no conditional relationship.

For example, Smith D shows an excellent fit throughout the
range (Figure 3a). Mahogany still fits a beta distribution (Fig-
ure 3b) while differing at PF > 0.4 because the primary differ-
ence was limited to one category. However, Smith U had few
observations as PF approaches 0 which led to rejection of the
beta distribution (Figure 3c). The lowest category for Smith U,
(0, 0.1), was lower than any category for any of the reaches.
Most reaches tended to fewer than expected transects in very
low categories because very small pools rarely exist on these
streams. There is probably a minimum pool width. A PF = 0.1
in our stream size range suggests a minimum width for pools
near 0.2 m.
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Table 3. Beta Distribution Parameters (a,, a,) for PF and x> Goodness-of-Fit
Comparison With Empirical Distributions in the Interval 0 < PF < 1

Reach n k a,

2

P

r

a X Mmoo pftw
Smith U 65 10 1.77 3.72 19.2 0.024 0.221 0.094
Smith D 29 4 3.50 6.36 0.10 0.992 0.318 0.208
Reese R 23 4 2.79 103 4.65 0.199 0.161 0.097
Big Den D 58 8 3.14 6.95 8.76 0.270 0.264 —0.103
Big Den U 48 6 3.61 4.62 3.25 0.662 0419 -0.303
Big Meadow 42 6 2.14 2.53 1.43 0.921 0.427 —0.090
Cabin D 21 4 2.43 222 0.14 0.987 0.540 0.278
Cabin U 29 4 225 4.01 2.03 0.566 0.293 0.108
Mahogany 48 6 1.55 2.32 5.50 0.358 0.294 —0.053
Summer Camp 42 6 1.95 4.05 6.57 0.255 0.238 -0.221
Washington 61 8 1.94 3.88 2.87 0.897 0.246 0.005
Willow 44 6 220 3.58 291 0.714 0.318 0.155

PF, pool fraction; n, number of transects; k, number of categories in the goodness-of-fit test; P,
significance probability; u_, mode calculated from the hypothesized population distribution; Cpfws Spear-

man rank correlation.

The mode of the beta distribution [Law and Kelton, 1991]

-l 13
Poo= o g =2 (13)

indicates that if &; < a,, the mode is less than 0.5. The modes
for our study reaches clustered between 0.22 and 0.43 with one
exception exceeding 0.5 and another being less than 0.2 (Table
3). The mode approaches 0 or 1 as one parameter becomes
substantially larger than the other. The density becomes more
leptokurtic (peaked) as the parameters become larger. Param-
eters for reaches Smith D, Big Den D, and Big Den U tended
to be larger than the others and indicated a tendency toward
concentration (peaked density) near the mode. Reese R had a
very large o, indicating a peaked concentration of values at low
PF. This is the widest reach and had a distinct free-formed
pool-rifiie sequence. The tendency for low PF values (in the
0 < PF < 1 range) suggests that pool units have narrow
extensions into adjoining riffles. In general, we found great
flexibility in the shape of the density function for the chosen
range of data as did Haktanir and Sezen [1990] for unit hydro-
graphs.

Distribution of Water Width

Tested with one-way analysis of variance (ANOVA), water
width differed among pool categories (p < 0.05) on all
reaches but Reese R. Water width was highest on part pools on
all reaches except Smith D where width without pools was
slightly, but not significantly, higher (Figure 4). Transects with
overlapping habitat types (0 < PF < 1) were wider because
velocities across the transect vary more than pools or nonpools.
Complete pools were narrower and deeper than other catego-
ries. Part pools were deeper than, but closer to, nonpools than
to pools. Most partial pools occurted at the downstream shal-
low end of pools where they transitioned into riffles or rapids.
The lower velocity in the pool portion of part pool transects
requires a higher conveyance capacity frequently leading to a
wider stream. Flow below pools diverges becoming wider fol-
lowed by convergence in a riffle or rapid prior to further nar-
rowing, and scouring, into a pool. The deepest part corre-
sponds to the point of maximum convergence where scour
usually creates a uniformly deep section [Keller, 1971].

The two-parameter gamma distribution can have a mode
close to 1, is bounded on the left by 0, and ranges to infinity on
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the right. It models the right skewness caused by left bounding.
We modeled standardized water width (ww); therefore the ww
was near 1.0, and ww ranged from less than 0.5 to about 2.5.
We conditioned the model on the three pool categories. The
gamma distribution is

B —awwn—le —ww/f
I'la)

fIWW) =0

fIWW) = WW > 0
(14)

otherwise

where « and B are parameters estimated by MME.

