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Small streams are understudied in the Southern

Blue Ridge Mountains, yet they constitute a huge

portion of the drainage network and are relevant

with respect to human impact on the landscape

and stream restoration efforts. Morphologies of

44 streams (0.01 to 20 km2 watersheds) from

western North Carolina are characterized and

couched in the context of historical channel evo-

lution and human impacts. Topographic cross-

sections and longitudinal gradients, channel and

floodplain widths, and bed particle sizes are the

basic data. Regression equations describe channel

form. New optically stimulated luminescence, ra-

diocarbon, and cesium-137 dates resolve channel

evolution. Results indicate that channels behave

in a predictable linear fashion of changing in re-

sponse to increasing watershed size. However, for-

ested reaches have much wider channels than pas-

tured/grassland reaches, indicating more than

50 percent loss of instream habitat related to con-

version of riparian forest to pasture/grassland in

some cases. Floodplain widths conservatively in-

dicate long-term (century-scale) lateral erosion

rates of about 0.5 to 5.0 cm/yr. Colluvial inputs

are probable drivers of channel form and particle

size on the smallest headwater streams. The mod-

ern floodplain appears to have established itself in

the early 1900s and it is still evolving.

Los riachuelos son sub-estudiados en las Blue

Ridge Mountains del Sur, sin embargo ellos con-

stituyen una gran porción de la red de drenaje

y son relevantes en lo que respecta al impacto

humano y a los esfuerzos de restauración de

paisajes y corrientes. Morfologías de 44 ria-

chuelos (cuencas hidrográficas de 0.01 a 20 km2)

del oeste de Carolina del Norte son caracterizadas

y formuladas en el contexto de la evolución his-

tórica del canal e impactos humanos. Secciones

transversales topográficas y gradientes longi-

tudinales, ancho de los canales y los llanos in-

undables, y el tamaño de las partículas en el

fondo son los datos básicos. Ecuaciones de regre-

sión describen la forma de los canales. Nueva

luminiscencia estimulada ópticamente, radio-

carbono, y cesio-137 días resuelven la evolu-

ción de los canales. Los resultados indican que

los canales se comportan de una manera lineal

de cambio predecible en respuesta al tamaño en

incremento de las cuencas. Sin embargo, los ríos

con bosques tienen canales más anchos que los

ríos con pastos/pastizales, lo que indica la pér-

dida de más de 50 por ciento del hábitat dentro

de la corriente relacionada en algunos casos con

la conversión de bosques de rivera a pastos/

pastizales. El ancho de los llanos inundables in-

dican de forma conservadora (escala-siglo) tasas

de erosión lateral a largo plazo de aproxima-

damente 0.5 a 5.0 cm al año. Los insumos col-

uviales son causantes probables de la forma del

canal y tamaño de las partículas más pequeñas

en los cauces principales. El actual llano in-

undable parece haberse constituido en los tem-
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prano años de 1900s y todavía está evolucio-

nando.

key words: hydraulic geometry, channel

width, stream morphology, Appalachian

introduction

Geomorphologists have long known
how basic measures of channel form relate
to increasing watershed size (hydraulic
geometry), with increasingly larger flows
being associated with wider, deeper chan-
nels, lower gradients, and finer channel
bed particle sizes (Leopold and Maddock
1953). Such concepts are critical for the
systematic model of the river continuum
concept in ecology (Vannote et al. 1980)
and for applied stream channel manage-
ment and restoration efforts. However,
human impacts on stream systems (e.g.
deforestation, agriculture, urbanization,
channelization) commonly alter the ex-
pected patterns of hydraulic geometry,
and in turn alter the habitat associated
with aquatic organisms (Roy et al. 2003;
Walters et al. 2003; Walters et al. 2009).
Thus, the primary objective of the paper
is to quantitatively characterize the mor-
phology of stream channels in a variety of
small watersheds (0.01 to 20 km2) and to
put the streams into the context of histor-
ical channel evolution and human impacts
on channel formation. A secondary objec-
tive is to provide a set of regression equa-
tions that describe channel form, which
ultimately could be used for management,
planning, modeling and restoration ef-
forts. Small streams are understudied with
respect to hydraulic geometry, despite the
large portion of drainage networks that
they occupy, and little emphasis has been
placed on the southern Blue Ridge Moun-

tains. Thus, this paper aims to provide de-
tailed information about the morphology
of small headwater streams in the Blue
Ridge that constitute a large portion of
the drainage network that has, and will
be, impacted by human alteration of the
landscape.

study area

The study area is the upper Little Ten-
nessee River basin in the mountainous ter-
rain of western North Carolina. The bed-
rock geology of the upper Little Tennessee
River basin largely consists of metasedi-
mentary varieties of quartz dioritic gneiss
and biotite gneiss (Robinson et al. 1992)
covered by a 1–30 m thick mantle of
saprolite and colluvium (Hatcher 1979).
Soils in the region are either formed in
micaceous saprolite or saprolite that has
been reworked as colluvium or alluvium.
The alluvium in the study area typically
includes a fine sandy to silty vertical ac-
cretion facies that overlies fine to coarse
gravel, and soils formed in the alluvium
typically are Inceptisols and Entisols, ex-
cept for high terrace remnants where Al-
fisols and Ultisols occur. Colluvium also
tends to have a sandy to silty matrix com-
monly with Inceptisol soils, but contains
many large clasts of gravel, cobbles, and
boulders. Colluvium prevails in tributaries
smaller than about 3 km2, as indicated by
the parent materials mapped by soil survey
(Thomas 1996). The 30-year average an-
nual precipitation is 183 cm at the low-
elevation gage of the U.S. Forest Service at
the Coweeta Experiment Station directly in
the study area, with a high monthly aver-
age of 20 cm occurring in March (NCDC
2003). The 30-year average annual tem-
perature is 12.7 \C, with average January
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and July temperatures of 2.7 \C and 22.1
\C, respectively (National Climate Data
Center 2003). The study area had nearly
100 percent forest cover throughout the
watershed prior to non-indigenous settle-
ment of the region (Yarnell 1998), but the
catchment has experienced widely ranging
human impacts since settlement (Harden
2004; Price and Leigh 2006). Thus, it pro-
vides a unique locality to study the impacts
of land cover transformations on stream
channel form and aquatic habitat.

