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5. AN ALTERNATIVE FOR
CHARACTERIZING STREAM SIZE

R. M. Hughes and J. M. Omernik

Environmental Protection Agency
Corvallis, Oregon

ABSTRACT

Stream order is often useful in expressing relative stream and water-
shed size within a physiographically and climatically homogeneous basin.
However, there are disadvantages when comparing stream and watershed
size on a regional or national scale because of, among other things, the
lack of uniform map specifications, the lack of agreement on the
definition of a first-order stream, and the problem of deciding the
appropriate map scale to determine stream order.

We examined published studies on 71 watershed/stream ecosystems in
31 states within major physiographic and climatic regions of the conter-
minous United States. Our objective was to demonstrate the value of
using discharge characteristics and watershed area instead of stream order
to provide a rough but useful characterization of watershed and stream
sizes throughout the nation. We found that streams of a given order show
vast ranges in discharge and watershed area, greatly overlapping the
ranges for higher and lower order streams. Therefore we suggest using
mean annual discharge per unit area and watershed area instead of stream
order to quantify stream and watershed size.
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88 SYSTEM CONCEPTS

INTRODUCTION

Quantification of stream characteristics is necessary to study and
manage the nation's streams and to facilitate communication among a
diverse group of scientists and managers throughout the United States.
Currently, stream order (Strahler, 1957) is used by scientists and man-
agers throughout the nation to relatc stream characteristics. The term is
commonly used to convey an understanding of stream size, watershed
size, and, in some instances, even quantity of water. Although stream
order has been and will probably continue to be a useful means of
expressing relative size within a physiographically and climatically ho-
mogeneous basin, the term is often used beyond its capacity.

Several problems arise when stream order is used to represent stream
size (Hughes and Omernik, 1981). (1) There is little agreement on how to
include perennial, intermittent, and ephemeral streams in determining
stream order. Are they considered as equals regardless of flow frequency?
If so, note that some hydrologists usc all map crenulations in a watershed
although some channels only have flows during major storm or snowmelt
periods. If not, how permanent must a stream be, given the short history
of some stream gauging? Are Alaskan streams that freeze solid during the
winter considered permanent or temporary? (2) There is little agreement
as to which scale to use in determining order. For instance, depending on
the map scale selected, a stream such as Oak Creek at Corvallis, OR, can
be categorized as unordered, or first- third- or fourth-order. (3) All
regions are not mapped to the same scale, under the same specifications,
or during similar weather periods. Differences in stream density (and
hence stream order) can be a function of different map compilation or
field annotation processes. These differences often can be seen along neat
lines between adjoining maps that have been compiled at different times
under different specifications. Hence the small streams used to derive
stream order are not all mapped in a uniform manner from one region to
another in the United States, much less from one country to another.

Aside from the problem of determining stream order, the term provides
little quantifiable information about streams and their watersheds.
Stream order was developed to describe the lincar geomorphic charac-
teristics of small stream networks within a homogeneous physiographic
area. It does not, nor was it intended to, address area, relief, or discharge.
Smart (1972) felt that stream order was a mediocre approach even for the
primary classification of stream networks, adding that watershed area
may be preferable. Stream order provides no information about climate
in the vicinity of a stream or annual and seasonal variations in discharge.
Yet this information is useful for understanding the human uscs and the
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community structure and function of all strcams. Moreover, stream order
has little or no meaning when considering distributaries, channelized or
ditched streams, influent or disappearing streams, or streams arising from
or flowing through alluvium, large springs, lakes, wetlands, snowfields, or
glaciers. In karst and glaciated regions, streams may have discharges an
order of magnitude greater than higher order streams in the same basin.
Also, as pointed out by Hynes (1970), the stream order resulting from the
junction of two equal-order tributaries can be increased whether a
tributary is only a few hundred feet long or several miles long. Finally, the
continuous addition of small tributaries of order n-1 to a stream of order
n can greatly change the discharge and watershed arca of a stream
without changing its order. Shreve's (1966) link analysis and Scheidegger’s
(1965) consistent scheme of stream ordering classify each stream segment
by the number of first-order streams flowing into it. This alleviates the
last problem but not the others.

We suggest that using watershed area and mean annual discharge per
unit area (i.e., unit discharge in cubic meters per sccond per square
kilometer or preferably centimeters per year) rather than stream order
will lead to a more accurate understanding of stream size, watershed size,
and quantity of water. We believe this use will alleviate many of the
difficulties described.