We tested the fit with a x* goodness-of-fit test for H,: the
data for individual reaches are IID random variables with
distribution function gamma (e, B). We rejected H, when x>
> Xk_1.1-« (@ = 0.10) using k = 10 categories chosen to
be equiprobable [Law and Kelton, 1991]. We accepted the
chosen distribution on 11 of 12 study reaches for complete and
partial pools and on 10 of 12 reaches for no pools (Table 4).
The worst fit occurred on Cabin U for no pools because of a
very irregular distribution with observations clustering at sev-
eral values as seen by the steepening of the observed distribu-
tion (Figure 5). This clustering would not cause rejection of H
if fewer categories were used.

Simulation Model

Parameters needed for the model were @, and a, in the beta
distribution for PF when 0 < PF < 1, three « values and 8
values in the gamma distributions for width for three pool
categories. The number of states, PF categories, and order of
the Markov chain are also parameters but predetermined by
the model structure.

The pool category for the first simulated transect is deter-
mined by comparing a random number chosen from U(0, 1)
with the total probabilities. U(0, 1) is the uniform distribution
from 0 to 1 not inclusively. If the category is a partial pool, PF
is chosen from the beta distribution using a new random num-
ber; otherwise, PF equals 0 or 1. Then, the width is chosen
from the gamma distribution for the appropriate pool cate-
gory. The pool category of the following transect depends on
the pool category of the current transect and is selected with
another random number and the TPM. Myers [1996] provides
a simulation flow diagram. The simulation requires an initial
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Figure 3. Beta distribution and observed distribution of pool
fraction (PFRACT) for select streams, 0 < PFRACT < 1. (a)
Smith D, (b) Mahogany, and (c) Smith U.

seed (a very large integer) which is updated internally by the
program each time a random number is chosen. Each gener-
ated value is based on a new random number. Fortran V
subroutines for random number generation from Press et al.
[1992] were used. The result of the model is a stochastically
homogeneous, digital stream of a length chosen by the user
represented by transects similar to field measurements.

Verification

Stochastic models do not model deterministic processes.
Rather, they model the variability of basic form measurements
of the process, in this case, width and PF and by extension, PA.
We simulated reaches 8000 transects long using parameters for
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each of the 12 sites. The input distributions and TPM should
be, and were, reproduced exactly within roundoff error. This
does not verify that the streams are similar to those measured,
only that we coded the distributions and TPMs properly.

An accurate stochastic model would reproduce the overall
mean, variance, and skew of width and PA for various sampling
strategies. Modeled widths for all reaches were near perfect.
The standard deviations were in close agreement, but skew
values were underestimated by up to 50% (Figure 6). Simula-
tion of many transect widths had a smoother distribution than
the observed values (e.g., Figure 7) and lower skewness coef-
ficients. For example, there is little difference between the
fractions for observed width categories [0.6, 0.7) and [0.7, 0.8),
but fractions from the simulation differed by 80% (Figure 7).
Agreement improves near the mean of 1.0. As found for pre-
cipitation and streamflow [Mielke and Johnson, 1974; Bobée
and Ashkar, 1991], the gamma distribution is not perfect in the
tails because of limited observations.

The simulation model allows calculation of PA based on any
sampling scheme using systematic transects. We chose two
schemes that would yield high CV for better comparison to
represent various properties of the transect series. Both the
observed and simulated streams were subsampled starting at
the upstream transect and progressing downstream. Separate
PA values were calculated according to (15) and (16) starting
at each transect.

5
E WW1+4(1— I)PF1+4(1—1)

PAGAWS = -

(15)
E WWI+4(I—1)

=1

This sampling resembles the General Aquatic Wildlife System
(GAWS) sampling procedure [U.S. Forest Service (USFS),
1985] by using five transects separated by four transects (with
spacing ranging from 1 to 1.5 widths which range from 1 to 5 m,
spacing is from 4 to 20 m; GAWS spacing is 15 m without
regard to size). The second PA sampling scheme used adjacent
transects to preserve persistence in width and pools between
adjacent transects:

5
> WW,PF,
PASTR = %—
> WW,

=1

(16)

From the 8000 simulated transects, (15) and (16) resulted in
7984 and 7996 PA representations, respectively. We compared
simulated and observed mean, standard deviation and skew-
ness, and overall distributions for each PA over all reaches.
Relative accuracy of the simulation of moments was deter-
mined using a sum of squared differences coefficient [Singh,
1988].

