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ABSTRACT

Surveys in eight paired urban and rural watersheds illustrate how urbanization changes fluvial
morphology and processes. Our data also provide quantitative criteria for evaluating stream-
restoration projects in urban areas. Bankfull depth, reach-averaged bed slope, and median grain
size are similar in urban and rural watersheds. The median width of urban channels is 26% larger
than the median width of rural channels. The median sinuosity is 8% lower in urban channels and
pools are 31% shallower. The median composite Manningisbased on median grain diameter,
pool depth, and channel sinuosity is 10% lower in urban streams, while the median bankfull dis-
charge per unit drainage basin area is 131% higher in urban channels. Histograms of bed sedi-
ment-size distributions in urban channels lack a secondary mode in the size range 2—64 mm char-
acteristic of rural channels, indicating that these sizes tend to be selectively removed from urban
channels. However, bankfull Shields stresses in urban and rural channels exceed typical threshold
values at most sites, indicating significant bedload transport at bankfull stage. Apparently, in-
creased peak discharges caused by decades of urbanization have not removed all the transportable
sediment from these urban stream channels. We speculate that the supply of sediment to urban
channels from hillslope processes and channel erosion remains significant, even though much of
the upland surfaces of these urban catchments are covered with nonerodible impervious surfaces.
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INTRODUCTION erodible substrate, incision may occur (Boothare self-formed alluvial channels with gravelly
The effects of urbanization on watershed 990; Trimble, 1997). Streams flowing near combeds and cohesive banks of composed sandy
hydrology and river channel morphology havepetent bedrock could become scoured of readitpud. Paleozoic gneiss and schist at shallow depth
been studied for decades. Urbanization increaseansportable sediment, creating coarse, armoréthits channel incision. Precipitation is evenly
peak discharges (Leopold, 1968; Hollis, 1975peds that offer poor habitat characteristics. distributed throughout the year; the annual aver-
and influences the volume of sediment supplied to There is a growing interest in restoring urbanage is 1170 mm (Dailey, 1971).
stream channels. Wolman (1967) suggested thaed stream channels (Riley, 1998). However, We adopted a paired watershed experimental
sediment supply to channels should increaggecause most previous studies have focused odesign. We selected eight watersheds in Philadel-
greatly during active construction, and Trimbldimited number of fluvial morphologic variables, phia ranging in size from 6 to 4010 ha (Table 1).
(1997) demonstrated that stream channel erositime empirical basis for restoration of urbanizedhese watersheds are highly urbanized, with im-
could provide a substantial fraction of the sediehannels is unclear. As part of a restoration prgervious fractions ranging from 34% to 50%. For
ment produced during urbanization. Wolmargram for Philadelphia’s Fairmount Park (Goldeneach urban watershed, we then found a corre-
(1967) suggested that after a watershed has bdmrg, 1999), we measured a wide range of variagponding rural watershed with a similar drainage
developed, sediment yields should decline, bles in paired urban and rural catchments teasin area in southeastern Pennsylvania (Fig. 1;
hypothesis supported by Dawdy (1967). Sedguantify geomorphic differences that could b&able 1). Five of the pairs have catchment areas
ment-starved stream channels subjected to iosed to design and evaluate stream-restoratiarithin 5% of each other and two of the pairs have
creased discharges enlarge their widths and crogsejects. Our results indicate that urban streacatchments within 14% (Table 1). Only one pair
sectional areas (Hammer, 1972; Leopold, 197&hannels of southeastern Pennsylvania are widéhe smallest) is not nearly equivalent in size.
Morisawa and LaFlure, 1979). Bank erosion ratestraighter, and smoother than their rural counter- Rural watersheds of southeastern Pennsyl-
and rates of knickpoint migration may also inparts. We also demonstrate that the beds of urbeania are appropriate controls for this study be-
crease (Neller, 1988). Where streams flow over azhannels have not been extensively scoured chuse urbanization has typically expanded into
transportable sediment, suggesting that bed masral agricultural areas. If urbanization had not
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1 1 wheret is the shear stress exerted by the flow on
) ) . ) the bedpsandp are the densities of the sediment
Figure 1. Locations of study areas. Site numbers correspond to pair numbers . . .
presented in Table 1. gnd water, gis the acceleration of gravity, agyj d
is the median diameter of the bed material. We
used the normal flow approximatiopgDS
streams in these rural watersheds are biologicallgach-averaged grain-size distribution was detef€hang, 1988, p. 39) to estimat@vhere D is the
healthy compared to urban streams and thewined using the Wolman (1954) method. We cobankfull depth and S is the slope), and a constant
therefore provide a useful reference condition fdected samples of the bed material from thealue of 2650 kg/fhfor pg, providing a simple
evaluating urban streams (Academy of Naturahiddle of the channel. The total sample size andethod for computing the Shields parameter:

Sciences, 1999). sampling interval were varied to obtain a mini-
mum of 200 gravel-sized clasts distributed evenly 1, = DS/(1.654,). 2
METHODS along the length of each study reach. Because

In each catchment, we selected a study reashnd was always present, the total sample sizeWe estimated Manningis using a modified
containing at least five riffle-pool pairs. All of the always exceeded 200 clasts. For example, if weersion of the Natural Resources Conservation
reaches were at least 100 m long. In each studgtimated that the bed consisted of 50% san8ervice method (NRCS, formerly Soil Conserva-
reach, the longitudinal profile and five cross sedhen a total sample of 400 clasts would be rdion Service), described by French (1985), that
tions were surveyed during low-flow periodsquired. We used 200 as a minimum sample sizivides Manning’s1 into components related to
using a laser level and tape. The maximum watésr gravel because the results of Rice and Churehorphologic variables. We considered the median
depth of each pool was also measured. TH&996) suggest that this sample size should prgrain size, mean pool depth (representing varia-

TABLE 1. CHARACTERISTICS OF PAIRED URBAN AND RURAL STUDY REACHES

Pair Basin Area % Impervious Bed Slope Width*  Depth* Cross-sectional  dg,'  Sinuosity Pool Depth Estimatedn Hammer Shields
(ha) (x10%) (m) (m)  Area* (m?) {mm) (m) (x10m) number parameter
(x10°m/s)
Pair 1 6/12 50/0 0.90/3.1 3.4/1.8 04/0.2 1.3/0.2 32/63 1.18/1.09 0.1/0.7 5.2/6.9 19.41.5 0.06/0.06
Pair 2 69/59 41/0 3.2/3.0 5.7/3.9 0.4/0.3 2.3/0.7 65/66 1.11/1.26 0.2/0.2 6.0/6.5 5.3/1.2 0.12/0.08
Pair 3 131/133 49/7 0.40/1.2 5.7/43 0.4/0.3 2.4/0.7 13/12 1.00/1.16 0.3/0.4 4.7/6.0 1.4/0.5  0.08/0.21
Pair 4 170/161 27/3 0.30/0.95 5.6/4.9 0.4/0.6 2.41.0 29/19 1.33/1.46 0.4/0.5 7.0/6.9 0.6/0.6  0.03/0.17
Pair 5 438/448 34/1- 1.9/0.70  9.8/5.5 1.4/0.5 10.21.4 7113 1.04/113 0.3/0.7 5.2/5.9 7.8/0.3  0.23/0.17
Pair 6 673/656 43/1 0.70/0.53 10.2/9.8 0.5/0.7 4.8/2.1 16/17  1.16/1.32 0.4/0.4 6.0/5.7 0.6/0.3  0.12/0.13
Pair 7 731/811 44/1 0.30/0.70 8.9/75 0.3/0.6 2.9/1.9 9/40 1.03/1.01  0.4/0.4 5.4/5.8 0.2/0.2  0.07/0.06
Pair 8 4010/4560  35/2 0.16/0.15 17.6/16.8 0.7/0.9 12.3/16.5 16/30 1.03/1.07 0.5/1.1 5.2/6.3 0.2/0.2  0.04/0.03
median % NA** NA NA 26 0 180 -4 -8 -31 -10 131 NA
difference '
pt 0.31 0.01 0.48 0.01 0.67 0.12 0.57 0.05 0.05 0.09 0.07 0.93

Note: Slash indicates urban/rural parameter values.

* Average of 5 bankfull values determined at each site.

* Median bed sediment diameter.

$ Probability that urban and rural values are from the same population based on paired Mann-Whitney test (Davis, 1986). Values less than 0.1 indicate
that urban and rural values are significantly different.