A sample of 44 stream channels were
surveyed in 2005 and 2006, including 20
within the Coweeta Creek watershed and
24 within the Skeenah Creek watershed in
Macon County, western North Carolina
(Figure 1). These two watersheds are trib-
utaries to the Little Tennessee River and
they were found to be representative of a
wide spectrum of human impact and land
use conditions in the mountainous ter-
rain of the southern Blue Ridge Mountains
(Price and Leigh 2006). The Coweeta wa-
tershed generally has the least impacted
sub-basins due to abundant National For-
est land that has been protected since its
purchase in 1918, and the Skeenah water-
shed generally has the most impacted sub-
basins due to abundant private property
and a long history of timber harvest and
agricultural activities in the basin. How-
ever, even the Coweeta watershed was
thoroughly timbered from 1900 to 1918
prior to the 1918 purchase by the U.S. For-
est Service for inclusion into the Nanta-
hala National Forest.

methods

Stream reaches were randomly selected
from the drainage network at localities
that were within one kilometer of a road to

facilitate access, and no reaches were se-
lected downstream of bridges or within
reaches that clearly had been artificially
modified. Alluvial reaches were prefer-
entially selected to avoid physical con-
trols imposed by bedrock, and none of
the reaches had bedrock channel bottoms.
Each stream reach was surveyed to 30
times the channel width, which is consid-
ered more than adequate to assess channel
morphology and the range of ecological
habitats (Fitzpatrick et al. 1998). The data
described below were collected in each
sampled stream reach and are presented
and explained in more detail in Leigh and
Rogers (2007). All data were log10 trans-
formed prior to plotting and statistical
analysis in order to normalize the data and
make them more suitable for parametric
statistics. Hydraulic geometry equations
are presented as power functions by trans-
forming the log-log regression equations.

Two channel cross-sections at each
steam reach were surveyed with a rotating
laser level or an electronic total station in a
section that contained a good example of
the geomorphic floodplain under construc-
tion by the modern regime of the stream
(the modern floodplain). These two cross
sections were treated as independent ob-
servations in regression equations, which
provided replicates on the independent
variable of drainage basin size and a sam-
ple size of 88. The longitudinal gradient
is represented by the slope fitted to the
tops of riffles measured with surveying in-
struments. These cross-sections and gra-
dients facilitated estimation of the bank-
full discharge required to attain the level
of the active floodplain by using a one-
dimensional water surface profile model
(Manning’s equation) and visual estimates
of the roughness coefficient (Manning’s n)



Figure 1. Map of the study area showing the stream reaches sampled (field sites) and their respective

watersheds. The grid is 2000 m registered to UTM NAD83. Cartography by James Rogers.
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using standard references (Barnes 1967;
Arcement and Schneider 1989).

In addition to the two instrumented
cross-sections per site, sixteen sampling
transects were placed perpendicular to the
stream channel and longitudinally spaced
at two-times the channel width to provide
the basic spatial sampling framework for
measurement of channel-bed width, wa-
ter width at baseflow, and bankfull width
(at floodplain level), and the width of
the active geomorphic floodplain. Thus,
the averaged value for the reach is based
on a sample size of 16. Floodplain widths
represent the sum of the left and right
side of the stream and do not include
the channel. Particle size measurements
(Wolman pebble count) were made by
randomly selecting subaqueous clasts dis-
tributed throughout the reach and record-
ing their intermediate axis to the nearest
millimeter (Wolman 1954).

Radiocarbon (14C), optically stimu-
lated luminescence (OSL), 137Cs, and rela-
tive dating techniques were used to deter-
mine the chronology of changes in the
fluvial system, specifically the time of
floodplain and terrace formation. Radio-
carbon dates were obtained from either
charcoal or uncarbonized wood found in
the prehistoric and historic terrace sedi-
ments. Radiocarbon samples were pro-
cessed at the University of Georgia Center
for Applied Isotope Studies. Radiocabon
dates were calibrated to calendar years
using the CALIB version 6.0html radio-
carbon calibration program (http://intcal
.qub.ac.uk/calib/) for the purpose of
conversion to expression of thousands of
years before present (ka). The OSL sam-
ples were processed at the University of
Georgia Luminescence Dating Laboratory
by the single aliquot method of Murray

and Wintle (2000). The concentration of
137Cs was measured against certified stan-
dards using an Ortec high resolution
gamma spectrometer with a 2-inch diame-
ter high purity germanium crystal and
10,000-second counting times at the Uni-
versity of Georgia Geomorphology Labo-
ratory. An A.D. 1963 timeline is estab-
lished in profiles of vertical-accretion
sediments by the modal value of 137Cs con-
centrations in vertical columns of soil sam-
ples (Walling and He 1997). A 10 cm
depth of leaching of the peak concentra-
tion was assumed, which has been demon-
strated in other soil columns where the
137Cs peak exists about 10 cm beneath a
prominent 1964 flood layer (Leigh 2007).