12

SS = 2 (Yobs(i) - Yexp(i))z

=1

(17)

The mean, standard deviation, or skewness coefficient is rep-
resented by Y, and 12 is the number of stream reaches com-
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Figure 4. Comparison of standardized water width among stream reaches. 0, 1, and 2 are nonpools, pools,

and part pools, respectively.

pared. Observed and simulated distributions of PA were also
compared using a Kolmogorov-Smirnoff goodness-of-fit test
[Sokal and Rohlf, 1981]. This comparison tests the null hypoth-
esis, H,: observed and simulated PA values are described by
the same distribution. H|, is rejected if the significance proba-
bility p is less than 0.10 for n equal to the number of PA
observations on the actual reach. The test statistic D is MAX
|Ppr(PR) — Spr(PR)| or the maximum deviation between
distributions [Haan, 1977].

Overall, mean and standard deviation were well reproduced,
and the skewness coefficient was poorly reproduced by the
model (Figures 8 and 9, for PASTR, SS = 0.0114, 0.0037, and
3.513 and for PAGAWS, SS = 0.0096, 0.0043, and 4.95 for
mean, s.d., and skew, respectively). On the basis of SS the
PASTR means were about 20% less accurate than those for
PAGAWS. The PASTR standard deviation and skewness
matched the observed value best. However, the distributions
were poorly reproduced (Table 5). The null hypothesis was
rejected on six and four reaches for PAGAWS and PASTR,
respectively. A general trend, seen on Figures 10 and 11, is that
simulated skew was less than observed for many of the rejected
distributions. The value of D (Table 5) on seven of the ten

1
'% Observed Distnbution Gamma (10 4, 0.089)
©
L 06 + - R
o
2
S04+
=
§
002 +

0 —— t —t

0 0.5 1 15 2
Standardized Width

Figure 5. Comparison of the fit gamma distribution for wa-
ter width with the observed for Cabin U with no pools.

rejections occurred at PA between 0.2 and 0.4. On these, orig-
inal PA was less than 0.4. Cabin D, with the highest PA, was
also rejected. This suggests that more inaccuracies occur as PA
differs from 0.5.

Generally, the model reproduced standard deviation well
indicating good reproduction of the variation about the mean.
Both observed and modeled standard deviation tended to be
higher for PASTR than PAGAWS (compare Figures 8b and
9b). Considering that (1) may be expressed as

PA = 1— 2": WW, PF, (18)
nWW o
then [Dudewicz and Mishra, 1988]:
n 1 \2
Var (PA) = 21 (nw——W) Var (WW,PF,)
2> (nV\:TW)Z Cov (WW.,PF,, WW PF) (19)

<y

Because WW generally exhibited significant autocorrelation at
one lag (Table 1) and Markov chains adequately model PF
transitions from transect-to-transect (Table 2), Cov (WW,PF,,
WW,PF;) for I = j — 1 and the second half of the right-hand
side of (19) is not equal to 0. Therefore sampling with adjacent
transects has higher variance than lagging transects for which
Cov (WW,PF,, WW,PF)) — 0.

Acceptable agreement on different streams resulted for dif-
ferent reasons. On Willow C (Figure 10) it resulted because
discrepancies in categories balanced each other yielding equiv-
alent means and densities on each side of the mean. The
differences between simulated and observed PA means were
due to smoothing as seen for Cabin D which had the poorest
agreement (Figure 11). For both sampling schemes the ob-
served fraction was 60% higher than simulated in the range
0.6—0.7, while the simulated fraction was 50 and 15% higher in
the 0.7-0.8 and 0.8-0.9 ranges, respectively.
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Table 4. Gamma Distribution Parameters (o, 8) Estimated
by the Method of Moments and x* Goodness-of-Fit
Comparison With Empirical Distributions for Standardized
Stream Width