** Not applicable.

1 Percent difference is computed as 100 (urban value-rural value)/rural value (as in Figure 2). Only variables in Figure 2 are included.
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contribution of sinuosityP, to Manning’sn is é Note: outlier values indicated in parens
provided by a sinuosity factor,F -150 - L 150
F,=0.6P-1) @) Figure 2. Box plots of percentage differences between selected variables at paired
P ' urban and rural watersheds. Boundary between two patterns in each box indi-
cates median value. Top and bottom of each box correspond to medians of all val-
The NRCS recommends that$hould not ex- ues greater than and lesser than overall median. Error bars are defined by range
ceed 0.3. The estimated Manningis then com- of data within 1.5 Q 53— Q4 (Q3 is upper quartile and Q 4 is lower quartile). Outlier
puted from the three components described hel values are indicated in parentheses. Cross-sectional areas and values of Hammer

number are divided by 10 so they will fit on same scale as other variables.

n= Fp (ngrain+ nbed) + ngrain+ Npegt (5)

We refer to the value of Manningscomputed When comparing grain-size histograms oMann-Whitney test indicates that the absence of
from equation 5 as the estimated Mannindgie- urban and rural channels, however, we observede secondary mode from the urban channel
cause it was impractical to verify these estimategin important difference: rural channels oftemata is significant at the 97.5% level. These
values using field measurements. exhibit a secondary mode somewhere in theesults suggest that the beds of urban streams
Once Manning’'sh has been obtained from range of 2—64 mm, with a primary mode typi-are depleted within the size range of 2—64 mm
equation 5, the estimated bankfull discha€yg, cally from 64 to 256 mm. Urban channels exrelative to rural streams.
may be computed using the Manning equatiohibit a similar primary mode, but the secondary Median estimated Manningsvalues are 10%
(Chang, 1988, equation 3.5). We scale the bankiode from 2 to 64 mm is often absent (Fig. 3jower in urban streams than in rural streams
full discharge by [, the drainage basin area de{the difference in the percentages of sand in ti{€ig. 2; Table 1) due to lower pool depths and
fined at the downstream end of each study readiwo histograms of Fig. 2 isotsignificant). The sinuosities. Lower Manning’s values, when
secondary grain-size mode is present in datimbined with increased channel areas, lead to
H = Qu/ Da. (6) from six of eight rural channels, and it is absennedian Hammer numbers that are 131% larger in
in data from seven of eight urban channels. Arban streams than in rural streams (note that
We refer to H as the Hammer number in recogni-
tion of Hammer’s (1972) pioneering studies o
urbanization-related channel enlargement in tr

Philadelphia area. The Hammer number H is tt 307 W
discharge per unit drainage basin area convey
by the channel at bankfull flow. H is a property o Secondary

24 — Mode

the channel, not the catchment.

RESULTS £
Comparisons of the morphology of the pairet g 18

reaches are summarized in Table 1 and Figure )

The slope of the bed and the bankfull depth are n g

significantly different. Median bankfull widths 127
and areas are 26% and 180% larger for urbs
channels than for rural channels (Table 1). Medie
sinuosities of urban channels are 8% lower the 6
rural channels, and median pool depths are 31
smaller in urban channels than in rural channel

The median grain size is not significantly dif- 0-
ferent for urban and rural channels. Other stati: <2 28 816 16-32 3264 64-128 128-256256-512 >512
tics of the grain-size distribution, such as the pe Grain Size (mm)

centages of sand, pebbles and granules, cobbles. ) . o

d boulders. or cumulative grain-size percentile Figure 3. Typical grain-size histograms from urba_n and rural catchments_. Urban
an ’ 9 .p - data are from pair 1 and rural data are from pair 8. Secondary mode in range
such as B, Dg,, and Oy, showed no significant 8-16 mm is present at rural site, but not at urban site. Difference between per-
differences between urban and rural streams. centages of sand between these two histograms is not significant.
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values of the Hammer number are divided by 10 After decades of urbanization, bedload trang=hang, H. H., 1988, Fluvial processes in river engi-
in Fig. 3 to facilitate plotting on the same scale gsort can only remain significant if sediment___neering: New York, John Wiley, 432 p. .
the other variables). continues to be supplied to the channel networRa"ei'(’)E' Vg"égﬁé%'g?tggézr? ggrs;'m?z:ga:m?g