Watersheds or sub-basins that drain to
the downstream point of each surveyed
stream reach were delineated from drain-
age divides calculated from 10 meter digi-
tal elevation models (DEMs) and by con-
tour lines on U.S. Geological Survey 7.5-
minute topographic maps. Land cover
data within each watershed were derived
from 2001 National Land Cover Datasets
(NLCD) available on the internet through
the U. S. Geological Survey (USGS 2003).
Deciduous forest, evergreen forest, and
mixed forest land cover classes were com-
posited to obtain the total percent forest in
the watershed using the ArcGIS 8.2 geo-
graphical information system (GIS) soft-
ware, and the total percent forest has been
found be a reliable indicator of the level of
human impact in watersheds of the region
(Walters et al. 2009; Price et al. 2010).
The percent forest value was transformed
by the arcsin square root transformation to
make it more suitable for parametric sta-
tistics. Additionally, stream reaches were
stratified into categories of forested or pas-
tured/grassland (depending on the domi-
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nant riparian vegetation conditions ob-
served from field observations) for use as
a dummy variable in regression analyses.
Examination of historical aerial photo-
graphs indicates that the riparian cover
at each site has remained virtually un-
changed for at least the past 50 years. Lin-
ear regression, multiple linear regression,
forward stepwise regression, and stu-
dents’ t-tests were used to analyze these
data using the program Sigma Stat ™ ver-
sion 2.03. Tests for significant differences
(at a probability threshold of p=0.01) be-
tween slopes and intercepts of separate re-
gression equations were made by evalu-
ating the significance levels of dummy
variables and interaction terms between
dummy variables and the primary inde-
pendent variable.

The size characteristics of the streams
surveyed in this study are compared against
a regional data set for North Carolina moun-
tain streams developed by Harman et al.
(2000, 2003) for the North Carolina State
University (NCSU) Stream Restoration
Program (2007) (http://www.bae.ncsu
.edu/programs/extension/wqg/srp/mtn
table.html). The NCSU regression curves
were derived from a small data set of only
14 streams ranging in size from five to 326
km2, and having only three sites that were
less than 20 km2 and none smaller than 5
km2. Thus, the Coweeta and Skeenah sam-
ples provide a test of the applicability of the
NCSU regression equations for extrapola-
tion to small streams, and they provide a
thorough data set for characterizing the
hydraulic geometry (Leopold and Mad-
dock, 1953) of this size class ([20 km2),
which comprises a very large portion of the
overall stream network in the Blue Ridge
Mountains.

results

Channel Morphology
Bankfull channel characteristics mea-

sured from the instrumented cross sections
(width, hydraulic radius, area, discharge)
behave in a predictable linear fashion of
changing in response to increasing water-
shed size (Figure 2, Table 1), as would
be predicted by existing hydraulic geome-
try relationships (Leopold and Maddock
1953; Harmon et al. 2000; 2003). How-
ever, variance in the observations tends to
increase as watersheds become smaller,
particularly for bankfull discharge, which
involves the greatest measurement error.
Multiple regression analysis found that the
percent forest cover in the watershed and
the dummy variable of pastured/grass-
land riparian reaches were both highly sig-
nificant explanatory variables in addition
to drainage area. The pastured/grassland
dummy variable appears to provide a bet-
ter multivariate explanation of the varia-
tion of channel morphology with size of
the drainage basin than does percent for-
est. While percent forest was a significant
variable in the regression models, it was
not normally distributed and it generally
provided weaker explanatory power than
the dummy variable of pastured/grass-
land reaches. Thus, the dummy variable
was used in multivariate regressions to de-
cide which hydraulic geometry relation-
ships warranted separate curves for for-
ested versus pastured/grassland reaches
(Figure 2, Table 1). The most pronounced
result is that forested watersheds and
reaches have wider bankfull stream chan-
nels than pasture/grassland reaches. Such
wider channels automatically relate to
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Figure 2. Bankfull morphology and hydraulic geometry of forested (black dots) versus

pastured/grassland (white triangles) stream reaches compared to those of the NCSU (grey squares)

data set. Each point represents data from an instrumented survey with two observations at each

stream providing replicates at individual drainage area values. The grey line is the regression line for

the NCSU data set extrapolated to the y-intercept. Black regression lines indicate significantly different

regression equations for the subsets of forested versus pastured/grassland sites, respectively (see Table

1). The ‘‘2yr-RI Flood’’ regression line on the plot of bankfull discharge is the 2-year recurrence interval

flood level predicted by Pope et al. (2001).

larger bankfull areas than pastured/grass-
land reaches, (in accord with the contin-
uity equation of discharge = width 0 depth
0 velocity) given that hydraulic radii are
not significantly different between the ri-
parian classes. Hydraulic radius values
vary widely, but this could be more a func-
tion of lack of consistency in measuring
riffles vs. runs or pools than any process-
based explanation.

The observation that channel width is
wider in forested reaches is reaffirmed by
transect measurements of average channel
bed width, water width, and bankfull
widths (Figure 3). Furthermore, the re-
gression lines for the transect measures of
channel widths indicate that the widths
appear to converge at about 25–30 km2,
and become progressively more different
as watershed size decreases below that



Table 1. Linear regression equations where the dependent variable (y) is predicted by the power

function, y = a Ab, with the constant (a) multiplied by drainage area (A) raised to an exponent (b).

The word ‘‘no’’ indicates that the forested and pastured/grassland linear coefficients are not

significantly different at p=0.01 and do not warrant separate equations, whereas ‘‘yes’’ means that

they are significantly different at p=0.01 and do warrant separate equations. 