Pool .
Reach Category n a B b P
Smith U 0 101 7.65 0.131 526 0.812
1 32 111 0.078 550 0.789
2 65 202 0.053 438 0.884
Smith D 0 64 173 0.060 569 0.771
1 70 193 0.049 150 0.090
2 29  16.1 0064 12.7 0.175
Reese R 0 14 405 0.024 tl?
1 26 279 0.035 554 0.785
2 23 30.6 0.034 6.13  0.727
Big Den D 0 86 839 0.112 113 0.252
1 8 191 0.492 i.ob
2 57 881 0.124 958 0.385
Big Den U 0 75 769 0.131 566 0.773
1 28 6.74 0.121 414  0.902
2 48 6.85 0.161 8.66  0.469
Big Meadow 0 64 6.29 0.159 113 0.255
1 145 698 0.13 9.97 0.353
2 42 792 0155 213 0.011
Cabin D 0 16 561 0.15 ioP
1 67 959 0.10 11.0 0.278
2 21 9.18 0.139 710  0.627
Cabin U 0 90 104 0.09 26.0 0.002
1 73 107 0.10 851 0484
2 29 194 0059 134 0.145
Mahogany 0 69 824 0.12 564 0.776
1 52 929 0.10 6.75  0.663
2 48 126 0.091 3.67 0932
Summer Camp 0 67 114 0.00 837 0497
1 17 141 0.06 i.0b
2 42 133 0.082 467 0.862
Washington 0 51 155 0.067 8.80 0456
1 36 17.0 0.05 10.1 0.342
2 61 134 0.079 7.69  0.566
Willow 0 105 829 0.12 16.0 0.066
1 50 122 0.07 13.6 0.137
2 44 140 0.078 6.53  0.685

P, significance probability; n, number of transects. Pool categories
are 0 (no pools), 1 (total pools), and 2 (partial pools). Test categories
K =10, and df = 9.

*The parameter a is too large, and the gamma function overflows on
the computer.

PInsufficient observations: expected observations <2.

Skewness in a sample is high when just a few observations
are much higher or lower than the mean. The observed skew of
Big Den D (reach 4, Figures 8c and 9c) is much higher than
simulated. This caused the high SS for skew. On Big Den D,
several observed PA values (Figure 12) were more than 75%
higher than the mean due to one cluster of small pools (be-
tween stations 105 and 120, Figure 2). That the simulation
reproduced two spikes in the histogram illustrates the flexibil-
ity of the model. However, because of smoothing, there is
much more density under the simulated curve near the spikes
than under the observed spikes which causes the much lower
skew. Models with continuous distributions would never per-
fectly match situations like Big Den U.

Stochastic Homogeneity and Scale

Throughout, we have assumed without testing that the study
reaches were stochastically homogeneous. However, spikes ob-
served in histograms of observed PA values and much higher
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Figure 6. Comparison of observed and simulated water

width (a) standard deviation and (b) skewness. The numbers
represent reach numbers.

skewness coefficients on some streams suggests that not all
reaches are homogeneous. On the basis of other analyses we
suggested that the maximum length for homogeneity is about
30 channel widths [Myers, 1996]. It is well known that width
increases with flow [Leopold and Maddock, 1953] or drainage
area [Klein, 1981], but our reaches are short, and there is no
substantial change in flow or drainage area. Inhomogeneous
conditions should be indicated by trends or shifts in mean
values over these short reaches.

Because width measurements fit a gamma distribution, we
used a simple linear rank regression model of WW and CW
with station along reaches to test for trend [Conover and Iman,
1981]. We tested for shifts by dividing the reaches into seg-
ments of 30 transects and testing for differences in the distri-
bution of WW, CW, PF, and WW,PF, (a surrogate for PA at

20

-
()]
T

Frequency
(=)

o0 = 3
05 07 09 11 13 15 17 1.9
Standardized Width

Il Observed ES Simulated

Figure 7. Comparison of observed and simulated water
width for Smith D.
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the one-transect scale; it is standardized pool width) with
Kruskal-Wallis one-way nonparametric ANOVA [Sokal and
Rohlf, 1981] and with Mann-Whitney U tests for Reese R
which had only two 30-transect segments. Significant coeffi-
cients in the regression indicate trends along the reach, and
different distributions indicate shifts.

The results (Table 6) suggest that inhomogeneity of long
reaches for either width may be a problem. Widths trended on
about 38% of the reaches, although the slope of CW was
significant more often than the slope of WW. Widths shifted
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-1 05 o0

on about 54% of the reaches again with slightly more fre-
quency for channel widths. Randomness such as windthrow
and soil or vegetation cover type change apparently affects the
channel width more than the water width. This corresponds
with higher CV for channel widths. Shifts among subreaches
lead to significant regression coefficients if the shifts do not
cancel each other.