Shields parameters based on the bankfull depith particular, we speculate that erosion of the  spheric Administration, 24 p.
and median grain size (equation 2) for urban arlied and banks and hillslope sources upstreabavis, J. C., 1986, Statistics and data analysis in geol-
rural channels are not significantly differentprovide enough sediment to keep the bed mate-  09y: New York, John Wiley, 646 p. o
(Table 1). Furthermore, six of eight urban charrial sizes of urban streams nearly similar t&)awdy,bD. R. 1967, Knto‘_"’]fdge (l)f fseHd'&nenlt.a“gn n
nels and seven of eight rural channels had Shielttoose of rural streams. Field observations of ﬁ;ﬁ%g%'g’; n;?g;g_éfgha o ryetaie =ndl
parameter values greater than 0.07, and severakiroding stream banks and hillslopes in Fairerench, R. H., 1985, Open-channel hydraulics: New
each group had values greater than 0.1. Thes®unt Park support this hypothesis, but further ~ York, McGraw Hill, 705 p.
exceed values typically associated with thetudy is needed. Goldenberg, N., 1999, Philadelphia launches major

- - - . restoration initiative in park system: Ecological
threshold of sediment motion. For example, This study was motivated by a need to docu- Restoration, v. 17, p. 8-14.
Parker (1979) quoted a value of 0.03 for incipiernent the effects of urbanization on stream chapammer, T. R., 1972, Stream channel enlargement due
motion of coarse gravel, and Buffington anchels to guide and evaluate stream-restoration to urbanization: Water Resources Research, v. 8,
Montgomery (1997) quoted a range of 0.03—0.0frojects. If rural agricultural channels are accepted _ P. 1530-1540. o
for a variety of studies using visual methods to dexs the appropriate benchmark for comparisor'i',(""sfio%‘('jf(')’f 3%%;*}25?;?;%&52{?gvitt'gr”R%’j
termine the threshold of sediment motion fothen our results will help to achieve these goals. g rces Research, v. 11, . 431-435,
gravel. These observations suggest that significalrbr example, Figure 2 suggests that restoration iunt, C. B., 1974, Natural regions of the United States
bedload transport should occur at bankfull stagéairmount Park should attempt to decrease chan- and Canada: San Francisco, W.H. Freeman, 725 p.
in most of the urban and rural study reaches.  nel widths by 26% and increase pool depths an@cobson, R. B., and Coleman, D. J., 1986, Stratigraphy

Sinuosities by 319 and L8%, respecvely. Re-  an, e evlulon,of Manjand Piedmort

DISCUSSION AND CONCLUSIONS sistance to flow, as summarized by Mannimgy’s p. 617-637.

The results presented here suggest that tehould be increased by 10%. These changesopold, L. B., 1968, Hydrology for urban land plan-
urban stream channels of our study area haskould decrease the bankfull discharge per unit hing: A guidebook on the hydrologic effects of
responded in a variety of ways to increasedatchment area by ~131%. ggzanlga”d use: U.S. Geological Survey Circular
runoff caused by impervious surfaces. Urbanized These guidelines, however, cannot be used ggynoiq, . B?'1973‘ River channel change with time:
channels have become wider, a result that hasimple recipe for recreating stream channels: it ~ An example: Geological Society of America Bul-
also been reported by many others (Hammaenould be futile to restore urban stream channels letin, v. 84, p. 1845-1860.

1972; Morisawa and LaFlure, 1979), but genemithout considering the supply of water and sedMerisawa, M., and LaFlure, G., 1979, Hydraulic geom-

. etry, stream equilibrium, and urbanizatian,
ally not deeper. We have also documenteghent provided by the catchment upstream. Fur- Rhodes, D. D., and Williams, G. P, eds., Adjust-
changes in other variables not as extensivetpermore, our results do not provide any detailed  ments of the fluvial system: Dubuque, lowa,
demonstrated: urban channels have shallowblueprints for achieving the changes described  Kendall-Hunt, p. 333-350.
pools and lower sinuosities, and they are ther&ere. However, by quantifying the differencedVeller, R. J., 1988, A comparison of channel erosion in
fore smoother, leading to lower values of estibetween urban and rural stream channels, we Ssrgj‘t'L“x;}gsérgaﬁ‘;a'sﬁﬁgggsgié’:;’;‘:'Sd::% 'Egnwd_
mated Manning's in urban channels. All of have provided some useful measures for evaluat- forms, v. 13, p 1-7.
these variables (including the median graiing the results of stream-restoration projects iparker, G., 1979, Hydraulic geometry of active gravel
diameter) are combined when computing tharbanized watersheds. rivers: Journal of Hydraulic Engineering, v. 105,
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