Dependent Variable
(all units are in meters, except
for bankfull discharge in m3/sec,
dimensionless gradient, and
particle size in millimeters)

n
=

Constant
(a)

Expo-
nent for

Basin
Area

(km2)
(b) r2 F p

Bankfull Width – NCSU 14 4.285 0.365 0.81 49.78 [0.001
Bankfull Width – Forested + Pas./Grass. 88 2.328 0.266 0.60 128.36 [0.001
Bankfull Width – Forested 48 3.221 0.325 0.69 100.38 [0.001
Bankfull Width – Pastured/Grassland 40 1.419 0.484 0.85 210.59 [0.001
Sig. Different Forest vs. Pasture @

p[0.01
yes yes

Bankfull Radius – NCSU 14 0.243 0.318 0.82 54.91 [0.001
Bankfull Radius – Forested
+ Pas./Grass.

88 0.236 0.227 0.61 136.77 [0.001

Bankfull Radius – Forested 48 0.258 0.237 0.48 42.19 [0.001
Bankfull Radius – Pastured/Grassland 40 0.194 0.324 0.79 144.90 [0.001
Sig. Different Forest vs. Pasture @

p[0.01
no no

Bankfull Area – NCSU 14 1.042 0.683 0.89 95.20 [0.001
Bankfull Area – Forested + Pas./Grass. 88 0.586 0.488 0.70 201.64 [0.001
Bankfull Area – Forested 48 0.847 0.553 0.66 90.47 [0.001
Bankfull Area – Pastured/Grassland 40 0.328 0.745 0.90 328.33 [0.001
Sig. Different Forest vs. Pasture @

p[0.01
yes no

Bankfull Discharge – NCSU 14 1.380 0.761 0.88 85.44 [0.001
Bankfull Discharge – Forested
+ Pas./Grass.

88 1.009 0.543 0.61 133.68 [0.001

Bankfull Discharge – Forested 48 1.256 0.568 0.46 38.94 [0.001
Bankfull Discharge –

Pastured/Grassland
40 0.403 0.771 0.84 196.95 [0.001

Sig. Different Forest vs. Pasture @
p[0.01

no no

Transect Bed Width – Forested
+ Pas./Grass.

44 2.223 0.270 0.63 70.08 [0.001

Transect Bed Width – Forested 24 2.911 0.302 0.70 50.39 [0.001
Transect Bed Width –

Pastured/Grassland
20 1.288 0.539 0.93 238.77 [0.001

Sig. Different Forest vs. Pasture @
p[0.01

yes yes



Table 1. Continued

Dependent Variable
(all units are in meters, except
for bankfull discharge in m3/sec,
dimensionless gradient, and
particle size in millimeters)

n
=

Constant
(a)

Expo-
nent for

Basin
Area

(km2)
(b) r2 F p

Transect Water Width – Forested
+ Pas./Grass.

44 1.778 0.337 0.75 123.14 [0.001

Transect Water Width – Forested 24 2.223 0.366 0.73 58.05 [0.001
Transect Water Width –

Pastured/Grassland
20 1.148 0.550 0.94 302.26 [0.001

Sig. Different Forest vs. Pasture @
p[0.01

yes yes

Transect Bankfull Width –
Forested + Pas./Grass.

44 2.851 0.268 0.69 92.98 [0.001

Transect Bankfull Width – Forested 24 3.524 0.301 0.68 47.02 [0.001
Transect Bankfull Width –

Pastured/Grassland
20 1.982 0.437 0.89 130.74 [0.001

Sig. Different Forest vs. Pasture @
p[0.01

yes yes

Floodplain Width – Forested
+ Pas./Grass.

44 1.352 0.297 0.37 25.09 [0.001

Floodplain Width – Forested 24 1.486 0.352 0.36 12.58 0.002
Floodplain Width – Pastured/Grassland 20 1.574 0.168 0.08 1.65 0.215
Sig. Different Forest vs. Pasture @

p[0.01
no no

Gradient – Forested + Pas./Grass 44 0.028 –0.431 0.70 96.05 [0.001
Gradient – Forested 24 0.046 –0.277 0.39 14.08 0.001
Gradient – Pastured/Grassland 20 0.021 –0.409 0.69 40.45 [0.001
Sig. Different Forest vs. Pasture @

p[0.01
no no

Avg. Particle Size (mm) –
Forested+Pas./Grass

44 30.903 0.206 0.20 10.83 0.002

Avg. Particle Size (mm) – Forested 24 35.563 0.218 0.12 3.08 0.093
Avg. Particle Size (mm) –

Pastured/Grassland
20 22.542 0.367 0.47 15.99 [0.001

Sig. Different Forest vs. Pasture @
p[0.01

no no

D50 Particle Size (mm) –
Forested + Pas./Grass

44 10.232 0.434 0.39 26.81 [0.001

D50 Particle Size (mm) – Forested 24 12.823 0.499 0.33 10.58 0.004
D50 Particle Size (mm) –

Pastured/Grassland
20 9.162 0.446 0.30 7.75 0.012

Sig. Different Forest vs. Pasture @
p[0.01

no no
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Figure 3. Comparison of transect measures of channel bed widths, water widths, bankfull widths, and

floodplain widths for the forested (dots) versus pastured/grassland (triangles) reaches of the Coweeta

and Skeenah streams. Each point represents the average of 16 observations within a sampled stream

reach. Regression lines indicate significantly different regression equations for the subsets of forested

(dots) versus pastured/grassland (triangles) sites, respectively (see Table 1). 

threshold. The smallest streams showed
more than a 50 percent reduction in
channel widths from forested to pastured/
grassland reaches. Field observations de-
termined that the forested stream reaches
are hydraulically rougher (Manning’s n =
0.045 to 0.055) than the pastured/grass-
land reaches (Manning’s n of 0.025 to
0.035), largely due to the presence of large
woody debris in the forested reaches ver-
sus the smoothly mowed grass conditions
along the pastured/grassland reaches (Fig-
ure 4).