MATERIALS AND METHODS

We examined data on 71 streams in 31 states within most of the major
physiographic regions (Fenneman, 1946) and ecoregions (Bailey, 1976) of
the conterminous United States (Figure 1, Table 1). Ecoregions are large
regional ecosystems with similar climate, landform, soils, vegetation, and
fauna. We selected small streams that have been studied rather intensively
and were covered by | : 24,000 scale U. S. Geological Survey topographic
maps. We used these maps to determine watershed areas (by planimeter)
and stream orders (from solid and broken blue lines). Unit discharges for
the stream sites were determined directly from U. S. Geological Survey
data, when possible, or from unit discharge isolines constructed from
U. S. Geological Survey data on nearby streams. Unit discharge isolines
were uscd to show regional patterns in runoff by the U. S. Geological
Survey (1970) and by Muckleston (1979). Extrapolations from unit
discharge isolines are also useful to estimate discharge in regions where
watershed boundaries are difficult or impossible to define from
topographic maps.
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Table 1, continued

Mean
annual
Mean discharge
Watershed annual per unit
Stream area, discharge, aren,
Number Stream Investigator order km? m?/sec cm/yr
22  Cement Creck Allan (1975) 4 69.7 0.91 41.4
23 Service Creek Shirazi ct al. (1980 draft) 3 100.5 1.26 39.62
24  Fish Creck 3 89.4 0.39 13.72
25 Grassy Creck 1 66.8 0.04 2.03
26 Yampa River at Stcamboat Springs, CO Hughes and Omernik (1981) 5 1,564.4 13.00 26.16
27 Little Snake River at Lily, CO 5 9660.7 15.85 5.08
28 Little Snake River at Slater, CO 5 738.2 597 25.65
29 Little Popo Agic at Lander, WY Binns and Eiscrman (1979) 5 3238 23 2235
30 Deadman Creck 2 2.3 0.02 24,13
31 North St. Vrain Creek Pennak and Van Gerpen (1947) 3 2745 225 25.91
32 Rapid Creck Stewart and Thilcnius (1964) 4 1559.2 1.70 3.56
33 Otter Creek Van Velson (1979) 2 9.1 0.01 3.56
34 San Antonio River at San Antonio, TX Hubbs et al. (1978) 4 2641.8 5.78 6.86
35 Bosque River at Waco, TX Lind (1971) 4 4410.8 12.06 8.64
36 Rush Creek Barclay (1979) 4 60.6 0.13 6.86
37  Mill Creek Hazel et al. (1979) 4 100.8 0.72 22.35
38 Cedar Creck 4 128.5 091 22.35
39 Four Mile Creck Johnson (1978) 3 50.5 0.30 19.05
40 Valley Creck Waters (1964) 2 6.7 0.03 13.72
41 Lawrence Creek Hunt (1969) ! 136.8 1.05 24.13
42 Kaskaskia River at Arcola, 1L Larimore and Smith (1963) 3 9137.5 84.93 29.21
43 Courtois Creck Ryck (1974) 4 595.7 554 29.21
44 James River at Galena, MO Dieffenbach and Ryck (1976) 5 2556.3 25.16 30.99
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Luxapalila River at Columbia, MS
White Oak Creek

Rooty Creek

Fords Arm

Meginniss Arm

Satilla River at Brunswick, GA
Upper Three Runs

New Hope Creck

Rhode River

Cowecta Creek

Walker Branch

Buckhorn Creck

Clemons Fork

Morgan's Creck

Doc Run

Black Creck

Augusta Creck

Au Sable River at Mio, MI
Linesville Creek

Fernow

Mahantango Creek
Conowingo Creck

White Clay Creek

Owego Creek

Roaring Brook

Hubbard Brook

Bear Brook

Arner et al. (1976)

Lawrence and Webber (1979 draft)
North et al, (1974) )
Turner et al. (1977)

Benke ct al. (1979)
McFarlane (1976)

Hall (1972)

Correll (1977)

Monk ct al. (1977)

Harris (1977)

Kuchne (1962)

Lotrich (1973)

Minshall (1967)

Minckley (1963)

Gorman and Karr (1978)
Mahan and Cummins (1978)
Richards (1976)

Coffman et al, (1971)
Kochenderfer and Aubertin (1975)
Pionke and Weaver (1977)
Stauffer and Hocutt (1980)
Moeller ct al. (1979)
Sheldon (1968)

McDowell and Fisher (1976)
Vitousck (1977)

Fisher and Likens (1973)

N RND B WA WNEWNW =W Wt d b NWW K

33.22
0.36
1.21
0.07
0.12

74.98
6.70
0.62
0.12
0.51
0.02
1.6l
0.08
0.0l
2.38
0.51
0.71

40.9
0.35
0.32
6.2
3.65
1.60
8.38
0.02
0.67
0.03

50.04
51.82
36.32
48.26
48.26
25.91
43.18
34.54
39.62
98.3
63.75
44.96
44,96
41.40
41.40
29.21
30.99
21.69
48.26
69.09
46.48
41,40
41.40
55.12
53.59
69.09
69.09
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Figure 2. Mcan annual discharges and watershed area relative to stream order. Numbers
refer to stream order.