The distributions of both PF and pool width shifted signifi-
cantly only on Big Meadow (Table 6). This suggests that PA is
stationary throughout the range of streams studied here. That
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Table 5. Comparison of Simulated and Observed PA
Values

PA5STR PAGAWS
Reach n D n D
Smith U 195 0.072 180 0.1222
Smith D 164 0.067 149 0.076
Reese R 59 0.034 44 0.067
Big Den D 147 0.223* 132 0.2272
Big Den U 147 0.1032 132 0.1222
Big Meadow 247 0.035 232 0.035
Cabin D 100 0.226* 85 0.148*
Cabin U 190 0.051 175 0.048
Mahogany 165 0.114% 150 0.1412
Summer Camp 122 0.097 106 0.059
Washington 145 0.039 130 0.114*
Willow 195 0.070 180 0.058

PASTR, pool area based on five transects spaced one transect apart;
PAGAWS, pool area based on five transects spaced four transects
apart; D, Kolmogorov-Smirnoff test statistic; n, number of PA repre-
sentations in the observed reach.

1.22
*D>D, = N3 [Haan, 1977].

pool width shifted on only one reach even when the WW
portion of the variable shifted on 50% of reaches indicates that
pool location and size control the homogeneity of PA. Control
of PA by PF should be expected because PF variability (0 <
PF = 1) exceeds WW variability (CV < 50%).

On Big Meadow, although WW and PF trended in opposite
directions (Figure 13), pool width paralleled PF. Shifts in both
water and channel width are obvious toward the upstream end

il

01 4-2 2.3 34 45 56 67 7.8 8.9 91,
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1 Observed — Simulated

il

01122334 45 56 67 7.8 8.9 o1.
PAGAWS
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Figure 10. Comparison of observed and simulated PA values
for Willow C for each sampling scheme. (a) PASTR and (b)
PAGAWS.
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Table 6. Slope of Simple Regression Model for Water Width and Channel Width, One-
Way ANOVA for WW and CW, and Kruskal Wallis One-Way ANOVA for Pool Fraction

863

and Pool Width

Rank Regression

Kruskal-Wallis Test Statistic

ww CwW Pool
Reach Coefficient Coefficient wWw CwW PF Width
Smith U -3.06 —4.26% 21.30° 34.20° 10.10 8.99
Smith D —9.39® 2.64 14.40°¢ 11.80° 3.08 5.30
Reese R —3.67¢ -1.14 2.74%4 0.499 0.55¢ 0.95¢
Big Den D 5.14 —-4.51 4.10 14.50° 393 3.56
Big Den U 2.15 0.38 9.29* 6.73 1.81 2.49
Big Meadow 8.92¢ 15.30° 39.70° 55.20° 32.90° 26.40°
Cabin D 2.61 -7.00° 6.58% 4.13¢ 1.72 7.79¢
Cabin U 2.53 —4.65 5.79 13.70° 0.90 0.88
Mahogany 0.09 5.18¢ 8.41 24.10° 4.95 5.04
Summer Camp -2.07 —0.85 2.48 4.70 2.41 2.15
Washington -5.78* —5.58% 12.60° 10.60°¢ 5.20 4.59
Willow 2.59 6.33° 12.20% 14.0° 9.23 7.91

Slope is times 10, WW, water width; CW, channel width; PF, pool fraction; WW,PF,, pool width;

ANOVA, analysis of variance.
P < 0.10.
bp =< 0.01.
°P = 0.05.

9T test statistic because there are only two groups.

°Mann-Whitney U statistic because there are only two groups.

with much higher variability for channel width (Figure 13a).
That there are fewer pools at the upper end is also apparent
(Figure 13b). The pool width more closely parallels PF than
WW. Big Meadow is therefore a reach specific example of how
homogeneity of pool width depends more on pools than width.
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Figure 13. Series of (a) channel and water width and (b)
pool width and fraction for Big Meadow.

Conclusion

We presented an eight-parameter Markov chain based sto-
chastic model of transect-to-transect properties that accurately
reproduced width and pool characteristics of 12 variable range-
land streams in Nevada. The WW and PF parameters have
physical significance allowing a user to simulate a variety of
streams. The model simulated a wide variety of small, stochas-
tically homogeneous streams by reproducing the first and sec-
ond moments of both water width and PA. Higher-order mo-
ments and exact distributions in real streams are not perfectly
reproduced. However, smoothing of partially discrete data
modeled with continuous distributions and inhomogeneities
along the reach caused most of the discrepancies.

This model could be used to test sampling strategies. A user
could determine the best transect spacing and optimal number
of transects based on geomorphic variability as represented by
stochastic parameters. The documented success of the model
with a wide variety of small streams indicates that the model
performs satisfactorily.
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