The active floodplain, or geomorphic

surface under construction by the mod-
ern regime of the stream channel (Wolman
and Leopold 1957), progressively in-
creases in width with increasing drainage
area (Figure 3). There is no significant dif-
ference between the forested versus pas-
tured/grassland reaches in terms of their
regression equations, but there does ap-
pear to be some clustering of the data re-
sulting from the fact that pastured/grass-
land reaches tend to be found in larger
catchments. Considerable variation exists
in floodplain width (not including channel
width). For example, floodplain width
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Figure 4. Photographs of forested (left) versus pastured/grassland (right) streams.

ranges over about one order of magnitude
(0.5 to 5.0 m) for streams with 1 km2 catch-
ments (Figure 3). Some stream reaches
completely lack a floodplain and are en-
trenched beneath a low terrace (Luebke
2006), but the data presented here do
not capture that because reaches were

sufficiently long (30x channel width) to
capture at least a very small portion of
floodplain that became incorporated into
the average value for the reach.

Extrapolation of the NCSU regression
equations below 20 km2 provides rea-
sonable estimates of the morphology of
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Figure 5. Plot of drainage area versus gradients of streams in the study area, indicating the forested

(dots) versus pastured/grassland (triangles) reaches.

smaller streams (0.01 to 20 km2), except
that the NCSU equations appear to be
more appropriate for forested reaches and
watersheds, especially for estimates of
bankfull width and cross sectional area
(Figure 2). Both the NCSU and Coweeta/
Skeenah data indicate that the average
condition of bankfull flood magnitudes
falls below the 2-year recurrence interval
as specified in Pope et al. (2001). This is
consistent with the NCSU conclusion that
the frequency of overbank flows typically
has a 1.0 to 1.7 year return interval in the
annual duration series. However, there is
considerable variation about the estimate
of the average condition of bankfull flood-
ing for the smallest streams (0.1 to 1.0

km2), where some of the bankfull dis-
charges are estimated to have as much as a
50 year return interval based on regional
curves of Pope et al. (2001), illustrating
extreme variance in discharge. However,
considerable error in bankfull discharge
estimates could be introduced to these
smallest streams simply by Manning’s n, as
well as by measures of the other variables
slope, catchment area.

The channel gradient decreases as
drainage area increases (Figure 5), which
is to be expected. However, there is a con-
siderable amount of variance in the scatter
of data, especially for watersheds smaller
than 1 km2, which probably relates to col-
luvial influences on gradient, rather than
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Figure 6. Plot of drainage area versus average particle size, indicating the forested (dots) versus

pastured/grassland (triangles) reaches.

fluvial processes establishing the gradient.
The majority of low-gradient streams were
sampled in pastured environments, be-
cause of obvious preference for agricul-
tural and urban development in the lower-
gradient reaches of the stream network.
No statistically significant differences
were found between the forested and pas-
tured/grassland regressions for the chan-
nel gradient.

Bed particle size surprisingly increases
as drainage area increases (Figure 6). This
result is contrary to textbook relationships
that indicate diminishing particle sizes
with increasing drainage area (Knighton
1998, 137–138). Field observations re-
veal that this positive relationship be-

tween particle size and drainage area re-
sults because of the prevalence of colluvial
additions of fine sediment from hillslopes,
especially to the smallest stream channels
([ 3 km2). Colluvial additions to the
streams are inevitable in small streams
where the channel is connected to the
base of the hillslope. In contrast, larger
streams tend to have progressively wider
valley bottoms where fluvial influences on
the sediment transport and storage regime
tend to predominate.

Chronology of Floodplain and
Channel Evolution
The floodplain commonly is inset within

an historical terrace tread (Figures 7 and
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Figure 7. Photograph of site SK-5 showing the active floodplain surface (directly beneath horses) inset

beneath an historical terrace (surface with fence posts and nose-high on the horses).

8), which contains a buried A horizon sep-
arating historic and prehistoric overbank
strata (Figure 9). Data from these 44 sites
build upon previous observations in the
region that established such a strati-
graphic setting (Price and Leigh 2006;
Leigh and Webb 2006), specifically with
respect to refining the ages of the flood-
plain and terrace deposits. Luminescence,
radiocarbon, 137Cs, and relative dating
techniques refine the chronology of flood-
plain and terrace evolution as indicated
below, and an evolutionary sequence of
channel and floodplain evolution is sum-
marized in Figure 10.

An optically stimulated luminescence
(OSL) date of 92 years before present
(+/– 21 years at 2 std. dev.) was ob-
tained from the oldest end of lateral ac-
cretion floodplain sediments at site SK-10
(Figures 1 and 8) by subtracting a back-

ground/inherited age of 48 years derived
from a separate sample of modern channel
bed sands (UGA OSL Lab # UGA-070-
SL-470) from the age of 140 years de-
rived from the oldest point bar sands
(UGA OSL Lab # UGA-070-SL-469) along
the same cross-section at site SK-10. This
OSL age estimate directly dates floodplain
initiation at A.D. 1915 (2007–92=1915),
which corresponds very closely to the
waning of widespread timber harvest in
the county. This OSL dating sample at site
SK10 represents one of the most extensive
and fully developed floodplains (approxi-
mately 12 m wide) of the 44 sites, indi-
cating that it is an excellent candidate
to represent the earliest age of floodplain
development.