RESULTS

A plot of the log of watershed area against the log of mean annual
discharge for first- to fifth-order streams is shown in Figure 2. Both
watershed area and mean annual discharge vary over an order of
magnitude within all stream orders represented. Consequently, streams of
a given order may have watershed areas and mean annual discharges that
are considerably greater than higher order streams. Similar variability
cxists even if streams within the same ecoregion (Bailey, 1976) are
examined. For example, among the following pairs of streams, 22 and 23,
48 and 49, and 66 and 67, the lower order streams have greater watershed
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areas and mean annual discharges than the higher order streams although
the unit discharges for each pair are similar or identical.

DISCUSSION

The three major advantages of using watershed area and unit discharge
instead of stream order to quantify stream and watershed size are:
(1) They provide a quick and fairly accurate estimate of evapotranspira-
tion relative to precipitation. (2) They relate watershed and stream
characteristics that have considerable biological significance. (3) Uniform
understanding of stream size and watershed size is provided regardless of
the available scale of topographic maps, the permanence of streams, or
the presence of other bodies of water in the channels. This allows more
meaningful comparisons of stream and watershed size.

The use of watershed size and unit discharge also leads to the use of
other stream-watershed relationships. Unit discharges can be related to
precipitation, evapotranspiration, and groundwater recharge when these
components of the hydrologic cycle are expressed on the basis of unit
area. This allows much more adequate modeling of the fate of precipita-
tion, a very important consideration in watershed studies.

Mean annual values of low, average, and high discharges and their
standard deviations, which are important determinants of habitat sta-
bility, can be estimated from the same data. Two-year flood flows, which
are generally considered the major channel-forming events, can be
estimated by plotting peak discharges against their recurrence intervals
(Morisawa, 1968). The recurrence interval equals the number of years of
record plus 1, divided by the rank of the peak discharge (the highest
discharge is ranked as I, the second highest as 2, etc.).

Minimum discharges and flow-duration curves (plots of discharge
against time) can be used to classify watersheds by their water-storage
capacities (Orsborn, 1976; Morisawa, 1968). Steep flow-duration curves
and low minimum discharges indicate considerable direct runoff and wide
fluctuations in flows. Flat flow-duration curves and relatively high
minimum discharges indicate substantial storage and more equalized
flows. Watershed area can be related to discharge, mean velocity, depth,
and width of streams in a downstream direction (Stall and Yang, 1970).
This requires gauge data. It is done by using flow frequency and the
logarithm of watershed area as predictor variables and discharge, mean
velocity, width, and mecan depth as dependent variables. The hydraulic
geometry equations are then produced by linear regression.

Discharge, mean velocity, width, and mean depth are more meaningful
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than stream order for predicting changes in production, respiration,
particulate organic matter, and community structure along the stream
continuum (Vannote et al., 1980). For example, for a total of four rivers
in Oregon, Idaho, Michigan, and Pennsylvania, Mocller et al. (1979)
stated that mean annual discharge, watershed area, stream links, and
stream order have correlation coefficients of 0.96, 0.89, 0.80, and 0.79,
respectively, with dissolved organic carbon (DOC) transport. There is
considerable intercorrelation among all these parameters. When mean
annual discharge was omitted from the stepwise multiple regression
analysis, watershed area explained 809 of the variance. Correlations with
the first canonical variable (which accounted for 83.5% of the among-
group variability in a discriminant analysis) indicated that mean annual
precipitation (r = ~0.88) and watershed area (r = 0.78) were the two most
important variables out of 15 for explaining the classification of 27
streams in Europe and North America (Cushing et al., 1980). The other
variables considered were phosphate, total dissolved solids, langleys per
year, maximum diurnal water temperature fluctuation, annual degree
days, summer and winter base flows, gradient, nitrate, annual number of
storms 5 and 10 times greater than base flow, terrestrial litter input, and
streamn length/watershed area. Also, where stream order is meaningless,
such as in distributaries or disappearing streams or where surface and
subsurface watersheds differ, at least discharge can be measured and the
data compared with that from more typical streams.

On the other hand, there are three important disadvantages of using
watershed area and unit discharge rather than stream order to character-
ize the size of streams: (1) Watershed area and unit discharge estimates
may include considerable error in small, arid, poorly defined, and
topographically complex watersheds or where surface and subsurface
watersheds differ. (2) Estimates of average discharge may include con-
siderable bias when developed from short-duration gauge data. (3) Water-
shed area and unit discharge take more effort to determine.

We caution stream ecologists to use watershed area and unit discharge
together to characterize watershed and stream size; these parameters have
less meaning alone than combined. To better understand the distribution,
abundance, and functions of stream biota, we also encourage stream
ecologists to incorporate other discharge characteristics into their studies
(mean annual values of low, average, and high discharges and their
standard deviations and mean velocity, depth, and width and their
standard deviations). We are not advocating the use of unit discharge and
watershed area in all hvdrological or stream ecology models or as
descriptors of channel networks. Like stream order, these terms should
not be extended into areas for which they were not designed. We only
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emphasize that unit discharge and watershed area provide a simple,
universally useful, and relatively accurate general characterization of
strcam and watershed size.
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