Five of six vertical accretion soil pro-
files of T1 that were measured for 137Cs
revealed that the peak in 137Cs is in the
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Figure 8. Stratigraphic cross-section of site SK-10, which is representative of most streams of 1–20 km2

catchments, looking downstream from the 177 m mark relative the outlet (zero point) of the surveyed

reach, showing the positions of the OSL and radiocarbon dates discussed in the text.

A horizon, within 15 cm of the ground sur-
face (Table 2). This indicates very little to
no vertical accretion on T1 after 1963 and
confirms the terraced status of T1. The
Coweeta samples have relatively high val-
ues, indicating at least minor sedimen-
tation after 1963, but it is very minor
compared to the overall thickness of the
historical sediment. The Coweeeta Creek
site CW5 clearly indicates at least 10 cm of
post-1963 sedimentation on T1, consider-
ing a 10 cm leaching depth of 137Cs. It is
somewhat anomalous to see even 10 cm of
post-1963 sedimentation on T1, but the
CW5 site is immediately adjacent to the
stream channel and on a relatively low
part of T1.

A radiocarbon age of 300+/–45 14C
years BP (UGAMS# R01978) was ob-
tained from late prehistoric sediments be-
neath the historical sediments of T1 at site
SK10 (Figure 8), which confirms a consid-
erably younger age for the inset floodplain
and overlying historical T1 sediments. Ra-
diocarbon ages obtained elsewhere from
the basal fill of the historical topstratum of
T1 (Leigh and Webb 2006; Price and Leigh
2006) also include results that are [250
years old and consistent with an historical
age for the topstratum of T1. A distinct
stratigraphic unconformity is commonly
delineated between historical and prehis-
torical T1 overbank strata by a distinct
buried A horizon (Ab) marking the upper
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Figure 9. Photograph of the historical top stratum of T1 unconformably atop the buried A

horizon (Ab) of the prehistoric bottom stratum of T1 at site SK9. The bank height

above the water level is about 1.0 meter.

boundary of prehistoric sediments (Figure
9). Commonly, the historical T1 top stra-
tum is more oxidized and sandier than the
underlying prehistoric T1 bottom stratum.
Prehistoric bedload, lateral accretion and
vertical accretion facies observed in cut-
banks and some backhoe trenches are con-
sistent with genesis from a meandering
stream pattern, and no evidence has been
observed to support the multichannel or
anastamosing type of prehistoric stream
pattern postulated for the eastern United
States by Walter and Merrits (2008).

Given various historical records, a date
of about A.D. 1870 (+/– 10) is estimated
for the unconformable contact between

the topstratum of the historical T1 over-
bank sediments and the underlying Ab
horizon atop the bottom stratum of pre-
historic T1 overbank sediments. That is,
the county population was stable with
only 5000 to 7000 residents who practiced
subsistence agriculture on valley bot-
tomlands until the late 1800s not too
differently from the Native American
Cherokee people who occupied the land
prehistorically and until the 1830s (De-
vereaux et al. 1933). U.S. Census records
(Table 3) show the population of Macon
county doubled between 1860 (6,004 peo-
ple) and 1910 (12,191 people) when
the timber harvest industry and railroad
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Table 2. 137Cs Concentrations from T1 surfaces at selected sites.

Top

Depth

(cm)

Bottom

Depth

(cm)

CW5

(Bq/kg)

CW19

(Bq/kg)

CW20

(Bq/kg)

SK8

(Bq/kg)

SK10

(Bq/kg)

SK24

(Bq/kg)

0 5 12.0 14.8 47.5 3.3 2.7 7.8

5 10 12.2 19.3 32.8 1.4 13.2 9.2

10 15 16.4 17.1 11.5 0.6 9.1 9.8

15 20 15.9 10.4 2.7 0.2 0.2 4.2

20 25 25.9 5.6 2.6 0.3 0.1 1.5

25 30 29.5 4.8 2.3 0.3 0.5 1.1

30 35 6.3 1.3 2.1 0.2 0.4 0.8

35 40 1.0 1.2 1.0 0.3 0.2 0.8

40 45 0.5 1.3 1.0 0.3 0.2 0.8

45 50 0.5 0.7 0.8 0.2 0.3 0.3

50 55 0.6 0.3 0.6 0.5 na na

55 60 0.5 0.5 0.3 0.4 na na

60 65 0.5 na 0.5 na na na

65 70 na na 0.3 na na na

70 75 na na 0.3 na na na

75 80 na na 0.3 na na na

80 85 na na 0.1 na na na

85 90 na na 0.3 na na na

90 95 na na 0.4 na na na

95 100 na na 0.3 na na na

100 105 na na 0.2 na na na

moved into the county (Tallulah Falls Rail
line entered the county in 1906) and ‘‘im-
proved’’ land acreage surged from 32,609
to 55, 585 acres during the same time pe-
riod (Table 3). Thus, the first pronounced
erosional human impact in the county
would have been associated with popu-
lation growth and timber harvesting by
clearcutting, which was centered around
the latest 1800s and early 1900s. Such a
history of erosional human impact is indi-
cated by descriptions of the upper Little
Tennessee catchment by Ayers and Ashe
(1904) and Glenn (1911).

discussion

Results show that stream size and mor-
phology follow a predictable growth pat-
tern in accord with long accepted models
of hydraulic geometry (Leopold and Mad-
dock 1953; Knighton 1998) and generally
in accord with the regional curves for the
North Carolina mountains (Harman et al.
2000; 2003) and West Virginia mountains
(Golden and Springer 2006). However, re-
sults presented here show pronounced
human impact on stream width, in that
widths are significantly wider in forested
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Table 3. Historical U.S. Census Statistics for

Macon County, North Carolina.

Year Population

Acres of

‘‘Improved’’

Land

1830 5,333 no data

1840 4,869 no data

1850 6,389 32,436

1860 6,004 32,609

1870 6,615 34,795

1880 8,064 39,370

1890 10,102 52,499

1900 12,104 55,585

1910 12,191 no data

1920 12,887 51,739

1930 13,672 no data

1940 15,880 no data

1950 16,174 no data

1960 14,935 no data

versus pastured/grassland reaches in
catchments smaller than 20 km2. This pro-
nounced difference should be incorpo-
rated into the regional hydraulic geometry
curves to facilitate better management,
planning, and restoration of stream en-
vironments. Furthermore, results indicate
the relative high sensitivity (short re-
sponse time) of channel width to human
alterations of the landscape in contrast to
the low sensitivity of other morphological
elements, such as channel gradient, and
this is consistent with regional obser-
vations of human impacts on streams
(Harden 2004; Price and Leigh 2006).

The observation of wider streams in
forested reaches was made by Price and
Leigh (2006) for two pairs of streams
in the region, but data presented in
this paper confirm a system-wide trend
wherein the difference becomes more pro-

nounced as the watersheds become pro-
gressively smaller. Narrower pastured/
grassland reaches of small streams have
been noted elsewhere in broadly simi-
lar environmental settings (Davies-Colley
1997; Almendinger et al. 2005; Faustini et
al. 2009). Faustini et al. (2009) indicated
that the magnitude of narrowing attrib-
uted to riparian disturbance can be as
much as 16–17 percent in the Southern
Appalachian Province, but here we note
that the magnitude of bankfull narrowing
can be much more pronounced, exceeding
50 percent for very small streams (0.1-1.0
km2 catchments), and that the disparity
between forested and pastured/grassland
reaches progressively diminishes up to
streams with watershed areas of about
25–30 km2. It is likely that Faustini et
al. (2009) report smaller width reductions
for Southern Appalachian streams be-
cause their data set was heavily influenced
by many sample sites in the 20–500 km2

size range, which muted the influence of
the [20 km2 streams like those in the
Coweeta and Skeenah catchments. Such
pronounced narrowing noted in Coweeta
and Skeenah catchments has important
implications for organisms in fluvial and
hyporheic habitats, because narrowing
of water width equates to habitat loss
(Davies-Colley 1997; Hicks 2003; D’Am-
brosio et al. 2009), and such narrowing
exceeds 50 percent loss in the case of the
smallest streams noted here.

Explanations for herbaceous riparian
narrowing commonly include the sedi-
ment trapping and erosion protection
abilities of grassy banks (Mergatroyd and
Ternan 1983; Davies-Colley 1997; Al-
mendinger et al. 2005). In addition, the
smoother channels of grassy reaches mini-
mize erosion that otherwise is caused
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by lateral deflection of flow in forested
reaches caused by large woody debris; and
the smoother, grassy bankfull channels
automatically accommodate faster flow
velocities and thus smaller channels ac-
cording to the continuity equation. Finally,
recent findings show reduction in base-
flow associated with less-forested water-
sheds in the upper Tennessee River basin,
based on a wealth of empirical data (Price
2009; Price et al. 2010; Price et al. in re-
view). Such reductions in baseflow proba-
bly favor plant growth in the stream mar-
gin zone and thereby stabilize the channel
bed and bank environments in less for-
ested basins to facilitate narrower channel
beds and water widths. The reduction in
baseflow observed by Price and others in
less-forested watersheds is largely caused
by increased surface runoff and reduced
recharge related to high levels of soil com-
paction in non-forested basins. This is
at odds with experimental watershed data
that suggest increased baseflow resulting
from deforestation (Swank et al. 1988),
but such experimental manipulation does
not account for soil compaction and imper-
vious surfaces that manifest in real-world
catchments tending to reduce infiltration
and storage of water.

Floodplain widths measured in this
study fail to indicate that long-term (cen-
tury-scale) lateral erosion rates differ be-
tween pastured/grassland and forested
reaches, despite the indication that banks
of forested reaches are more erosive. The
floodplain widths presented here for 0.1 to
20 km2 watersheds serve as a geomorphic
measure of minimal long-term lateral ero-
sion rates that range from about 0.5 to 5.0
cm/yr. This is on par with the forested
reaches described by Almendinger et al.
(2005), as well as with the bank erosion

rates noted by Harden et al. (2009) in
southeastern Tennessee where an average
erosion rate for ‘‘typical’’ channels was
about 1.0 cm/yr. This is useful informa-
tion with respect to estimates of sediment
yield derived from erosion of terraced
channel banks, which could have impor-
tant implications for mobilization of trace
metals and other contaminants in physio-
graphically similar watersheds that have a
history of mining. The similarity in long-
term lateral erosion rates between for-
ested and pastured/grassland reaches is
in contrast to the conclusion of Almen-
dinger et al. (2005), which was that non-
forested stream reaches had bank erosion
rates three times faster than forested
reaches. It is unclear why such a difference
does not exist along the streams of the
Coweeta and Skeenah catchments, but
one possible explanation is that the cen-
tennial timescale represented by the flood-
plain widths does not reveal riparian
conditions and channel maintenance prac-
tices that existed prior to 1960 that may
have influenced lateral migration rates.
However, it is clear that lateral migra-
tion presently is occurring in pastured/
grassland reaches, as well as in forested
reaches, by mass failures observed along
the cutbanks during and after floods. In
addition, few forested sites occur in the
2–20 km2 size range, which may limit
the ability to discriminate differences in
lateral erosion rates for those ‘‘larger’’
streams.

Colluvial influences appear to be very
significant on small stream morphology,
especially for basins smaller than about
3 km2, as indicated by obvious presence
of colluvial deposits in headwater tribu-
taries. Abundance of fine sediment de-
rived from sandy and clayey saprolite in



Figure 10. Evolutionary sequence of a typical terrace and floodplain sequence for small

stream channels in the Southern Blue Ridge Mountains.
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the smallest streams is attributable to
colluvial inputs, as indicated elsewhere
(Brummer and Montgomery 2003; Kilmek
and Latocha 2007; Miller and Burnett
2008) which leads to a counterintuitive
trend of increasing particle size in the
downstream direction within larger basin
areas. This counterintuitive trend of in-
creasing particle size downstream in the
0.1–20 km2 Coweeta and Skeenah catch-
ments probably results from fluvial win-
nowing of the fines in the downstream di-
rection. This positive relationship between
particle size and basin area observed in
small watersheds of the Blue Ridge differs
from the patterns and processes observed
in mountains of the western USA (Rengers
and Wohl 2007) where lower availability
of fines (sand and silt) inherently occurs.
Colluvial sediment in the smallest forested
streams ([0.2 km2) may be a causative
factor in the wide variability in channel
morphology for those streams illustrated
in Figure 2, because the flux of colluvial
sediment may outpace the ability of chan-
nel morphology to adjust, and because
large clasts (boulders) tend to have a dis-
tinct influence on channel form.

The combined stratigraphy and dating
results of this and previous studies in
the region (Price and Leigh 2006; Leigh
and Webb 2006) indicate that the modern
floodplain was initiated circa A.D. 1915
and evolved to the present-day as illus-
trated in the evolutionary sequence shown
in Figure 10. Fluvial erosion of the T1 sedi-
ments and initiation of the floodplain prob-
ably was driven by a reduction in hillslope
sediment yield to the streams following the
period of widespread clearcutting for tim-
ber harvest, which is known to have re-
lented by about A.D. 1920 according to
U.S. Census data. These findings are con-

sistent with observations on the age and
sequence of floodplain formation for
human-altered Piedmont streams (Costa
1975; Jacobson and Coleman 1986) as
well as with studies elsewhere where
human-induced historical sedimentation
has significantly altered the fluvial regime
(e.g. Knox 1987; Trimble 1993). This indi-
cates a widespread regional response to ex-
cessive early historical sedimentation,
where widespread timber harvest probably
was the main driver of sediment loading in
the Blue Ridge Mountains (Glenn 1911;
Yarnell 1998; Harden 2004), as opposed to
prevalence of agricultural land use (cotton
farming) driving excessive erosion and
sediment yield on the Piedmont (Trimble
1974). However, mountain farming and
other somewhat erosive activities probably
continued well into the middle 1900s,
which added some overbank sediment to
T1. As streams migrate laterally, the T1
functions as a net source of sediment to
downstream reaches (Figure 10).

conclusions

These data provide a basis for under-
standing and modeling the morphology of
small streams ([20 km2) in the Southern
Blue Ridge Mountains. Such small streams
constitute a very large portion of drain-
age networks, but commonly are ignored
in analyses of channel morphology and
channel evolution. Regression equations
provided here characterize small streams
and indicate significantly wider streams in
forested reaches. Wider forested streams
probably are attributable to combined ef-
fects of sediment trapping effectiveness
of point bars along grassy reaches, more
lateral deflection of erosive flow in for-
ested reaches from large woody debris and
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the necessity for smaller channel cross-
sections in hydraulically ‘‘smooth’’ pas-
tured/grassland reaches according to the
continuity equation, and reduced base-
flows in watersheds with reduced forest
cover. However, these specific processes
have not been directly observed in the
study area and remain to be tested. Chan-
nel narrowing associated with conversion
of forest to pasture/grassland implies that
there could have been more than 50 per-
cent habitat loss of hyporheic and in-
stream aquatic habitats throughout the
smallest portions of the stream network.
Consideration of separate hydraulic geom-
etry equations for forested versus pastured
reaches should be mandatory in manage-
ment, planning, and restoration efforts for
small streams in the region.

Colluvial inputs of sediment appear to
have favored abundance of fine sediment
in the smaller watersheds with the steepest
slopes. This counterintuitive relationship
explains an important non-anthropogenic
source of fine sediments to forested moun-
tain streams. Colluvial environments in
small streams also result in widely variable
stream morphology, which probably is at-
tributable to predominance of hillslope, as
opposed to fluvial, processes.

Estimates of bankfull discharge from
this study suggest an average condition of
[2 year recurrence interval floods in the
annual series for floods that overtop the
floodplain. However, considerable varia-
tion exists in the bankfull discharge esti-
mates, especially in the smallest streams
and again attributable to colluvial environ-
ments and the wide margin of error associ-
ated with bankfull discharge estimates.

Stratigraphic relationships, radiocar-
bon dates, 137Cs dates, and ages of trees
on floodplains indicate that the modern

floodplain initially formed at approxi-
mately A.D. 1915 and has been slowly
evolving until present. Floodplain initia-
tion probably was driven by a pronounced
reduction in sediment delivery to streams
after the period of widespread timber har-
vest in the region. Minimal lateral erosion
rates that produce floodplains are esti-
mated at 0.5 to 5.0 cm/year for streams in
catchments ranging from about 0.1 to 20
km2, and the historical T1 surface func-
tions as a net source of sediment exported
from the small watersheds.
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